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In this study, tubular ceramic membranes were prepared from a mixture of ball clay, talc and 
alumina. The mixture was characterized by the following techniques: particle size analysis, X-ray 
fluorescence spectroscopy (XRF), X-ray diffraction (XRD) and thermal analysis. Tubular membranes 
were produced by extrusion process and thermal treated at temperatures between 1025 °C and 1175 
°C. The membranes were characterized by XRD, linear shrinkage, apparent porosity, flexural strength, 
mercury porosimetry, scanning electron microscope (SEM) and contact angle. To evaluate the efficiency 
of the membranes, permeability tests with distilled water and oil-in-water emulsion were conducted 
in a tangential flow system. The results showed that the sintering of the specimens promoted the 
formation of α-cordierite phase and directly influenced the physical and mechanical properties such 
as linear shrinkage, porosity and flexural strength. Separation tests revealed that these membranes 
promoted high oil-water separation efficiency with values above 99.0%.
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1. Introduction
Ceramic membrane technology has been presented as a 

promising method of separation in environmental applications 
such as pretreatment of industrial effluents and wastewater 
treatments1-3. During the last years, ceramic membranes have 
been attracted the attention of the industries and researchers 
centers due their desirable properties such as chemical 
durability, high mechanical and thermal stability and high 
separation efficiency4-6.

Lots of commonly available materials such as alumina, 
titania, zirconia and silica and their combinations are widely 
used for preparation of ceramic membranes. These inorganic 
precursors are very expensive and require high sintering 
temperature for fabrication7. For this reason, it is important 
to develop low cost materials and fabrication techniques for 
ceramic membranes.

In this way, many researchers have been focused to 
prepare low-cost ceramic membranes using natural raw 
materials due their abundance all over the world and to use 
of lower sintering temperatures than those needed for metal 
oxide-based materials8-14.

In particular, the Brazilian northeast has many deposits 
of clays that show great potential in several applications 
for ceramic industry, especially in ceramic membrane 
manufacturing15-18. Therefore, the sintering of clay-based 
compositions leads to the formation of important crystalline 
phases that have great influence on physical and mechanical 
properties of ceramic pieces. One of the most important is 

cordierite, which is usually obtained from firing of mixture 
containing clays, talc and alumina and/or magnesia19.

Tubular ceramic membranes are especially suitable in 
applications where the feed stream contains a relatively 
high proportion of large particles and where the membranes 
are exposed to extreme pH and temperature conditions20. 
Therefore, tubular ceramic membranes allows to obtain 
higher flux and more efficient separation21,22.

Oily wastewater is generated in many process industries 
such as petrochemical plants, refinery, metallurgy, and 
transportation. Due the high volume and complexity, this 
effluent should be treated and reduced to an acceptable limit 
before discharged into the aquatic environment23-27. According 
to Brazilian standards, the maximum concentration of oil and 
grease in water before released into seas must be 29 (mg/L)28. 
On the other hand, according to some researchers, the allowable 
limit of oil and grease concentration in industrial effluent 
based on international standards must be (10 – 15 mg/L)2,29,30.

Currently, the development of low cost ceramic membranes 
from natural raw materials for oily wastewater treatment are 
discussed by some researchers. Kumar et al.31 elaborated tubular 
ceramic membranes using a mixture of ball clay, feldspar, 
kaolin, pyrophyllite and quartz. The membranes (porosity of 
50.0% and average pore diameter of ~0.34 µm) were tested 
on the separation process of oil-in-water emulsion with a 
feed concentration of 100 mg/L and exhibited oil rejection of 
99.9%. Abbasi et al.30 synthesized mullite tubular membranes 
using a kaolin clay-based composition. They investigated 
the performance of the prepared membranes for treatment 
of oily wastewater at different oil feed concentrations *e-mail: mykaell.yan@gmail.com
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(250 – 3000 mg/L) and obtained 94.5% of oil rejection. 
Nandi et al.2 developed low cost ceramic membranes using 
natural raw materials as kaolin, quartz, and feldspar and 
showed satisfactory results of permeability at different oil 
feed concentrations (125 – 250 mg/L) with great results of 
oil rejection (98.8%).

In this context and to contribute to both scientific and 
technology aspects, the aim of this work is to prepare and 
applied in crude oil-water separation clay-based membranes 
from a mixture of ball clay, alumina and talc. The selection 
of these raw materials was based on their low cost and 
abundance in the Brazilian northeast region.

2. Experimental
In this work, ball clay and talc were supplied by a mineral 

company located in the Paraíba state, Brazil, and alumina was 
provided from Treibacher Schleifmittel Brazil Ltda. Crude 
oil collected from Piranema oil-field exploration located 
in the state of Alagoas, Brazil was used for preparation of 
oil-water emulsion. Crude oil samples were collected at 
1200 m of depth and have API grade 41-43.

The formulation was defined from the chemical analysis 
of raw materials and based on stoichiometric composition 
of cordierite (2MgO.2Al2O3.5SiO2) in the SiO2-Al2O3-MgO 
ternary system. It was established the following percentages: 
23 wt.% of ball clay, 19 wt.% of alumina and 58 wt.% of 
talc. The chemical composition of raw materials and the 
formulation are described in Table 1.

The formulation was previously passed in a sieve 
ABNT n° 200 (0.075 mm) and submitted to the following 
techniques: chemical analysis using energy dispersive X-Ray 
Fluorescence spectroscopy (XRF) (Shimadzu, EDX 720); 
particle size analysis (Cilas, 1064 LD); thermogravimetric 
(TGA) and differential thermal analysis (DTA) at a heating 
rate of 10°C/min up 1200 °C under atmospheric air (Shimadzu, 
DTG-60H); and mineralogical composition using X-ray 
diffraction (XRD) (Shimadzu XRD 6000 diffractometer) 
with Cu Kα radiation (40 Kv/30 mA), using a goniometer 
rotation of 2°/min and a step scan of 0.02°, in the range from 
5° to 60°. It was also estimated the plasticity index of the 
mixture measuring the Atterberg limits.

The homogenization of the mixture was held in a mixer 
at 130 rpm for 24 hours with distilled water to formation 
desired plastic paste. The specimens were shaped into a 
tubular configuration using a vacuum extruder (Sew Brazil 
Ltd., model 3FAS). The pieces were oven-dried at 110° C for 
24 hours and sintered in furnace (MAITEC, FSQC 1300/3) 
at temperatures of 1025, 1050, 1075, 1100, 1125, 1150 and 
1175°C, at a heating rate of 5°C/min and dwell time of 60 min 

in each maximum temperature. Figure 1 shows tubular pieces 
before and after sintered at different temperatures.

After the heat treatment, the ceramic pieces were submitted 
to mineralogical characterization by XRD following the 
same conditions previously mentioned. The phases formed 
at each temperature were identified using JCPDS standards 
cards available in a PCDF WIN software program database 
of the Shimadzu XRD 6000 diffractometer.

The ceramic pieces were characterized by the following 
physical properties: linear shrinkage and apparent porosity 
(Archimedes’ Principle). The flexural strength of sintered 
samples was measured using Shimadzu equipment (Autograph 
AGX-50 KN) with a maximum lead of 50 KN and a loading 
speed of 0.5 mm/min.

The average porous size distribution was estimated using a 
mercury porosimetry (AutoPore IV 9500 V1.09). The fracture 
surface of the sintered samples was analyzed by scanning 
electron microscope (SEM) (Shimadzu 5SX MCB‑550). 
The contact angle of the membranes was determined using 
a contact angle portable equipment (Surface Eletro Optics 
– SEO, Phoenix-I model).

Oil-in-water emulsion was prepared from crude oil to 
investigate the efficiency of membrane separation. A stable 
and homogeneous oil-in-water emulsion with a concentration 
of 200 mg/L was prepared by mixing crude oil, surfactant 
agent and distilled water and using a Turrax mixer at a speed 
of 17000 rpm for 30 min.

The permeability of the membranes (10 mm of outer 
diameter, 7 mm of inner diameter and 77 mm in length) 
was evaluated using a tangential flow laboratory system 
(Figure 2). The membrane permeation was determined using 
distilled water and oil-in-water emulsion with concentration 
of 200 mg/L. The tests with distilled water were performed 
at different pressures of 1, 2 and 3 bar. To the treatment of 

Table 1. Chemical composition (wt.%) of the raw materials and formulation.

Component
Oxides

SiO2 Al2O3 MgO Fe2O3 CaO K2O TiO2 Other oxides
Ball Clay 57.9 30.0 1.9 3.3 4.7 0.5 0.6 1.1
Alumina 0.3 99.2 - - 0.2 - - 0.3
Talc 55.1 12.3 20.5 7.8 2.6 0.5 0.2 1.0
Formulation 43.3 32.5 12.5 7.3 3.0 0.5 0.3 0.6

Figure 1. Tubular pieces (a) dried at 110 °C and sintered at different 
temperatures: (b) 1025 °C, (c) 1050 °C, (d) 1075 °C, (e) 1100 °C, 
(f) 1125 °C, (g) 1150 °C and (h) 1175 °C.
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oil-in-water emulsion it was used a pressure of 3 bar (the 
best operating conditions). The permeate was collected at 
intervals of 3 min to verify the variation of flux for a period 
of 60 min of operation. All these experiments were conducted 
using four membranes for each temperature. The effective 
membrane surface area in contact with the feed was equal to 
1.42x10-3 m2. To evaluate the efficiency of the membranes, 
the feed solution and permeate samples collected after 
filtration were subjected to the turbidity technique. The oil 
present in the permeate samples was measured by using a 
microprocessed digital turbidimeter (Dellab).

3. Results and Discussion
The chemical composition of the raw materials and 

formulation before firing are shown in Table 1.
The most abundant oxides present in the formulation 

are SiO2, Al2O3 and MgO. These contents were close to 
stoichiometric composition of cordierite (51.4% of SiO2, 
34.9% of Al2O3 and 13.7% of MgO). There is also a relevant 
content of Fe2O3 and CaO and a small amount of K2O. 
These oxides can promote the formation of liquid phase at 
low temperatures and favoring the reduction of sintering 
temperature32-34. In particular, the presence of transition metal 
oxides as Fe2O3 and TiO2 can promote the crystallization of 
cordierite phase in the ternary system SiO2-Al2O3-MgO35,36.

Figure 3 illustrates the particle size distribution curves 
of the mixture used to make the ceramic membranes. The 
granulometric distribution of the mixture shows a bimodal 
behavior with a wide distribution in the range of 1 - 50 µm, a 
mean particle diameter of 11.0 µm and accumulated volumes 
of D10 = 1.2 µm, D50 = 7.8 µm and D90 = 26.1 µm. The curves 
show a considerable number of particles with size below 
20 µm, which are associated to the presence of finer particles 
from the clay. The particle size distribution is an important 
factor due its influence on the processing characteristics as 
plasticity, packing and the kinetic of the reactions to formation 
of important crystalline phases37. The plasticity index is 28% 
and is accordance to the values indicated in literature for 
ceramics paste be processed by extrusion, since the mixture 
shows a highly plasticity greater than 15%38.

The curves of the thermal analysis are illustrated in 
Figure 4. The DTA curve shown endothermic peaks at 80 

and 180 °C, corresponding to the removal of weakly bound 
water; between 450 and 650 °C appear endothermic effects 
that are associated with the structural collapse of the clay 
minerals; an exothermic peak is observed at 840 °C, related 
to the formation of enstatite from decomposition of talc; and 
another exothermic peak is observed at 1000 °C, attributed to 
the nucleation of crystalline phases as spinel39 or sapphirine40. 
According to the TGA curve, three stages of mass loss are 
observed, the first stage takes place between 25 and 200 °C 
with mass loss of 3.9%, which represents loss of absorbed 
water; the second stage, between 200 and 700 °C, with strong 
mass loss of 5.8%, corresponding to dihydroxylation of clay 
minerals; the third stage, above 700 °C, with mass loss of 
2.0% is associated to the carbonates decomposition, as well 
as the elimination of hydroxyl groups from talc41. In total, 
the formulation showed a mass loss of 11.7%.

The XRD patterns of the samples before and after firing 
at 1025 and 1175 °C are represented in Figure 5. Before 
heat treatment, it was identified the following crystalline 
phases: montmorillonite (JCPDS 13-0135), kaolinite 
(JCPDS 29‑1490) and talc (JCPDS 83-1768). It was also 
observed the presence of accessory minerals such as quartz 
(JCPDS 46-1045), calcite (JCPDS 89-1305) and α-alumina 
(corundum) (JCPDS 10-0173).

At 1025 °C, the mineralogical phases observed are: 
cristobalite (JCPDS 82-0512), enstatite (JCPDS 86-0430), 
hematite (JCPDS 89-8104), α-alumina, quartz (JCPDS 46-1045) 
and sapphirine (86-2245 JCPDS). The presence of enstatite 

Figure 2. Schematic diagram of the tangential flow laboratory 
system. 1: Feed tank, 2: pump, 3: by-pass valve, 4: membrane 
module, 5: pressure gauge, 6: manometer, 7: membrane, 8: permeate 
and 9: electronic balance.

Figure 3. Particle size distribution curves of the formulation.

Figure 4. DTA and TGA curves of the formulation.
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is related with the decomposition of talc, corroborating with 
the results from thermal analysis. Some authors observed 
this reaction between 800 – 1000 °C33,42,43. The formation of 
cristobalite is due to crystallization of amorphous silica from 
the clay mineral breakdown during the thermal reactions44. 
The sapphirine (JCPDS 21-0549) results from the reaction 
of cristobalite and intermediate phases45. The hematite phase 
is due to the iron oxide present in the formulation.

At 1050 °C, the formation of spinel phase was observed 
(JCPDS 77-0435) and according to Majumder et al.46, this 
phase is a result of the interaction between Al3+ and Mg3+ 
ions dispersed in liquid phase. From 1075 °C to 1100 °C, 
the peaks intensity of cristobalite, enstatite and sapphirine 
increased, suggesting higher degree of crystallinity.

At 1125 °C, peaks intensity of spinel, alumina and hematite 
decreased and α-cordierite (indialite) (JCPDS 83-2067) was 
detected. According to Al-Harbi et al.47, the crystallization 
of this phase is mainly due to the direct reaction between 
spinel and amorphous silica. These authors also identified 
the nucleation of α-cordierite phase at 1125 °C from the 
sintering of kaolinite and magnesite.

From 1125 to 1150 °C, the peak intensity of α-cordierite 
increases and peaks intensity of hematite decreases, 
indicating a possible thermal decomposition of hematite 
phase or probably the iron ions migrating to the structure 
of α-cordierite, forming a solid solution35. The α-cordierite 

(α-Mg2Al4Si5O18) structure is not fixed, because total or 
partial substitution occur between Mg2+ ions and Fe2+ ions, 
resulting in a similar structure (Fe2Al4Si5O18) known as iron 
cordierite48. According to studies by others researchers19, 
the iron can be present as substitutional ions in cordierite 
structure but also as oxide impurities.

At 1175 °C, α-cordierite becomes the main crystalline 
phase accompanied by sapphirine, while the other secondary 
phases such as alumina, cristobalite, enstatite, hematite 
and spinel were not detected, probably indicating total 
dissolution. The formation of α-cordierite is a result from the 
decomposition and reaction between these secondary phases 
and was detected at temperatures close to 1200 °C47,49-54.

The results of linear shrinkage and apparent porosity of 
the sintered samples are presented in Figure 6. It is noted 
that the sintering temperature has an influence on these 
properties. The linear shrinkage of all specimens increased 
with values ranged from 2.5 ± 0.2 to 6.0 ± 0.2% when the 
temperature increased from 1025 to 1175 °C, respectively. 
An accentuated change in linear shrinkage is observed when 
the temperature is above 1075 °C, which indicate a beginning 
of the densification process, induced by the formation of the 
liquid phase due to the presence of the alkaline and alkaline-
earth oxide content in the starting raw materials6. In fact, 
according to the chemical analysis, the starting raw materials 
showed a considerable amount of fluxes oxides (Fe2O3 and 

Figure 5. X-ray diffraction patterns of the sintered samples. α: Corundum, Co: α – cordierite, Cr: Cristobalite, Ca: Calcite, E: Enstatite, 
H: Hematite, Kaol: Kaolinite, Mt: Montmorillonite, Q: Quartz, Sp: Spinel, Sa: Sapphirine, T: Talc.
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CaO) which can promote the formation of liquid and glassy 
phases. Regarding apparent porosity, the highest value was 
found in the sample sintered at 1025°C presenting an average 
of 36.5 ± 0.2%. As can be seen in the Figure 6, there was no 
significant variation between the samples sintered at 1025 
and 1075° C, but a sharply decrease at 1075 °C and which 
continues during the firing process up to 1175 °C, reaching 
a value of 2.9 ± 0.6%.This is explained by the fact that the 
increasing in sintering temperature accompanied by the 
formation of liquid phase and densification process, lead a 
fill of pores causing the reduction in porosity6.

The ceramics membranes should present high porosity and 
the tubes sintered at 1025, 1050, 1075 and 1100 °C showed 
satisfactory porosities and were considered for further study.

Figure 7 shows flexural strength as a function of sintering 
temperature. The increase in the sintering temperature tends 
to enhance the mechanical behavior of the ceramic pieces. 
The mechanical strength values ranged from 25.3 ± 3.3 to 
71.5 ± 6.5 MPa when the temperature increases from 1025 
to 1175 °C, respectively. This increase on the mechanical 
properties is explained by the decrease in porosity of the 
samples due the formation of liquid phase and glassy 
phase during firing process. In fact, a correlation between 
the results of porosity and flexural strength shows that the 

highest modulus of flexural strength is observed at 1175 °C, 
when the samples reached the lowest value of porosity. 
Another fact that may have contributed to the increase in 
mechanical resistance is associated to the intensification of 
crystalline phases. As showed by the XRD patterns, with 
increasing temperature from 1150 to 1175 °C, the peaks of 
α-cordierite phase become more intense and this contribute 
to increase the modulus of flexural strength. According to 
some researchers54,55 the growth of cordierite crystals and 
densification process during sintering process have great 
influence on the mechanical behavior of the cordierite 
ceramics. The values of flexural strength of the samples were 
quite similar to those reported by other researchers8,20,56,57.

The pore size distribution for the tubes sintered at 
different temperatures is represented in Figure 8. The pore 
size distributions of the samples are uniform (mono-modal 
distribution) and homogeneous. The majority of pores have 
diameters smaller than 2 µm, ranging from 0.2 to 2 µm for 
all samples. The average pore size diameters are 0.6, 0.8, 
0.9 and 0.9 µm for the samples sintered at 1025, 1050, 
1075 and 1100 °C, respectively. A slightly increase in the 
average pore size diameters is observed with the sintering 
process. As expected, the increasing temperature promotes 
the formation of liquid phase during the sintering process, 
which by capillarity effect fill the small pores leading to 
the reduction of porosity or even the disappearance of 
these pores and promoting coalescence of larger pores16,58. 
This phenomenon is clearly observed from the curves 
distributions, since these curves tend to move to the right side 
with increasing temperature58. The pore size is an important 
factor that define the application for ceramic membranes. 
Especially for the application in microfiltration process is 
expected that the ceramic membranes show pores sizes 
between 0.1 and 10 µm6,59. All the prepared membranes 
present porous diameters close to 1.0 µm with satisfactory 
porosity. In this way, these tubes should be considered for 
further study and used in microfiltration process.

SEM images of cross section of the tubes fired at 1025, 
1050, 1075 and 1100 °C are shown in Figure 9. The morphology 
of each tube present pores with different formats over the 
cross section. There is no significant difference between the 

Figure 6. Linear shrinkage and apparent porosity of the sintered 
samples.

Figure 7. Flexural strength of the tubes. Figure 8. Porous size distribution curves of the prepared membranes.
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samples, indicating that the pores have not changed gradually 
with the sintering process.

Figure 10 exhibit the images obtained from the contact 
angle analysis performed with the membranes. From this 
technique, the following values ​​were obtained: 14.5, 13.1, 
14.8 and 12.3, observed in membranes sintered at 1025, 
1050, 1075 and 1100, respectively. As expected, the studied 
membranes showed a strong hydrophilic characteristic, in 
view of the low values ​​of contact angles found. The images 
also show the high tendency of the liquid to spread over 
the membrane surface, since the shape of the liquid drop is 
almost imperceptible due to its rapid absorption.

Figure 11 shows the water flux measured after 60 min 
of test as a function of sintering temperature and different 
transmembrane pressures. The permeated water flux is directly 
influenced by the sintering temperature and transmembrane 
pressure. A decrease in the water flux was observed with 
increasing temperature, which is in total agreement with the 
decrease of porosity. The increasing temperature promotes 
the filling of pores by the formation of liquid phase, leading 
a reduction of porosity and consequently reduction of the 
permeated water flux. Also, the water flux was found to vary 
linearly with transmembrane pressure. The highest values 
of water flux were obtained for the membranes sintered at 
1025 °C, reaching a value of 302.4 L/hm2 at 3 bar. However, 
at a higher sintering temperature of 1100 °C, the water flux 
of the membrane declined to 142.3 L/hm2 at 3 bar. From 
Figure  11, the water permeabilities of the membranes 
sintered at 1025, 1050, 1075 and 1100 °C are 101.9, 74.7, 
73.6 and 45.4 L/hm2bar, respectively. These results were 

very similar to those reported by Harabi et al.60, who used 
a clay composition to obtaining tubular membranes with 
porosity of 49.0%, average pore size of 0.6 µm, water 
flux of 300 L/hm2bar at 3 bar and a water permeability of 
107 L/hm2bar. Bakhtiari et al.22 obtained a kaolin tubular 
membrane with porosity of 33.5%, average pore size of 
0.6 µm and water flux of 225 L/hm2 at 3 bar.

To evaluate the efficiency of theses membranes, an 
oil water emulsion with a concentration of 200 mg/L was 
used for separation tests and experiments were conducted 
at a transmembrane pressure of 3 bar. Figure  12 shows 
the evolution of permeate flux as function of time of the 
membranes. It is also observed that the permeate flux for 
oil in water emulsion is much lower than pure water flux at 
the same applied pressure. The permeate flux for emulsion 
shows a pronounced decline in the beginning of operation 
and stabilizing after 60 min reaching values of 38.8, 23.0, 
17.7 and 21.4 L/hm2 for the membranes sintered at 1025, 
1050, 1075 and 1100 °C, respectively. The steady state flux 
for emulsion is found to be 2.8 – 4.6 times less than the flux 
at the beginning of filtration. This decline may be related to 
two significant problems associated to membrane fouling 
process: concentration polarization and pore blocking3,5,25,26,61. 
At the initial filtration stage, a pore blocking mechanism 
causes a decrease of permeate flux due the formation of a 
layer of oil droplets on the membrane surface. Oil droplets 
move to pores of the membranes and get absorbed on pore 
walls and membrane surface leading to the filling of pores 
with increase in filtration time causing a rapid decrease of 
permeate flux. As the filtration time increased, a cake layer 

Figure 9. SEM images of inner surfaces and cross section of the tubes sintered at (a) 1025 °C, (b) 1050 °C, (c) 1075 °C and (d) 1100 °C.
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forms at the membrane surface and the flux reaches the 
steady state3,26. This cake layer formed act as an additional 
resistance that prevents the passage of the oil particles through 
the membrane promoting the increase of oil rejection24. 
However, in the case of tangential flow filtration, if the 
conditions are correctly selected and the design (chamber 
diameter) is carried out properly, this effect can be limited. 

Also, in industrial applications, the flow is recovered by 
applying back-flash pulse.

Table 2 shows the turbidity results for oil-water emulsion 
before and after 60 min of permeation tests. As can be seen, 
the turbidity found for oil-in-water emulsion before pass 
through the membranes was 65.7 NTU. After 60 minutes 
of separation tests, the turbidity reduced to 0.06, 0.08, 0.28 

Figure 10. Contact angle measurements of the prepared membranes sintered at (a) 1025, (b) 1050, (c) 1075 and (d) 1100.

Figure 11. Permeated water flux after 60 min of filtration as a function 
of transmembrane pressure and different sintering temperature.

Figure 12. Permeated flux as a function of time of ceramics 
membranes for oil-water emulsion at a pressure of 3 bar.
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Table 2. Turbidity results of oil-in-water emulsion before and after filtration tests.

Sample Emulsion 1025 1050 1075 1100
Turbidity (NTU) 65.7 0.06 0.08 0.28 0.55
Oil Rejection (%) - 99.91 99.88 99.57 99.16

and 0.77 NTU for the membranes sintered at 1025, 1050, 
1075 and 1100 ° C, respectively. According to these results, 
the membranes promoted high separation efficiency since 
that the oil rejection was above 99.0% for all membranes 
as shown in the Table 2. In Figure 13 it is also observed the 
difference of turbidity between the oil-water emulsion and the 
permeated, which confirm the high retention of oil particles 
after filtration tests. From an industrial point of view, the 
membranes should possess higher removal efficiency with 
adequate permeability. The prepared membranes in this study 
showed excellent oil rejection and reasonable permeability 
when compared to those reported in the literature26,29,61.

A cost analysis of the prepared membranes is shown 
in Table 3. The cost was estimated based on the price of 
raw materials and the energy cost of shaping, drying and 
sintering process. The production cost is evaluated to be 
0.18 US$/membrane or 97 US$/m2. Comparatively, the 
membrane cost reported by Bose and Das62 is 250 US$/m2 
and those reported by Ghosh et al.63 are 172 and 197 US$/m2. 
Also, the prepared membranes are very much cheaper 

than commercial ceramic membranes made of α-alumina 
(US$ 500-1000/m2) since that the price of alumina is about 
100 times that of kaolin and requires sintering temperature 
above 1600 °C64. In our study, the sintering temperature used 
was lower than 1200 °C, which contribute with economic 
reduction of energy cost in membrane manufacturing. In 
conclusion, using raw materials similar to those used in 
the brick industry, with 20% low-cost alumina, and slightly 
higher temperatures (1025ºC-1100ºC), the cost is estimated 
to be 97 US$/m2.

4. Conclusions
In this study, it was emphasized the preparation and 

application of clay-based membranes oil-water separation. 
The formulation studied showed an appropriate chemical 
composition to formation of an important mineralogical 
phase such as cordierite, which was identified in the samples 
sintered from 1125 °C and have strongly influenced the 
mechanical properties of the ceramic membranes. It was 
also verified that the membranes sintered between 1025 
and 1100 °C showed satisfactory porosity and average 
pore size suitable to be used in separation processes in the 
microfiltration range. In this way, these membranes were 
subjected to tangential flow tests with distilled water and oil 
in water emulsion. The membrane sintered at 1025 °C shows 
high reasonable permeability and excellent oil rejection. 
The prepared membranes in this study can be applied in oil-
water emulsion separation process. Also, these membranes 
are considered very inexpensive due the low cost of raw 
materials and low sintering temperature.
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Figure 13. Images of oil-in-water emulsion and permeate.

Table 3. Details of cost estimation for fabrication of tubular membranes

Cost of raw materials
Raw materials Unit price per Kg (R$) Amount of raw materials (g) Cost (R$)

Ball Clay 0.38 64.40 0.02
Alumina 3.80 53.20 0.20
Talc 0.45 162.40 0.07
Total raw materials cost for fabrication of forty membranes 0.29
Energy cost (based on the power consumption)
Mixer 0.36
Dry oven 1.43
Extruder 0.40
Furnace 36.50
Total production cost for fabrication of forty membranes 38.98
Total production cost of one membrane (1.86x10-3 m2) (R$*/US$**) 0.97 (0.18)
Total production cost of membrane (US$/m2) 97
*Brazilian currency. **United Sates Dollar (1US$ = R$ 5.45; the price was estimated on 1st February of 2021 by Central Bank of Brazil).
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