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In this work, a porous clay-based ceramic membrane was developed from locally 
sourced clay from Nigeria. The clay was ground and sieved through 100 μm size. The 
chemical, mineralogical, thermal and particle size properties of the clay were 
determined using XRF, XRD, TGA/DTA and PSD respectively. Starch composition from 
10-25 wt% was added to the clay and thoroughly mixed with water. The dough was cast 
on a potter’s wheel. The produced membranes were fired at a temperature of 900 °C. 
The maturation properties of the fired clay were determined using bulk density and 
apparent porosity. Multi-point BET was used to determine the pore characteristics of 
the membranes. The flexural strength of the produced membrane was determined 
using a three-point bending test. The microstructure of the fired clay was recorded using 
FESEM. Membranes produced from the clay were used for the treatment of tannery 
wastewater. The XRF result shows that the clay contains high silica and alumina. Also, 
the XRD results show the clay contains many peaks of montmorillonite and other peaks 
of feldspar and quartz. The BET shows that the pore size of the membranes produced 
was in the mesoporous range. From water quality test, it shows that the locally sourced 
clay can be used to produce ceramic membranes for filtration and separation 
applications. 
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1. Introduction 
 

Recently, traditional clay minerals have been successfully used in the production of membranes 
for the treatment of both industrial and surface wastewater [1]. This arises due to the highly 
expensive nature of engineering ceramics and the limitations of polymer-based membranes in terms 
of poor mechanical, thermal and chemical properties [2-8]. In addition, clay-based ceramics have 
some mechanical properties at par with their engineering ceramics counterparts. 

Many researchers have used clay minerals in the fabrication of inexpensive ceramic membranes 
for wastewater treatment. These membranes were reported to be both macro-porous and meso-
porous sizes. For example, Khemakhem et al., [9] reported the development of a membrane using 
Tunisian clay materials; the pore size of the membrane developed was in the range 5.9-12.8 μm. In 
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another research, Nandi et al., [10] conducted work on the development of a clay-based membrane; 
an average pore size of 0.285 μm was reported. Furthermore, Jana et al., [11], studied the 
preparation and characterization of low-cost ceramic microfiltration membrane; a pore size in the 
range of 1.91-4.68 μm was reported. In addition, Vasanth et al., [12] studied the fabrication and 
properties of a low-cost ceramic membrane from clay for pore sizes in the range 0.5-2.7μm was 
achieved. In another study, Vasanth et al., [13] studied the development of low-cost membrane from 
clay an average pore size of 1.32 μm was reported. Years later, BET analysis was employed to study 
the detailed pore structure of low-cost membranes from clay. For example, Abubakar et al., [14] 
studied the development of an inexpensive clay membrane from Nigeria; a mesoporous membrane 
with pore size in the range 5.116.5-6.59 nm was reported. In a similar work, Abubakar et al., [5] 
studied the effect of milling time on the performance of membranes from ball clay were mesoporous 
membranes with pore sizes in the range 23.56-38.86 nm. 

Several works have reported the use of traditional clays for the development of porous ceramic 
membranes for filtration, purification and separation applications with excellent densification 
properties. As the densification properties of porous materials showed their maturation after firing. 
Researchers reported bulk density and apparent porosity of clay-based porous ceramics in the ranges 
of 1.52-2.11 g/cm3 and 23.5-41.45% respectively [7,14,15]. Other properties found in clay-based 
porous ceramics are relatively good mechanical properties in the range 6.76-17.87 MPa [14,16]. In 
this study, clay-based porous ceramic was developed using a potter’s wheel to achieve a 
dimensionally uniform porous structure. Nigeria has abundant clay deposits in Africa. However, not 
many studies have reported the development of porous membranes using clay from Nigeria for the 
treatment of tannery wastewater. The objective of this work is to develop a clay-based membrane 
and characterize the membrane as a potential candidate for the treatment of tannery wastewater. 
 
2. Methodology 
2.1 Raw Material Preparation and Characterization 
 

The clay used in this research was obtained from Dawakin Kudu, Kano State, Nigeria. The clay was 
crushed, ground and sieved through a 100 μm sieve with the aid of alumina balls. The particle size 
distribution of the sieved clay was determined using Malvern mastersizer instrument. The oxide 
composition of the clay after sieving through 100 μm size sieve was determined using X-ray 
fluorescence Philips PW 2400. X-ray diffraction was performed on both the clay sieved to 100 μm and 
the fired clay at a temperature of 900°C with a Cu Kα radiation source with 2θ angle range 4-75° with 
Empyrean XRD machine. In addition, the thermal behavior of the clay was carried out using 
thermogravimetric and thermal differential analysis TGA/DTA. The morphology of the clay and the 
starch were recorded using FESEM (Gemini Supra™35vp). 
 
2.2 Membrane Preparation and Characterization 
 

The clay was mixed with water and a proportionate amount of starch (10, 15, 20 and 25 wt%) was 
added and mixed thoroughly. The membranes were prepared from this mixture on a potter’s wheel 
through the throwing method. The samples with 10, 15, 20 and 25 wt% starch were labeled as A, B, 
C and D respectively. The prepared samples were fired at a temperature of 900 °C in an electric 
furnace Norbetherm to obtain samples with average dimensions of 4 mm height and 60 mm length 
cm bottom diameter, 15mm. In addition, the XRD of the fired sample at 900°C was conducted using 
the same Empyrean XRD machine. The FESEM morphology of the fired samples was recorded using 
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the same Gemini Supra™35vp. The bulk density (BD) and apparent porosity (AP) were determined 
according to ASTM (1999a) [17]: 
 

𝐵𝐷 =
𝑊1

𝑊3−𝑊2
× 𝜌             (1) 

 

𝐴𝑃 =
𝑊3−𝑊1

𝑊3−𝑊2
× 100             (2) 

 
where W1 is the dry mass of the porous specimen, W3 is the mass of the porous specimen soaked in 
water, W2 is the mass of the porous specimen immersed in water and ρ is the density of water at 
room temperature. 

The flexural strength of the fired samples was determined using three-point bending strength 
using universal testing machine P5030 Cussons UK at a loading rate of 0.5 mm/min, according to the 
following equation (ASTM C674-88) [18]: 
 

𝜎 =
3𝑃𝐿

𝑊𝑡2
              (3) 

 
where P is the load, L is the span (40mm), w is the width (15 mm) and t is the section thickness of the 
specimen (4 mm). 
 
2.3 Pore Size Analysis 
 

The adsorption/desorption isotherm, pore size distribution and pore-specific surface area were 
determined using Surfer BET analyzer, Thermo Scientific. The samples were initially degassed at 
150°C for 2 hours after which N2 was the adsorbate at -196°C for 4 h in a vacuum condition. 
 
2.4 Tannery Wastewater Treatment 
 

To test the potential of the clay as a filter, the clay mixed with the various starch compositions 
was molded into pot shaped structures. The wastewater obtained from tannery effluent was poured 
into each of the pots. The filtrate was collected from each of the membranes. The pots prepared and 
the filtration setup is shown in Figure 1. 

The wastewater was characterized using Atomic absorption spectroscopy (AAS), pH, COD, BOD, 
electrical conductivity (ES) and TSS. Two litres of the wastewater were poured into each of the four 
pots fired with starch composition 10, 15, 20 and 25 wt%. The permeated water was tested for the 
water quality parameter (AAS, pH, COD, BOD, ES and TSS). 
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Fig. 1. Pots produced from clay (a) before and after firing and (b) filtration setup 

 
3. Results 
3.1 Clay Characteristics 
 

The particle size and cumulative distribution of the clay sieved through 100 μm sieve is shown in 
Figure 2, which shows a unimodal distribution of the clay particles. In addition, Table 1 shows the 
summary of the clay properties with a density of 2.36 g/cm3, a specific area of 0.23 m2/g and a mean 
particle size of 30.20 μm. Also, other sizes of the clay D(v, 0.1) shows that only 10% of the particles 
are below 7.60 μm and D(v, 0.9) shows that 90 % of the particles are below 75.84 μm. 
 

 
Fig. 2. PSD analysis of clay sieved through 100 μm sieve 

 
The chemical composition analysis (Table 1) shows the clay has higher percentage of constituents 

of silica and alumina of 46.33 and 36.37 wt% respectively. Other impurities such as Fe2O3, MgO, K2O, 
CaO and ZrO2 are present in the clay. Relative high Fe2O3 content in the clay since it’s the common 
impurity found in clays as reported by literature [19,20]. 
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Table 1 
Chemical and mineralogical analysis of bentonite clay 
Compound % composition by mass of clay Mineralogy (%)  

SiO2 46.33 Montmorillonite 78 
Al2O3 36.37 Quartz 15 
Fe2O3 6.27 Feldspar 7 
MgO 0.87 Plasticity 28 
K2O 0.73 Density (g/cm3) 2.36 
CaO 0.19 Specific surface area 

(m2/g) 

0.23 

ZrO2 0.05   
LOI 9.19   

 
The morphology of the bentonite clay and cassava starch used as pore former is shown in Figure 

3. From the figure, it shows the presence of montmorilonite sheets which are flat and rigid with face-
face interactions binding the sheets together. A similar observation was reported by Huang et al., 
[21]. The morphology of the cassava starch shows granules of the starch. 
 

  
Fig. 3. FESEM of (a) clay and (b) starch 

 
3.2 X-ray Diffraction Analysis of Raw and Fired Clay 
 

The XRD analysis of the raw clay sieved through 100 μm sieve is shown in Figure 4. The figure 
shows the presence of sharp peaks of montmorillonite and quartz. Also, a feldspar phase is present 
as shown by a small peak in the figure. This characteristic of the clay is similar to the observations of 
[22,23]. In the fired clay at 900°C, it shows diminishing peaks of montmorillonite phase, which 
resulted in the increased intensity of the quartz phase as a result of montmorillonite decomposition 
[23]. Other properties of the clay are given in Table 1. 
 

(a) (b) 

Sheets of bentonite Starch globules 
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Fig. 4. XRD of raw clay and fired clay at 900°C; M=montmorillonite; Q=Quartz; 
F=feldspar 

 
3.3 Thermal Analysis 
 

The thermal analysis of the clay through TGA/DTA is shown in Figure 5. From the figure, it shows 
the various reactions undergone by the clay during heating. The first reaction, which is endothermic 
at a temperature range 90-110 °C is due to the removal of hygroscopic water in the clay. Another 
endothermic at temperatures 370 °C is due to the de-hydroxylation of montmorillonite. The DTA also 
provides information on the heating cycle to which the clay will be subjected to avoid cracking of the 
pots during firing [24,27]. The TGA analysis shows a total decrease in mass of 3.97% which is due to 
the removal of hygroscopic water, chemically combined water and other volatile materials present 
in the clay. Thermal analysis by TGA/DTA is conducted on clays in order to design the heating cycle 
during firing of the clay to avoid cracking. As clays normally contains physical combine water, 
chemical combine water and other volatile materials. 
 

  
Fig. 5. TGA/DTA analysis of bentonite clay 
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3.4 FESEM Morphology of the Porous Membrane 
 

The morphology of specimens A, B, C and D fired at 900°C is shown in Figure 6. From the figure, 
it shows pockets of relatively rounded pores in specimen A. Likewise, Figure 6(b) shows the 
morphology of the sample with 15 wt% starch, which shows the porosity formed is relatively rounded 
in shape (slit pores). Figure 6(c) and Figure 6(d) show the presence of interconnected pores in their 
morphology; this is a result of the starch content, which makes the single slit pores coalesce due to 
the burn out of the starch at a firing temperature of 900 °C. The microstructures seem to open up 
due to the increasing amount of starch burn-out as its content increases. An increase in starch to 
ceramic products increases their porosity after firing [5,14]. 
 

  

  
Fig. 6. Fesem of sample (a) A (b) B (c) C and (d) D fired at 900°C 

 
3.5 Flexural Strength 
 

The flexural strength of the porous fired clay (A, B, C and D) at 900 °C is shown in Figure 7. From 
the figure, it shows that as the percentage of starch increases, the flexural strength decreases. This 
is a result of an increase in starch content, which during firing at 900 °C will burn out and leave pores 
as shown in Figure 6. As the percentage of starch increases, the pore created by the starch burnout 
coalesce and form continuous pores/aggregate plate-like pores (Figure 5(b) to Figure 5(d)), which 
serve as a crack initiation site and as a result decrease the strength of the porous membranes. A 
similar observation was reported by Abubakar et al., [14]. 
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Fig. 7. Flexural strength of sample A, B, C and D fired at 900°C 

 
3.6 Bulk Density and Apparent Porosity 
 

The change of bulk density and apparent porosity against starch content (Figure 8) shows that as 
percentage starch increases the bulk density decreases at a firing temperature of 900 °C. However, 
as percentage starch increases the apparent porosity increases. The decrease in bulk density with 
percentage starch can be attributed to the voids created as the starch burnt out at a firing 
temperature of 900 °C, which reduces the densification of the membranes. While the increase in 
porosity as a percentage of starch increase can be due to an increase in the number of pores as the 
starch burnt out at 900 °C (Figure 6(a) to Figure 6(d)). The starch acted as a pore former in the 
produced membranes, which at a higher temperature of firing will burn out and form a pore. 
 

 
Fig. 8. Bulk density and apparent porosity of A, B, C and D fired at 900°C 

 
3.7 BET Pore Size Analysis 
 

The adsorption/desorption isotherms of the porous samples A, B, C and D are shown in Figure 9. 
From the figure, it shows sample A has type IV adsorption/desorption isotherm as characterized by 
hysteresis loop in which the lower adsorption branch is obtained by progressive uptake of nitrogen 
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gas and the upper desorption branch by the gradual withdrawal of nitrogen gas. Some type IV 
isotherms are completely reversible. In addition, sample A shows H1 type of hysteresis, which is 
characteristic of porous materials with cylindrical-like pores (Figure 6(a)). These pores exhibited a 
narrow distribution in the material. Type H1 hysteresis is characterized by force closure of the 
hysteresis due to an abrupt drop in volume adsorbed during the desorption process in the relative 
pressure range of 0.4-0.48. Similarly, samples B, C and D show similar adsorption isotherm patterns. 
However, the desorption isotherms of B, C and D show similar behavior, which represents type H3 
hysteresis. In H3 type hysteresis, the desorption branch is steeper than the adsorption branch, which 
results in a triangular shape hysteresis loop [25]. H3 hysteresis does not show limiting adsorption at 
high relative pressure. This behavior is caused by the existence of flexible aggregates of plate-like 
pores (Figure 6(b) to Figure 6(d)). In general, the presence of hysteresis in adsorption/desorption 
isotherm suggests that the materials are mesoporous. 

The pore size distribution of samples A, B, C and D is also shown in Figure 9. For sample A, it shows 
a unimodal distribution of the pores, with an average pore size of 20.1 nm. Sample B shows a bimodal 
distribution of pores with a sharp peak at 1.99 nm and another smaller peak at 25.6 nm. This behavior 
of sample B can be attributed to the presence of both plate-like pores and cylindrical pores. While 
samples C and D show unimodal distribution at 37.6 and 40.5 nm respectively. This type of 
adsorption/desorption isotherm and the pore size ranges show that the membranes produced are 
mesoporous which has pore sizes in the range 2-50 nm [25,26]. The BET-specific surface area of 
samples A, B, C and D show an increase with an increase in starch content with values of 15.92, 25.65, 
41.54, 51.51 m2/g respectively. This behavior can be attributed to the increase in starch content, 
which acted as a pore former in the fired clay at 900°C. A similar observation was reported by 
Abubakar et al., [14]. 
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Fig. 9. BET analysis of samples (a) A, (b) B, (c) C and (d) D fired at 900°C 
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3.8 Water Quality Parameters 
 

The pH value of the wastewater was found to be 10.90, which is far above the pH value 
recommended for drinking and discharge. After filtration, the pH dropped to 7.4, 7.7, 7.8 and 8 for 
the membranes with A, B, C and D starch respectively. The pH value for drinking water according to 
World Health Organization (WHO) should be in the range 6.5-8.5 [27]. Therefore, the wastewater 
treated with the membranes lies within the WHO recommendations for drinking water. However, 
the water treated will depend on other water quality testing parameters to meet the standard for 
drinking. 
 
3.8.1 Total suspended solids (TSS) 
 

The total suspended solids for the value recommended by the raw wastewater and the treated 
water shows that the TSS for the wastewater is above the value recommended by WHO (810 mg/l) 
[27]. While the TSS value for the treated wastewater using membranes A, B, C and D are 97, 126, 184 
and 205 mg/l respectively. From these values, it shows membranes have performed in reducing the 
TSS of the wastewater to that recommended by the United States Environmental Protection Agency 
for drinking water. Figure 10 shows the wastewater from the tannery and the filtrate using pots A, B, 
C and D. 
 

 
Fig. 10 Tannery wastewater and treated water using membranes 
A, B, C and D 

 
3.8.2 Electrical conductivity 
 

The electrical conductivity of the tannery wastewater was found to be 3790 us/cm, which is highly 
above that recommended by Environmental Protection Agency EPA (2500 uc/cm) [28]. The high value 
of electrical conductivity of the wastewater may be attributed to the salts used during the tanning 
process, which dissociate into cations and anions, hence, increasing the ionic conductivity of the 
wastewater. However, after filtration, the filtrate water for membranes A, B, C and D have electrical 
conductivities of 250, 282, 309 and 321 uc/cm respectively. This may be attributed to the reduction 
of the cations and anions during the filtration process. 
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3.8.3 Chemical oxygen demand (COD) 
 

The tannery wastewater has a COD value of 180. The COD of the wastewater shows that it’s above 
the limit recommended by EPA and WHO guidelines of 40. After filtration with membranes A, B, C 
and D, the COD reduces to 13.50, 34, 44 and 51 respectively. 
 
3.8.4 Chromium concentration 
 

Finally, the chromium concentration in the wastewater shows a value of 4.042 g/cm3, which is 
above the value recommended by EPA [28]. Conversely, the chromium content in the filtrate shows 
values of 0.24, 1.09, 1.97 and 2.13 g/cm3 respectively. This is in agreement with the electrical 
conductivity results which show a decrease as chromium will serve as a cation in the wastewater. The 
chromium content in all the filtrate from the membranes is above that recommended by EPA for 
drinking water, which is 0.5 g/cm3. Based on the chromium content in the filtrate the water may not 
be recommended for drinking, however, the water can be recycled because chromium content above 
the recommended limit will pose the following health risks skin irritation, skin and nasal ulcers, lung 
tumors, gastrointestinal effects, damage to the nervous system and circulatory system, accumulates 
in the spleen, bones, kidney and liver. The major contributors to the worsening pollution of water 
bodies which lead to above diseases are manufacturing industries, agricultural industries and oil and 
gas industries [29]. Unfortunately, tannery industries fall under the manufacturing industries 
contributing to water pollution. 

In general, the water quality parameters show a decrease in values as starch content increases in 
the membranes. This is due to an increase in starch content which acts as a pore former in the 
membranes. After firing the membranes at 900 °C, the starch will burn out and leave pores. These 
pores increase in size with an increase in starch content as shown in the FESEM micrographs (Figure 
6). 
 
4. Conclusion 
 

A mesoporous clay-based membrane has been developed from locally sourced clay in Nigeria 
produced on a potter’s wheel. In this work the following conclusions can be drawn: 

(i) The chemical composition of the clay shows a high percentage of silica and alumina, which 
are within the range found in bentonite clays. 

(ii) The mineralogical composition of the clay shows montmorillonite, quartz and feldspar. 
These phases are normally found in bentonite clays. 

(iii) Membrane properties such as bulk density, flexural strength and shrinkage show a 
decrease with a percentage increase in starch. However, the apparent porosity shows an 
increase with an increase in starch content. 

(iv) The FESEM morphology of the samples shows the interconnection of pores as the 
percentage of starch increases. 

(v) The adsorption/desorption isotherm shows the presence of hysteresis in the membranes, 
which is a typical feature of mesoporous materials. In addition, the pore size of the 
membranes shows to be mesoporous in size. 
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