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Previous studies have demonstrated the improved membrane properties of ceramic membranes 
made from thermally modified clays with cationic manioc starch and eggshell residue as additives. 
Based on the employment of these membranes, the relationship between thermally modified clays’ 
structure and cross-flow microfiltration using oil-in-water emulsion was studied (North Sea heavy 
crude oil). Using raw clay (M1) and thermally pretreated clay (M2), tubular ceramic membranes were 
prepared by the extrusion method. Critical Flux in different concentrations (250, 500, and 1000 mgL−1), 
fouling mechanisms, and membrane resistance were analyzed. The initial membrane resistance values 
for M1 and M2 membranes were 2.23 ± 0.32 × 1012 m−1 and 1.72 ± 0.293 × 1012 m−1, respectively. 
The membrane resistance was reduced by 22% due to the clay modification, which also decreased 
the contact angle, increased the pore size, and decreased the membrane roughness. Regarding the 
total organic carbon removal, the M2 membrane had no loss in separation efficiency despite having a 
slightly larger pore size. These results indicate that the clay-induced structural changes decreased the 
membrane resistance and improved the permeate flux but did not decrease the oil-in-water emulsion’s 
separation efficiency.

Keywords: oil-in-water emulsion, ceramic membrane, microfiltration, thermal pre-treatment.

1. Introduction
The petrochemical, food, leather, and metallurgical 

industries produce a variety of oily wastewater in the oil 
refining process. The treatment of oily wastewater is a huge 
challenge due to its heterogeneous composition and large 
volumes generated by various industries1.

Membrane separation is a rapidly-evolving and 
commonly-utilized technology with several industrial and 
pilot-scale applications in oily wastewater treatment1-6. 
Compared with traditional treatment methods, the membranes 
have presented high oil recovery, low energy demand, and 
compact design, for example, gravity settling1.

Surface charges, electrostatic interactions, size exclusion 
(i.e., sieving), and selective wettability are factors that influence 
the treatment of oil-in-water emulsions using membranes7. 
The size exclusion effect allows pressurized water to pass 
through the membrane while blocking oil droplets larger 
than the membrane pores8.

Because of the presence of surface hydroxyl (–OH) 
groups of ceramic particles, the ceramic membrane is usually 
hydrophilic9,10. The modification of ceramic membranes in 
oil-in-water emulsion treatment to improve the permeate flux 
or decrease membrane fouling has been studied extensively. 

For example, the studies regarding the application of carbon11, 
mullite and alumina12, kaolin, quartz, feldspar, sodium 
carbonate, boric acid and sodium metasilicate13, clay14, 
niobium15, calcium carbonate and titanium dioxide16, and 
alumina and activated carbon17 in the field of membrane 
synthesis. Different low-cost additives are employed as 
banana peel powder18. Various elements are used in the 
synthesis of membranes as observed in these studies; some 
being comparatively more expensive (e.g., titanium and 
carbon) and others being less so.

The main drawbacks, as reported in the literature, of 
using the membrane technologies (microfiltration and 
ultrafiltration), which work mainly by the size-exclusion 
principle, are oil fouling, lower permeate flux, and oil content 
in the permeate19,20. The fouling decreases the permeate 
flux through the deposition mechanisms of particles on the 
surface (external fouling) or in the membrane’s pores (internal 
fouling)21. Unlike the reversible nature of the concentration 
by polarization, fouling can cause irreversible membrane 
permeability loss, generating an operational failure22.

By tuning the flux of the system, the critical flux concept 
has been proposed as a mild and facile fouling control method 
that takes advantage of the transition of a filtration system 
between non-fouling and particle deposition states23. Knowing 
the critical flux behavior in different concentrations and * e-mail: rafael.bruno@ufu.br
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comparing it with different membranes is thus fundamental 
for applying membranes in separation processes.

For this purpose, low-cost ceramic membranes (with 
inexpensive raw materials) were successfully prepared by 
the extrusion method using thermally-treated clays and 
inexpensive pore-generating and strength-improving agents24-26.

According to Xavier et al.26, phase transformations suggest 
that metakaolinite (MKaol) and anorthite can influence the final 
membrane properties. Among the modifications performed 
on the clay in these studies, MKaol mixed with Ca-based 
compounds (from eggshells) that may influence the oil-in-
water emulsion separation is the most interesting. Because 
it is almost entirely amorphous, metakaolin’s total silicate 
and aluminate content is considered completely reactive27.

Although membranes prepared by thermally-treated clays 
have already shown good characteristics (e.g., in terms of 
porosity and permeability), their systematic investigation 
in terms of microfiltration, particularly in the oil-in-water 
emulsion separation, has not been addressed in the literature. 
This paper aims to investigate and compare the treatment’s 
effect on two different ceramic membranes, prepared with 
untreated and thermally-treated clays, respectively, in terms of 
strength, porosity, roughness, and contact angle on cross-flow 
microfiltration of oil-in-water emulsions. The permeate flux, 
fouling mechanisms, total organic carbon (TOC) removal, 
and membrane resistance were studied under different 
pressure conditions.

2. Materials and Methods

2.1. Membrane
Faience clay [Cermassas–Pastacer Ltda.] was used as 

a raw material to produce ceramic membranes. Eggshell 
residues and cationic manioc starch grade Superion 300 with 
a degree of substitution in the range of 0.033–0.036 mol/mol 
[Grupo Horizonte–Agrícola Horizonte Ltda. PR/ Brazil] 
were used as additives.

Natural clay (NC) was dried for 12 h in an oven and dry 
ground in a bench ball mill. NC was modified by thermal 
treatment at 500°C for 24 h with a heating rate of 5°C/min. 
The samples were dry ground in a bench ball mill with alumina 
balls for 4 h after the thermal treatment and homogenized 
with a #60 Tyler mesh (2.5 × 10−4 m) sieve. Eggshells were 
also homogenized using the same sieve mesh.

Two tubular ceramic membranes were prepared by 
extruding raw clay (M1) and thermally-treated clay (M2) to 
form a porous tubular membrane with the addition of cationic 
manioc starch (2.5wt%) and eggshell residue (2.5wt%), 
using an extruder (MVIG-75, Gelenski). The tubular ceramic 
membranes were then sintered at 1100°C for 30 min with a 
5°C/min ramp. The tubular membranes had an outer diameter 
of 1.88 × 10−2 m, an inner diameter of 1.07 × 10−2 m, a wall 
thickness of 4.05 × 10−3 m, and a length of 2.00 × 10−1 m.

The morphology of the elaborated membrane was observed 
by scanning electron microscopy (SEM) operating at 10 kV 
(Tescan, LMU; model, Vega 3) coupled to an energy-dispersive 
detector (EDS). Before their characterization, the membranes 
were fractured and metalized by sputtering with a thin gold 
layer. The contact angle between water and the membrane 
was measured using a contact angle goniometer (CA, OCA 

15 Dataphysics, Germany) with deionized water; 10 µL of 
water droplets were used for contact angle measurements 
(T = 25ºC). The contact angle of each membrane was measured 
five times to minimize the experimental errors and the average 
value was reported. Atomic Force Microscopy (AFM) analyses 
were performed using an SPM-9600 (Shimadzu) in Dynamic 
Force Mode (Tapping Mode) / Amplitude Modulation 
Mode and cantilevers procured from BudgetSensors (TAP 
190AL). The scanning scale was 5 µm ×5 µm. A Gwyddion 
software (http://gwyddion.net/) was employed to calculate 
the membrane surface roughness. Mercury porosimetry 
was performed on a mercury porosimeter, model Autopore 
IV 9500 V1.07, at 130° contact angle and 485 dynes/cm 
surface tension.

2.2. Oil-in-water emulsion
Oil-in-water emulsions were prepared following the 

same procedure. About 250, 500, and 1000 mg of oil (North 
Sea heavy crude oil) was added in 1L of deionized water, 
and the mixture was stirred for 8 min at 14 000 rpm in a 
high-speed mechanical agitator. Table 1 summarizes the main 
characteristics of this oil. Saturates, Aromatics, Resins, and 
Asphaltenes (SARA) analysis of this crude oil was based 
on a standard chromatographic procedure. Details of the 
characterization can be found in Simon et al.28. The emulsion’s 
stability was evaluated using turbidity and was found to be 
stable throughout the experiments.

2.3. Filtration apparatus
The filtration experiments were conducted from the 

inside to the outside of the membrane. The experimental 
setup used for the filtration tests included one feed tank 
with 1L capacity (T-01), a pump (B-01) controlled by a 
power supply, a manometer (PEI-01), a balance to measure 
permeate mass, a beaker to collect the permeate (T-02), a 
membrane module (M-01), and a valve (V-01). Figure 1 is 
the schematics of the apparatus.

2.4. Evaluation of the membrane performance
Filtration experiments were conducted to determine the 

hydraulic permeability and emulsion retention in tubular 
ceramic membranes (from the inside to the outside). All the 
membranes were compacted with deionized water at 1 bar 
for 30 min before use to remove any loose particles that 
may have remained in the filtration media. During the 

Table 1. Summary of crude oil properties.

Parameters
ρ (g cm-3) (15◦ C) 0.939
ρ (g cm-3) (65◦ C) 0.906
µ (mPa.s) (65◦ C) 20.4
SARA (wt%)
Saturated 37
Aromatics 44
Resins 16
Asphaltenes 2.45
water content (%) 0.040
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experiments, the operating conditions were maintained at 
a volumetric flow rate of 6.94 × 10−5 m3.s−1, a pressure of 
0.2–1.4 bar, and a temperature of 25°C. The permeate flux, 
J (L m−2 h−1), was determined under different pressures, 
according to Equation 1.

p

p

V
J

A t
=  (1)

Vp is the volume of the permeate (L), Ap is the membrane 
area (m2), and t is the operating time (h).

2.5. Critical flux
For the critical flux experiments, the permeate flux was 

evaluated with deionized water performed with increasing 
pressures at seven different pressures with a step time of 
3 min. Subsequently, the oil-in-water emulsion was fed into 
the system and the critical flux was determined using the 
same stepping procedure. The flux behavior was evaluated 
using a plot of permeate flux (J) vs. pressure.

2.6. TOC removal
The TOC removal was analyzed (Equation 2). Carbon 

measurements were performed on a Shimadzu TOC-L total 
organic carbon analyzer.
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The TOC content in the feed (TA) was 714 mgL−1 for the 
oil-in-water emulsion (1000 mgL−1) obtained. TP represents the 
TOC content in the permeate, in mgL−1. The measurement of 
the TOC was carried out according to the Methods Standard.

2.7. Resistance

2.7.1. Membrane resistance (Rm)

The membrane resistance was determined using the 
slope of the pure water permeate flux vs. the transmembrane 
pressure (TMP) plot. The initial membrane resistance is 
given using Darcy’s law:

0w
m

TMPJ
Rµ

=  (3)

Jw0 is the instantaneous permeate flux (ms–1) and µ is the 
dynamic water viscosity (Pa s).

2.7.2. Total Resistance (Rt)
To analyze the fouling mechanisms, we measured and 

calculated the total resistance using Equation 4.

T
TMPR

Jµ
=  (4)

RT is the total resistance (m–1), TMP is the transmembrane 
pressure (bar), J is the permeate flux (L m–2 h–1), and µ is 
the dynamic viscosity of water at 25ºC (0.8937 × 10−3 Pa.s).

2.8. Study of the fouling mechanism
The modification of the classical general equation of 

the Hermia model results in the following general equation 
(Equation 5) for cross-flow microfiltration29-31:

( ) 2 n
ss

dJ k J J J
dt

−− = −  (5)

J is the permeate flux, Jss is the steady-state permeate flux, 
t is the filtration time, k is the resistance coefficient, and n is 
the blocking index. The four membrane fouling mechanisms 
are the complete blocking model (n = 2), standard blocking 
model (n = 1.5), intermediate blocking model (n = 1), and 
cake filtration model (n = 0).

The model parameters (k, Jss, and n) were estimated 
by minimizing the sum of the squared errors between the 
calculated and the experimental values of J.
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1
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exp calc
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i
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=
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NE is the number of the experimental points used in the 
parameter estimation, OF is the objective function, calc

iJ  is 
the calculated permeate flux, and exp

iJ  is the experimental 
permeate flux.

All simulations, parameter estimation, and statistical 
analyses were performed in Scilab. The function “ode” was 
used to solve the initial value problem defined by the ordinary 
differential equation (Equation 5) associated with its initial 
condition. The function “fminsearch” was used to minimize 
the objective function presented in Equation 6 using the 
Nelder–Mead algorithm. The parameter uncertainties were 
calculated using the methodology described by Bainy et al.32. 
The blocking index and its expanded uncertainty (at 95%) 
were used to identify each membrane’s most probable 
fouling mechanism.

3. Results and Discussion

3.1. Characterization of the membranes

3.1.1. SEM and EDS
The M2 membrane underwent thermal pretreatment 

before sintering, which was the main difference between 
the M1 and M2 membranes. A modification primarily in 
the kaolinite occurred during this pretreatment, according 
to the reaction:

Figure 1. Filtration system.
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( ) ( ) ( )2 2 5 2 2 7 24    2Al Si O OH Kaol Al Si O MKaol H O→ +  (7)

According to the results presented by Xavier, et al., 201926, 
the presence of amorphous MKaol rather than crystalline Kaol 
in thermally-treated clays may be responsible for improving 
the ceramic membranes’ final performance.

SEM analyses were carried out on the ceramic membrane 
(M1 and M2) surfaces to verify the microstructure (Figure 2).

The SEM images clearly reveal that the thermally-treated 
clay significantly affects the morphology of the membrane. 
The membrane structures (M1 and M2) are characterized by 
irregularly distributed pores with a relatively complex shape. 
Moreover, a cursory observation of the SEM revealed no 

macrodefects such as cracks. The M2 membrane’s structure 
was slightly more porous (yellow circle). The EDS identified 
similar percentages of Si, Al, and O in the membranes. These 
membrane attributes make it suitable for microfiltration 
applications33. Heat treatment of kaolinite altered the atomic 
structure, which had a high impact on macroscopic properties 
such as surface wettability34.

3.1.2. Pore size
The pore size of the membranes was analyzed using Hg 

intrusion, as shown in Figure 3(a).
The pore size distributions (SDs) for M1 and M2 in 

Figure 3(a) show that the pores with diameters ranging from 

Figure 2. SEM micrographs and EDS of M1 and M2 membranes.
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1 × 10−7 to 1 × 10−6 m were predominant in M1. However, 
most pores in M2 had a diameter ranging from 1 × 10−7 to 
4 × 10−6 m. The M2 membrane had a larger mean pore size 
and a broader pore SD than the M1 membrane. The average 
pore diameter of the ceramic membrane for M1 and 
M2 membranes are 0.51 µm and 0.82 µm, respectively. 
The ceramic membranes can be classified as microfiltration 
membranes based on their average pore diameter. Using 
zeolite membranes (NaY/alumina) in the process of oil–water 
separation, Barbosa et al.35 obtained an average pore diameter 
and a porosity of 0.714 × 10−6 m and 33.37%, respectively.

The porosity of the M1 membrane is 42.6% while 
that of the M2 membrane is 48.4% (as measured by Hg 
porosimetry). This increase in porosity may possibly be due 
to an increase in the pores’ number or size resulting from the 
thermal treatment of the clay. The porosimetry results are 
consistent with the SEM images (Figure 2). More porous 
membranes have a lower water contact angle in general36. 
Porosity directly affects the surface roughness, resulting in 
a change in wettability34.

3.1.3. AFM analysis of the membranes and contact 
angle

The hydrophilicity of the ceramics was characterized 
by contact angle measurement. The wettability properties of 
M1 and M2 membranes were measured in terms of contact 
angle to determine the thermal treatment’s effectiveness. 
Figure 4 presents the values of the contact angle of M1 and 
M2 membranes. As shown, contact angle values below 30° 
were obtained for the membranes due to the high hydrophilicity 

of the membranes. The thermal pretreatment led to a decrease 
in the contact angle, making the membrane more hydrophilic. 
The kaolinite’s overall macroscopic wettability was highly 
influenced after dehydroxylation34. The clay’s pretreatment 
possibly enabled further dehydroxylation of kaolinite, which 
improved the membrane’s wettability.

Hubadillah et al.37 employed the kaolin hollow fiber 
membrane (KHFM) and showed that the highest contact 
angle was 33°, still in the range of hydrophilicity behavior 
that a KHFM sintered at 1500°C possessed.

From Figure 5, the maximum feature height (Sz) of 
the M1 membrane is about 0.84 µm while that of the 
M2 membrane is 1.06 µm.

According to the AFM analysis, the average roughness and 
the square mean roughness for the M1 and M2 membranes were 
97.5 nm, 124.8 nm, 71.3 nm, and 91.9 nm, respectively. These 
results reveal that there was a decrease in the M2 membrane’s 
average roughness, which may have enhanced the increase 
in the permeate flux.

Increased roughness can lead to two changes in the 
membrane, namely, an increased effective filtration area 
and a decreased membrane’s antifouling performance38.

Water molecules can permeate easily through the membranes 
as they are porous. The modified clay was responsible for 
the increased porosity of the membrane (Figure 2), which 
improved the permeate flux. Furthermore, the reduced 
roughness improved the membrane’s antifouling properties. 
The fouling is due to possible contaminant (organic or 
inorganic) accumulation on the deeper valleys of the rough 
membrane surface2. According to Wenzel, increasing the 
roughness of a solid surface increases the surface tensions 
at the solid–liquid and solid–vapor interfaces, while the 
interfacial surface tension of the liquid–vapor remains 
constant39,40. Consequently, a higher contact angle is achieved 
to balance the increased surface tension due to the surface 
roughness increase39.

3.1.4. Resistance
Modifications on the ceramic membrane had a more 

significant influence on the resistance. For the M1 and 
M2 membranes, the membrane resistance (Equation 3) values 
were 2.23 ± 0.320 × 1012 m−1 and 1.72 ± 0.293 × 1012 m−1, 
respectively. The clay modification resulted in a 22% reduction 
in the membrane resistance possibly due to the decreased 
contact angle, increased pore sizes, and slightly decreased 

Figure 3. (a) pore size distribution and (b) cumulative volume for 
M1 and M2 membranes.

Figure 4. Contact angle of membranes.
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roughness. The values obtained for the membrane in this study 
were somewhat higher than the previously reported values.

Fang et al.41verified that the membrane resistance for an 
oil-in-water emulsion purification with membranes made 
from spherical fly ash with an average pore size of 0.77 µm 
was 0.16 × 1011 m−1. Nandi et al.13 reported that employing 
ceramic membranes made of kaolin, quartz, feldspar, sodium 
carbonate, boric acid, and sodium metasilicate obtained 
an intrinsic membrane resistance of 9.26 × 1011 m−1 and a 
hydraulic pore diameter of 0.51 µm.

3.2. Microfiltration

3.2.1. Critical flux
Experiments were performed with different emulsion 

concentrations (250, 500, and 1000 mgL−1) and pure water 
to verify the behavior of the membranes with respect to the 
microfiltration by oil-in-water emulsion. Figures 6 and 7 show 
the critical flux results for the M1 and M2 membranes, 
respectively, under different conditions.

There are two distinct forms of critical flux: strong and 
weak42. The former is related to the pure water line behavior’s 

TMP deviation, and the latter is identified by the point at 
which the flux–TMP linear relation, which is below the pure 
water line due to the initial fast fouling, ceases43.

The definitions of the weak and strong forms of the 
critical flux require that the total resistance does not vary 
with time in the fluxes below the critical flux. However, in 
some cases, constant resistance during filtration may never 
be achieved, even at extremely low fluxes44.

One possible explanation of Figures 6 and 7 is that at 
lower concentrations, an oil layer formed on the membrane 
surface can be removed by the hydrodynamic action of the 
flux. However, at higher concentrations, the hydrodynamic 
action cannot remove the oil layer. By increasing the pressure, 
this layer becomes thicker, and the flux decreases.

As seen in Figure 6, both forms of critical flux are 
observed for the M1 membrane, depending on the feed 
concentration. The strong form can be identified for the 
250 mgL−1 condition while the weak form can be observed 
for the 500 and 1000 mgL−1 conditions. We can see that the 
M1 membrane can only operate without fouling at lower 
feed concentrations (considering the studied ones) and that 

Figure 5. Surface profiling of the (a) M1 and (b) M2 membranes.
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increasing the feed oil concentration results in greater fouling 
even at lower TMP.

Figures 6 and 7 depict that the permeate flux of the 
M2 membrane was closer to the behavior of pure water than 
that of the M1 membrane, which deviated significantly from 
the behavior of water.

In percentage terms, the M2 membrane had a maximum 
reduction in a permeate flux (deviation from the behavior of 
pure water) of 22.6% for a concentration of 1000 mgL−1 at 
0.6 bar. Meanwhile, the M1 membrane had a 52.5% reduction 
in permeate flux. At a concentration of 1000 mgL−1, the 
maximum reduction for M1 and M2 was 57.2% and 38.2%, 
respectively, at the maximum pressure studied (1.4 bar). 
These results reveal that the M2 membrane had a smaller 
reduction in permeate flux (deviation from the behavior of 
pure water) than the M1 membrane.

The results indicate that both cross-flow shear and droplet 
coalescence mitigate membrane fouling by an oil emulsion; 
the latter is more typical of oil emulsion foulants than solid 
particles. A gap exists in the vast database of knowledge 
accumulated for membrane-based oil-in-water separations, 
with regards to critical flux, which is a function of various 
parameters and provides crucial operational and design 
heuristics of the oil emulsion45.

3.2.2. Fouling experiments
Experiments were performed to verify the fouling 

characteristics of the membranes at a concentration of 

1000 mgL−1 because the emulsion behavior of both the 
membranes deviates significantly from pure water under 
this condition.

Figures 8 and 9 present the time variation in permeate 
flux for the membranes (M1 and M2) at different values of 
ΔP. The rate of flux decline is higher at higher pressures, 
as evidenced in the obtained results. The greater amount of 
oil penetration in the membrane pores (that can occur even 
when the oil droplet size is bigger than the pore diameter)46, 
the quicker formation of oil layer over the surface, and the 
cake layer compaction, all of which account for fouling 
increase, are possible reasons for this trend.

An increase in TMP led to higher fluxes in both cases, as 
expected, since there is an increase in the process’ driving force 
in this case. At 0.8 and 0.6 bar, the M1 membrane exhibited 
an initial rapid decrease of fouling (in the first 10 minutes), 
followed by a slighter decrease (until approximately 50 mins 
of filtration) and then stabilized. The first stage of flux 
decrease was softer for the 0.4 bar, and a flux stabilization 
directly followed it.

One possible explanation for the differences in behavior 
between the pressures is that for lower pressures (e.g., 0.4 bar), 
the driving force may lead to less droplet deformation or 
penetration into the pores, resulting in less severe fouling 
and an absence of the rapid flux decline stage.

Consequently, it can be inferred that for higher oil 
concentrations, the oil droplets quickly penetrate the 

Figure 6. Permeate fluxes in different pressures for M1 membrane 
under different conditions.

Figure 7. Permeate fluxes in different pressures for M2 membrane 
under different conditions.

Figure 8. Variation of permeate flux with time at various operating 
conditions for the M1 membrane.

Figure 9. Variation of permeate flux with time at various operating 
conditions for the M2 membrane.
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membrane pores at the beginning of the filtration, partially 
obstructing them. With fewer available pores, the particles 
may start to form a cake layer in the second stage of flux 
decline, implying an additional resistance to the filtration 
media. Finally, the cake layer is already formed in the third 
stage, and the shear forces imposed by the tangential flux 
may favor the particle back transport at the same rate as 
particle deposition, reaching a steady state.

The same behavior is observed in membrane M2, but the 
time to reach a steady state is longer (for 0.6 and 0.8 bar), 
implying a slower particle deposition. It is worth noting 
that the observed fluxes are much higher for all pressure 
conditions. Thus, it can be hypothesized that because the 
M2 membrane has a larger mean pore size and a broader 
pore SD, oil particles may be passing through the pores, 
which would imply a higher TOC content in the permeate. 
Another possibility is that as the two membranes are 

made from different materials (resulting from the thermal 
modification of the clay), the M2 membrane has less affinity 
with the solute, preventing oil droplets from penetrating the 
membrane pores and accumulating at the membrane surface.

3.2.3. TOC removal
Figure 10 shows the TOC removal (from the end of 

the experiment) in the M1 and M2 membranes at different 
pressures.

Figure 10 reveals that there was no loss of efficiency 
for the different pressures and that the TOC removal was 
over 98%. Although the TOC removal is similar between 
the membranes, there is a difference in the oil droplet size in 
the permeate, as depicted by Figure 11. The M2 membrane 
has a smaller oil droplet size than the M1 membrane despite 
having a larger pore size and a broader pore SD.

Oil droplets easily adhere to the membrane surface 
resulting in the formation of the cake layer. Even if the size 
of the oil droplets is much larger than the membrane pore 
diameter under the applied high pressure, the oil droplets 
can be squeezed into and through the membrane nels46.

Thus, we can conclude that the M2 membrane’s considerably 
higher fluxes were not due to the greater passage of the 
oil droplets’ amount owing to its larger pores and broader 
pores SD (i.e., a lack of selectivity was not observed for 
M2 membrane). Both membranes presented similar rejections, 
and M2 membranes allowed the passage of smaller oil 
droplets. The difference in the materials of the membranes 
(caused by the thermal treatment) could be one explanation 
for the higher fluxes. As already stated in the literature, the 
oil release depends on the pore size as well as on the surface 
properties47. In our case, since the M2 membrane is made 
of a different material, it may present a better interaction 

Figure 10. TOC removal in different pressures for M1 and M2 
membranes.

Figure 11. Microscopic analysis of the permeate after microfiltration for M1 and M2 membranes, in 0.6 bar.
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Table 2. Estimated parameters of the model.

M1 membrane
ΔP (bar) k x 10-4 (sm-2) n Uncertainty* (x 10-4) R2

0.4 bar 267 0 57 0.99
0.6 bar 118 0 72 0.95
0.8 bar 19.8 0 9.0 0.99

M2 membrane
ΔP (bar) k x 10-4 (sm-2) n Uncertainty*(x 10-4) R2

0.4 bar 104 0 37 0.97
0.6 bar 19.4 0 6.1 0.99
0.8 bar 10.3 0 2.3 0.99

*Expanded uncertainty with a 95% confidence level.

between the membrane and the oil droplets (less affinity 
and consequently less tendency of particle attachment and 
fouling) and a better affinity with water. These observations 
corroborate that the M2 membrane takes longer to achieve 
steady-state flux (possibly caused by the slower attachment/
faster detachment of the oil droplets). Further research and 
analysis are required to confirm these possible interactions.

3.2.4. Total fouling resistance
The TMP had a significant influence on the total fouling 

resistance. The membrane resistance increased with time 
(Figures 12 and 13), as demonstrated from the results. For both 
membranes, lower pressures exhibited better antifouling 
properties than higher pressures. The total membrane fouling 
resistance increased with filtration time, and the membranes 
in a subcritical condition showed better antifouling properties 
than in a super-critical condition although they had a lower Rt 
value at the initial filtration stage, according to Jiang et al.48.

Dilaver et al.49 verified that the total resistance (RT) values 
increased with decreasing membrane pore sizes for dispersed 
printing washing-baths mix and mixed hot wastewater. Similar 
behavior is observed in our results, where the M2 membrane 
has a larger pore size than the M1 membrane. Therefore, the 
M2 membrane had a lower total resistance.

3.2.5. Determination of fouling mechanism
Table 2 lists the model parameters estimated by fitting 

the model to the experimental data from Figures 8 and 9, 
together with their expanded uncertainties. As shown, the 
cake filtration model offers the best fit with the obtained 
experimental data. For both membranes, the cake pore-
blocking coefficient (k) is higher at lower pressures than 
at higher pressures (0.6 and 0.8 bar). The M2 membrane 
had a cake pore-blocking coefficient (k) smaller than the 
M1 membrane.

Cake filtration has been reported as the most suitable 
or dominant fouling mechanism in a large portion of the 
literature on oil-in-water separations.

Complete blocking (n = 2), standard blocking (n = 1.5), 
intermediate blocking (n = 1), and cake filtration (n = 0) are 
the four mechanisms described in the literature.

Complete blocking occurs when the particle sizes are 
larger than the membrane pore size. The particles reach the 
membrane surface and seal the membrane pores, preventing 
superimposition on each other. The area of the blocked 
surface is proportional to the volume of the permeate. 

In the intermediate blocking model, the particle sizes are 
similar to the membrane pore size. The number of pores or 
blocked surface area is also assumed to be proportional to 
the permeate volume but is less restrictive, such that not all 
particles necessarily block the pores and can settle on top of 
other particles. According to the standard blocking model, 
particles are smaller than the membrane pore size and can 
enter most pores and settle on the pore walls, reducing the 
pore volume. The decrease in the pore volume is proportional 
to the permeate volume. The cake filtration model explains 
the case of large particles that cannot enter the majority of 
pores and thus deposit a “cake” on the membrane surface41,50. 
The mechanism of cake formation considers the deposition 

Figure 13. Total fouling resistance with the variation of time for 
M2 membrane.

Figure 12. Total fouling resistance with the variation of time for 
M1 membrane.
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of particles on the membrane surface as an additional porous 
layer with its resistance; in oily water systems, considering the 
depositions of oil droplets on the membrane surface as another 
porous layer with extra resistance may be questionable51.

4. Conclusion
Surface analysis of two ceramic membranes (M1 and 

M2) prepared with modified clays in the separation of an 
oil-in-water emulsion was successfully performed. Both 
membranes had eggshell residue and cationic manioc 
starch as additives. The thermal treatment of the clay for 
the M2 membrane is the main difference between the two 
membranes. AFM, contact angle, and mercury porosimetry 
analyses revealed that there were changes on the membrane 
surface that improved the microfiltration of the oil-in-
water emulsion. The critical flux behavior at different 
oil concentrations varied significantly using the ceramic 
membranes and was consistent with the surface analysis. 
The M2 membrane provided a good combination of rejection, 
permeate flux, and lower resistance. According to the fouling 
mechanism analysis of different pore blocking models, the 
cake filtration model is most suitable for representing the 
experimental data of the membranes. The M2 membrane had 
a lower cake pore-blocking coefficient (k) compared with 
the M1 membrane. In summary, a simple process (thermal 
treatment) was employed to modify the M2 membrane, 
allowing for an increase in the permeate flux and a lower 
resistance in the filtration of oil-in-water emulsions.
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