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a b s t r a c t
In this study, it was obtained that the hybrid membranes of polyamide 6 (PA6), in proportions of 1.0%, 
3.0% and 5.0% by weight of montmorillonite (MMT) and organophilic montmorillonite (OMMT), with 
a porogenic agent. The membranes containing CaCl2 were characterized by scanning electron micros-
copy (SEM), porosimetry mercury intrusion (PMI), optical microscopy (OM), flow measurements and 
efficiency of the membranes. From the SEM photomicrographs, it was observed that the addition of 
clay and porogenic agent in the membranes caused an increase in the amount and distribution of the 
existing pores on the surface and cross-section of these membranes compared with pure PA6 mem-
brane. By PMI, it was observed that the presence of MMT, OMMT and CaCl2 in the membranes caused 
an increase in the average pores diameters. In OM photomicrographs, it was found that the variation 
oil concentration and time of stirring used in the oil emulsions preparation did not change the average 
diameter of the oil droplets. Oil–water separation tests showed a significant reduction of oil in the 
permeated with promising results, presenting potential for oil separation in microemulsion systems.
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1. Introduction

The indiscriminate discharge of effluents in water sources 
deteriorates the quality of water, reducing the supply of this vital 
liquid. Due to pollution growth, the treatment of wastewater 
for reuse needs to be improved. The membrane separation pro-
cesses (MSP) have excelled in this context. For situations that 
require higher water purity, such as industry use, conventional 
biological treatments do not meet the minimum requirements 
of environmental legislation [1]. However, the membrane tech-
nology is considered reliable to remove physical, chemical and 
microbiological contaminants of sewage.

Although certain properties of the membranes have 
already been observed in the 19th century, MSP have only 
gained importance and found a real space in the industry in 
the last 40 years, mainly in water desalination technologies 
and food processing. In others areas MSP emerged as the 
only solution, like in medical applications, such as artificial 
kidney in hemodialysis system [2].

MSP are emerging technologies in the treatment of water. 
They have the possibility of obtaining it with better quality 
and in compact treatment plants which are easier to auto-
mate, generate less sludge and have a competitive cost com-
pared with conventional treatment systems. Therefore, they 
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are potential alternatives for degraded spring water treat-
ment, located in regions with little availability of land, as the 
case of densely urbanized areas of large metropolises [3].

Water treatment is a crucial field closely related to envi-
ronmental, economic and social issues. Several water sources 
of our daily lives and industries use typically contain oil, 
which has become the most common pollutant worldwide. 
In recent years, it is possible to find a large amount of 
research about membranes for oily wastewater treatment in 
the literature, not only in experimental but also in theoretical 
terms [4–8].

Billions of cubic meters of oily water are generated daily 
in the world. Increasingly strict environmental standards 
require industries to clean up all this wasted water. The oil 
present in the wastewater can be presented primarily in three 
ways: free oil, unstable and stable emulsions. The free oil 
and unstable emulsions can be chemically and mechanically 
treated. The emulsions of stable oil are more difficult to 
separate [9–12].

The oily water is one of the main residues generated 
during the extraction of petroleum process and its treatment 
has been a challenge due to its complexity and large quantity. 
Due to restrictions imposed by environmental agencies, it is 
necessary to reduce the content of contaminants in the water 
to levels allowed by the legislation before discarding it in the 
environment. The concentration of oil in refinery effluents 
can vary between 10 and 3.2 mg L–1 [13].

Regardless of the type of emulsion, the disposal of 
wastewater is only allowed after the oil and suspended solids 
were removed. The maximum permitted concentration of oil 
and solids in the effluent depends on the laws of each country. 
In Brazil, the conditions to discharge effluents are regulated 
by Resolution no. 430, of the National Environment Council, 
which states that oil and grease of mineral origin, derived 
from petroleum, can only be discarded in the environment 
when presenting a maximum concentration of 20.0  mg  L–1 
[14,15].

The materials and methods used in the membranes 
preparation play a key role in its desirable properties 
(permeability, selectivity, mechanical strength, thermal 
stability, chemical and fouling resistance). Synthetic mem-
branes are prepared from two different classes of materials: 
organic and inorganic [16–18]. Inorganic membranes have 
longer life than polymeric ones. However, because of greater 
versatility in obtaining different morphologies and their 
lower cost, polymeric membranes are more used, with 
significant prospects for growth in the market [19–21].

The phase inversion is the most used method to obtain 
polymeric membranes by instability of the solution and 
precipitation of the polymer. This technique allows differ-
ent morphologies with small changes in the parameters used 
during the preparation of the membranes [20,21]. Associated 
with this method, the polymeric nanocomposites have caused 
great interest due to their interesting properties including high 
modulus, good mechanical strength, thermal dimensional 
stability, barrier properties and flame delay [22–25].

Lin et al. [26] synthesized microporous membranes from 
a polymeric nanocomposite of polyamide 6 (PA6) with inter-
calated mica, using the isothermal immersion precipitation 
in a pure water bath technique. The PA6 membranes exhib-
ited an asymmetric morphology with a rigid skin called 

cell sublayer. This morphology did not favor the passage of 
water, making it unsuitable for microfiltration application. 
The authors concluded that the increase in the membranes 
porosity with the variation of clay amount used was evi-
denced by the flow measurements performed with water.

Wu et al. [27] prepared nanocomposite membranes in 
the form of thin polyamide (PA) films/mesoporous silica 
nanoparticles by the interfacial polymerization technique 
of trimesoyl chloride and piperazine. The reaction between 
mesoporous silica nanoparticles and trimesoyl chloride 
could occur during interfacial polymerization, resulting in a 
covalent bond between the silica nanoparticles and the active 
layer of the nanocomposite membranes in the form of thin 
films. The authors reported that the effect of the mesoporous 
structure of silica nanoparticles on the membranes perfor-
mance promoted a suitable pore size, presenting high effi-
ciency in the rejection of sodium sulfate.

Zhang et al. [28] investigated hybrid membranes for 
sustainable recovery of effluent water. Stable oil-in-water 
emulsions of different concentrations were prepared with 
small droplet sizes. The characterization of water flow and 
solute rejection revealed a high water flow and good NaCl 
rejection. In addition, impressive oil droplets retention had 
occurred and the partial permeation of acetic acid could 
be achieved. Therefore, the authors concluded that these 
membranes have potential to treat water and oily effluents.

Recently, various types of clay, such as montmorillonite 
(MMT), have been used as reinforcement in the production 
of polymer nanocomposites [29–33] and promising results 
for nanocomposite applications of PA membranes have been 
published. They offer the advantage of being a hydrophilic 
material, and for this reason they do not require wetting 
agents [34–42]. In this work, hybrid membranes of PA with 
MMT and organophilic montmorillonite (OMMT) were 
prepared, and a porogenic agent for the microemulsions 
separation was added. 

2. Experimental

2.1. Materials

For this study, it was used as clay the MMT Brasgel 
PA supplied by Bentonit União Nordeste Industry (BUN, 
Campina Grande, PB, Brazil) in the form of powder and 
passed in a sieve ASTM 200 mesh. The average particle 
size of this clay was 5.93 μm and presents 24.61% of weight 
with particles below 2.0 μm. For the production of OMMT, 
Cetremide® salt was used, manufactured by Vetec (SP, Brazil). 
The polymer matrix used was the PA6, in the form of granules, 
average molar mass of 10,500 g mol–1 and IV = 134 mL g–1, 
with trade name of Technyl C216 and supplied by Rhodia 
(São Paulo, SP, Brazil), with molecular structure shown in 
Fig. 1(a). The calcium chloride dihydrate (CaCl2.2H2O) PA 
as an additive, with average molar mass of 147.01  g  mol–1, 

Fig. 1. Molecular structure of (a) polyamide 6 and (b) formic acid.
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manufactured by Vetec (SP, Brazil). Formic acid with 99.8% 
purity and mean molar mass of 46.03 g mol–1, manufactured 
by Vetec (SP, Brazil), was used as solvent to dissolve the poly-
meric matrix. Its molecular structure is shown in Fig. 1(b).

2.2. Preparation of the polymer and hybrid membranes

The pure PA6 and hybrid material with 1.0%, 3.0% and 
5.0% in weight of MMT and OMMT was dissolved in formic 
acid for 24  h and it was added 2.0  wt% of CaCl2 to obtain 
dispersion for the membranes separation. These dispersions 
were spread by a glass rod with 0.250  mm of spacing on 
glass plates and were exposed to the atmosphere for 5 min 
before the precipitation in a bath. Then, the dispersions 
were immersed in a non-solvent bath (with distilled water) 
at room temperature. The formed membranes remained in 
the bath until their complete precipitation. Afterwards, the 
membranes were washed with distilled water and kept in 
an aqueous solution with 20.0% in weight of glycerin. The 
membranes were stored in a solution containing glycerin 
to prevent pore collapse, and before being subjected to the 
permeability test, were washed with distilled water to elimi-
nate the glycerin. The composition of the systems containing 
solvent (formic acid), polymer (pure PA6), clays (MMT and 
OMMT) and additive (CaCl2) is presented in Table 1.

2.3. Characterizations of the polymer and hybrid membranes

The polymer and hybrid membranes were characterized 
by scanning electron microscopy (SEM) obtained in the SSX 
550 Superscan – Shimadzu equipment. For the cross-section 
analysis, the samples were fractured in liquid nitrogen to pre-
vent a plastic deformation. The membranes were coated with 
gold. The data of pore diameters were obtained by analysis 
of variance (ANOVA) with a 95% significance level. The 
porosity of the membranes was estimated by the mercury 
porosimeter Altopore IV, model 9500 of Micromeritics. All 
membranes were characterized in the form of thin films. 

2.4. Water permeability and oil retention

For the measurements with distilled water and water-
in-oil emulsion continuous flux, it was used as a dead-end 
filtration system in a cell with 13.0  cm2 effective area. The 
membranes were submitted to permeation tests at 2.0  bar 
pressure. The membranes performance was evaluated by the 

permeate flux and selectivity with an emulsion of oil/water 
present in the feed solution at the concentrations of 50, 100 
and 200  mg  L–1 presenting droplets in the emulsion with 
diameters varying from 6 to 11 µ m, as commonly used in 
microfiltration processes [43]. 

The performance of the membranes can be evaluated 
through the permeate flux and the selectivity of a given 
solute present in the feed solution. The volumetric flux (J) of 
the membranes with pure PA6 and PA6 with 1.0%, 3.0% and 
5.0% in weight of MMT and OMMT clays was determined 
by Eq. (1):

J L
h m

=
×

Permeate volume
Time Membrane area

( )
( ) ( )2 � (1)

Hydraulic permeability is associated with the intrinsic 
characteristics of the membranes. From the obtained results, 
it was possible to draw real profiles of flow measurements 
of the membranes. It was also possible to test the efficiency of 
these membranes in water–oil separation. The selectivity of 
the membranes was estimated by the rejection coefficient 
(R%), calculated based on the ratio of the concentrations of oil 
in the permeate (CP) and in the feed solution (C0) expressed 
by Eq. (2):
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2.5. Preparation and characterization of the microemulsion 
systems

The oily emulsions (50, 100 and 200  mg  L–1) were pre-
pared with commercial oil for F1 Super Plus (SJ) automotive 
engines, in high speed blender (T18 basic Ulta-Turrax dis-
perser IKA Works Incorporation, Germany) for 0.5 h. The oil 
has in its composition additives, detergents and dispersants, 
in addition to a SAE 25W50 viscosity and API SF perfor-
mance. The microemulsion systems were analyzed by optical 
microscopy (OM) at a Leica M750 device with a CCD camera 
and built-in lenses to obtain real images with polarized light 
of oily emulsions with 50, 100 and 200 mg L–1. The data of 
oil droplets diameters were performed by ANOVA with 95% 
significance level. 

Table 1
Composition of the polymer and hybrid membranes

Membranes Solvent (wt%) Polymer and hybrids (wt%) Additive (wt%) Polymer and hybrids (18 wt%) 
Polymer (wt%) Clay (wt%)

Pure MPA6/CaCl2 80 18 2 100 0
MPA6/1.0% OMMT/CaCl2 80 18 2 99 1
MPA6/3.0% OMMT/CaCl2 80 18 2 97 3
MPA6/5.0% OMMT/CaCl2 80 18 2 95 5
MPA6/1.0% MMT/CaCl2 80 18 2 99 1
MPA6/3.0% MMT/CaCl2 80 18 2 97 3
MPA6/5.0% MMT/CaCl2 80 18 2 95 5 
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3. Results and discussion

The addition of MMT and OMMT in the membranes of 
PA6 was performed with the intention of acting as a poro-
genic agent, causing a morphological modification, leaving 
the structure with more open pores in their surfaces. MMT 
clays contain exchangeable cations and are not good physi-
cal adsorbents of organic molecules, because they have little 
affinity with the hydrophilic surface induced by the metallic 
cations of mineral clays. Therefore, an ionic exchange occurs 
between the MMT and the organic compounds (PA6 and 
formic acid) because they have a polar and hydrophilic 
nature, favoring a hydration increase of the system in the 
phase separation, and thus contributing to the formation of 
pores in the regions where MMT was dispersed on the sur-
face of the membranes. In the formation of PA6 membranes 
with OMMT, the exchangeable inorganic cations of the clay 
were replaced by organic cations, reducing their hydrophilic 
character, promoting the chemical combination of the com-
ponents by hydrogen bonds, electrostatic interactions or by 
covalent bonds at the inorganic–organic interface. In this 
case, what probably happened was the stronger adsorption 
of the OMMT, involving larger interactions by reducing its 
free surface energy with the polarized PA6. In the exposure 
stage of PA6 membranes with OMMT before precipitation, 
there was practically no absorption of water vapor from the 
atmosphere due to the hydrophobic condition of OMMT, 
resulting in a structure with smaller pores than the MMT at 
the top surface.

The incorporation of an inorganic salt (CaCl2) was car-
ried out to evaluate the effect of this additive on the mor-
phology of the PA membranes, in the preparation phase of 
the solutions, in order to increase the pores. The use of only 
clay was not sufficient for proper formation of pores to apply 
in microfiltration processes. Bulte [44] performed a morpho-
logical study on membranes of PA with different additives 
(inorganic salts) in different percentages, prepared with the 
immersion–precipitation technique, dissolving this polymer 
in formic acid. The addition of these salts in different per-
centages provided a wide morphological variation in the 
selective layer at the top and also in the porous layer at the 
bottom of all the membranes. Furthermore, such variations 
in the amount of salt contributed to increase flow in the ana-
lyzed membranes. 

CaCl2 is a solute which readily dissociates into formic 
acid in the solution preparation step [45]. A chemical reaction 
occurs by a nucleophilic substitution pathway of acyl between 
the formic acid group (–OH) and the Cl– ion of CaCl2, promot-
ing the formation of acid chloride (H–COCl) in the polymer 
solution, before precipitation (Fig. 2(a)). The acid chloride is 
among the most reactive derivatives of the carboxylic acid 

because the chlorine atom of CaCl2 is very electronegative 
and thus facilitates the removal of electrons from the carbonyl 
carbon present in the formic acid (H–COOH). In the step of 
exchanging the solvent for the non-solvent, the acid chloride 
formed reacts readily with water to form the carboxylic acid. 
This hydrolysis reaction is a typical nucleophilic acyl substi-
tution process, and is initiated by the attack of water on the 
carbonyl group of the acid chloride (Fig. 2(b)). The tetrahe-
dral intermediate undergoes elimination of Cl– and loss of H+ 
to regenerate the carboxylic acid with formation of HCl. The 
introduction of CaCl2 was a preponderant accelerating factor 
of the precipitation process, since replacing the solvent with 
the non-solvent step took around 30 s, which contributed to 
the formation of larger pores on the membrane surface.

Medeiros et al. [46] in previous studies established the 
incorporation of 2.0  wt% of CaCl2, as well as an exposure 
time of 300 s before membrane precipitation, as the optimized 
parameters for the formation of PA membranes by inversion 
of phases applied in the treatment of oily emulsions. The 
addition of 2.0 wt% of CaCl2 in pure PA6 (Fig. 3) membranes 
caused an increase in the amount of pores and improved their 
distribution at the surface and cross-section of these mem-
branes, compared with pure PA6 membrane without CaCl2. 
This behavior is due to the polar and hydrophilic character 
of CaCl2 and the exposure time of 300 s before precipitation, 
which promotes the formation of a film with a uniform distri-
bution of CaCl2 on the surface of the membrane. In addition 
to the existing physical–chemical interactions between CaCl2 
and formic acid, in this step begins the volatilization process 
of formic acid to the atmosphere, and occurs the absorption of 
water vapor present in the atmosphere CaCl2. The process of 
obtaining membranes through phase inversion, promoted 
the exchange of solvent (formic acid) for non-solvent (water), 
accelerating the solubilization power of the CaCl2 that was 
on the membrane. Due to the polar nature of the water, 
CaCl2 can dissociate in its ions, Ca2+ and 2Cl–, forming bonds 
between the salt and the water, by the existence of polar 
forces and dispersion. The Ca2+ ions present in the 2.0 wt% 
CaCl2, promoted high hydration energy, due to the water of 
constitution of its crystalline structure. Thus, these ions are 
readily precipitated in the aqueous phase, accelerating the 
process of formation and uniform distribution of the pores 
on the surface of the membrane [47]. 

The addition of 2.0 wt% of CaCl2 in PA6 membranes with 
1.0%, 3.0% and 5.0% in weight of MMT (Fig. 3), promoted 
a greater absorption of atmosphere water vapor, increasing 
the power of hydration involved in the system. In this step, 
the membranes took 30  s to complete precipitate, taking 
one-third of the time, when compared with obtaining the 
same membranes without CaCl2. This faster precipitation 
may have occurred due to the introduction of CaCl2. In this 
step of precipitation the water absorbed by the CaCl2, favored 
the formation of pores in the regions where MMT and CaCl2 
were dispersed over the surface of the membranes. The acid 
chloride reacts with water, contributing to the formation of 
a porous structure with larger pores on its surface. To the 
membranes of PA6 with 1.0%, 3.0% and 5.0% in weight 
of OMMT and 2.0  wt% of CaCl2 (Fig. 3), there was also a 
decrease in the time of precipitation, resulting in the forma-
tion of a morphological structure similar to the membranes of 
pure PA6 with CaCl2, this was probably due to the reduction 

Fig. 2. Mechanism of reaction that occurs in the production of pure 
polyamide 6 (PA6) membranes: (a) preparation of the polymer 
solution with the introduction of CaCl2 and (b) formation of PA6 
membrane with precipitation in water.
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Fig. 3. SEM photomicrographs of the membranes with CaCl2 of pure PA6 and hybrids with 1.0%, 3.0% and 5.0% in weight of MMT 
and OMMT: (a) top surface and (b) cross-section.
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of superficial energy of OMMT [48,49]. For all analyzed 
cross-sections, it was observed the formation of macrovoids. 
However, these pores remained internally interconnected, 
which can be attributed to the presence of a greater volume 
of entrapped gases near the selective layer due to the higher 
PA6 concentration. The few macrovoids found on the sub-
strate did not influence the performance of the membranes 
because the filtering skin is responsible for selectivity and the 
substrate provides mechanical resistance to the skin and poor 
resistance to transport.

It was performed that 20 measurements of pore diameters 
of the top of the membranes surface, analyzed using descrip-
tive statistics. Table 2 includes the related values: mean, area, 
standard deviation, minimum, first quartile (Q1), median, 
third quartile (Q3) and maximum. 

In Table 2, it can be seen that the pure PA6 membrane 
had an average pore diameter value of 1.78 µ m. The PA6 
membrane with 5.0  wt% of MMT presented the largest 
pore size, with a maximum value of 6.61 µ m and average 
value of 3.91 µm. The PA6 membrane with 5.0 wt% of MMT 
and PA6 membrane with 3.0  wt% MMT presented higher 
dispersion of pore size values. It is important to emphasize 
that by separating the pore diameter values by membranes, 
discrepant points may appear, but they were not evident in 
the aggregated data because they are identified in relation 
to the central tendency and variability of the membrane to 
which it belongs. In general, there was an increase in pore 
diameter size of the membranes with increase in clay content, 
following the order of pure PA6, PA6 with OMMT and PA6 
with MMT. 

The pore diameters data were tabulated and duly 
analyzed using a statistical technique of experimental data 
involving quantitative measures: ANOVA, with a level of 
significance of 95%. Results are presented in Table 3.

To test the null hypothesis (H0), an analytical test is used 
which analyzes and compares the differences between the 
values of F (Fcalculated > Fcritical) and P value (if P value < α) [50]. 
Table 3 presents the results of the F test. No evidence of signifi-
cant differences was found at 5% probability level between the 
membranes, since the value of Fcalculated = 25.15 > Fcritical = 2.10. 
The hypothesis of nullity (H0) was therefore rejected, indicat-
ing at least a significant contrast between the means of treat-
ments, in relation to the size of the pores average diameter. 
The P value is <0.05, so it is necessary to make a new statistical 
analysis comparing means or contrasts to identify the points 
of difference. To evaluate the magnitude of these differences, 
the Tukey test for multiple comparisons was used, and can be 
visualized in Table 4.

The Tukey test analyzes any contrast, always, between 
two different treatments, which means, it does not allow 
to compare groups among themselves. As the Tukey test is 
somewhat independent of the F test, it is possible that, even 

Table 3
Analysis of variance (ANOVA) of membranes pore diameters with pure PA6 CaCl2 and with 1.0%, 3.0% and 5.0% in weight of MMT 
and OMMT

Causes of variations DF Sum of squares Medium squares Fcalculated P Value Fcritical

Treatment 6 64.95 10.83 25.15 0.00* 2.10
Residue 133 57.24 0.43
Total 139 122.12

*Statistically significant with α = 5% probability.
DF, degrees of freedom.

Table 2
Statistical analysis of pore diameter measurements of pure PA6 with CaCl2 membranes and with 1.0%, 3.0% and 5.0% in weight of 
MMT and OMMT

Membranes Average 
(µm)

Area 
(µm2)

Standard 
deviation

Minimum 
(µm)

Q1 
(µm)

Median 
(µm)

Q3 
(µm)

Maximum 
(µm)

Pure MPA6/CaCl2 1.78 2.49 0.36 1.13 1.57 1.76 1.90 2.42
MPA6/1.0% OMMT/CaCl2 2.35 4.34 0.50 1.72 2.05 2.26 2.49 4.19
MPA6/3.0% OMMT/CaCl2 2.59 5.27 0.48 1.79 2.23 2.63 2.80 3.51
MPA6/5.0% OMMT/CaCl2 2.89 6.56 0.51 2.26 2.44 2.81 3.21 4.29
MPA6/1.0% MMT/CaCl2 3.32 8.66 0.69 2.42 2.70 3.20 3.89 4.49
MPA6/3.0% MMT/CaCl2 3.54 9.84 0.90 1.95 2.92 3.43 4.29 5.10
MPA6/5.0% MMT/CaCl2 3.91 12.01 0.92 2.77 3.18 3.70 4.58 6.41

Table 4
Similarity of average pore diameters of the membranes with 
pure PA6 CaCl2 and 1.0%, 3.0% and 5.0% in weight of MMT and 
OMMT

Membranes Average pore 
diameter (µm)

Similarity 
of pores

MPA6/5.0% MMT/CaCl2 3.91 A
MPA6/3.0% MMT/CaCl2 3.54 A
MPA6/1.0% MMT/CaCl2 3.32 AB
MPA6/5.0% OMMT/CaCl2 2.89 BC
MPA6/3.0% OMMT/CaCl2 2.59 C
MPA6/1.0% OMMT/CaCl2 2.35 CD
Pure MPA6/CaCl2 1.78 D
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though the Fcalculated value is significant, no significant differ-
ences are found between contrast averages. The obtained 
contrast was high, due to the difference of the obtained pores 
diameters. So the means differ to α level of significance [50]. 
From Table 4, it is possible to verify that pure PA6 mem-
branes only have similarity in pore size with PA6 membranes 
with 1 wt% OMMT. Membranes of PA6 with MMT did not 
show differences in the diameters of their pores, among the 
percentages of 1.0%, 3.0% and 5.0% in weight. However, 
the membranes of PA6 with OMMT had similar behavior to 
the membranes of PA6 with MMT, maintaining the similarity 
of their pores, regardless of the percentage of clay added in 
the membranes.

In Fig. 4, the pore size distribution characterized is pre-
sented by the mercury intrusion porosimetry of membranes 
with CaCl2 of pure PA6 and with 1.0%, 3.0% and 5.0% in 
weight of MMT and OMMT. It was observed a similar curve 
behavior for all membranes. The peak on the left side covers a 
range of diameters with an average of approximately 180 μm 
which corresponds to large pores. These would be the porous 
support of the membranes. They would be responsible for 
the mechanical resistance, and were characterized by having 
a much greater thickness than those of the filtering skin. It 
was noted that from this peak, it is not possible to make a pre-
cise analysis of the pores in the support, since they are larger 
than the detection range of mercury porosimetry. The region 
of the curve on the right is related to the pores on the selective 
layer of the membrane, which are responsible for the phase 
separation. It was observed that the presence of clay in the 
hybrid membranes had a direct influence on increasing pore 
size, in relation to the pure PA6 membrane. Furthermore, this 
increase was directly proportional to the increase in clay per-
centage [51], and the MMT presented a slightly larger pore 
diameter than the OMMT, corroborating the results obtained 
by SEM images.

The values obtained by PIM (Fig. 4) are inherent to the 
average diameter of the pores of the entire selective layer, 
including the estimation of a larger number of pores found 
in the membranes. Therefore, it is clear that pure PA6 mem-
branes show a medium pore diameter of 0.8 μm, with low 
porosity of 30%, enabling a reduction in the permeate flux. 
Thus, the clay is incorporated into the membrane in order 

to act as porogenic agent promoting the increase of the 
pores and porosity of the obtained membrane. Moreover, 
the hybrid membranes exhibited medium pore diameters 
ranging between 1.0 and 1.9 μm, with porosity ranging from 
38% to 46%. The values obtained for average pore diameters 
and porosity are appropriate for hybrid asymmetric 
microporous membranes, classifying them for applications 
in microfiltration processes [52].

The photomicrographs obtained by the OM of the 
synthetic effluent with a fixed 20 µ m scale, inherent oily 
emulsions in concentrations of 50, 100 and 200 mg L–1, stirring 
speed of 15,000 rpm and time of 0.5 and 1.0 h are illustrated 
Fig. 5.

The MO’s images of Fig. 5 illustrates that all emulsions 
were stable over time. The droplet size was not influenced 
by the stirring time. In addition, constant stirring speed of 
15,000 rpm, did not cause significant change in particle size 
of water in the oil emulsions in concentrations of 50, 100 and 
200 mg L–1. Therefore, a stirring time of 0.5 h was sufficient to 
cause the shear necessary to avoid droplet coalescence and to 
obtain oil droplets below 10 µm in diameter in the emulsions 
preparation without the use of chemical stabilizers. It was 
also possible to visualize in the inner region, very small and 
distorted droplets that cannot be viewed clearly due to reflec-
tion of light on the outermost surface of the larger oil droplets 
present in the emulsions [53–57]. Luo et al. [58] prepared 
emulsions with shorter times using surfactant compounds to 
ensure the stability of the droplets formed in the emulsions. 

In the photomicrographs obtained by the OM 10 
measurements of droplets diameters were obtained from the 
outermost surface of the oil emulsion. These measurements 
were analyzed using descriptive statistics, as described 
before for SEM measurements of pore diameters.

Fig. 4. Pore size distribution of the membranes with pure PA6 
CaCl2 and with 1.0%, 3.0% and 5.0% in weight of MMT and 
OMMT.

Fig. 5. MO images of distribution of average diameters of oily 
emulsions and times of (a) 0.5 h and (b) 1.0 h.
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Table 5 shows the statistical analysis of oil droplets diam-
eters in the emulsion, with values of mean, area, standard 
deviation, minimum, first quartile (Q1), median, third 
quartile (Q3) and maximum.

In Table 5, it can be seen that the average diameter of the 
droplets, in the oily emulsions containing 50 mg L–1/0.5 h was 
6.94 µ m, with minimum value of 5.14 µ m. Emulsions con-
taining 50 mg L–1/1.0 h has shown the largest droplets with a 
maximum value of 11.22 µm and average value of 7.76 µm. 
The emulsions with 100 mg L–1/0.5 h and with 50 mg L–1/1.0 h 
showed the greatest dispersion of droplets size values. In 
general, regardless of the agitation time, it was found that 
there were no major differences between the emulsions con-
sidering the values of average, maximum and minimum 
inherents to the size of the droplet diameter. In addition, 
the shorter time of 0.5 h of stirring was sufficient to obtain a 
droplet average diameter size of 6.87 µm, at a concentration 
of 200 mg L–1. In contrast, the greatest average pore diameter 
of the membranes obtained by the SEM images was 3.91 µm. 
This corresponds to approximately 57% (SEM) of smallest 
droplet average diameter (6.87 µ m) and thus, the obtained 
membranes act as barriers of oil retention and separation, 
independent of the concentration used [43,52].

The data of the droplet diameters were tabulated and 
duly analyzed by ANOVA, with a level of significance of 
95%, as previously described by SEM in the measurements 
of the pore diameters. These results can be seen in Table 6.

As shown in Table 6, the F test was performed, and there 
was no evidence of significant differences at 5% probability 
level between the oily emulsion time variations, since the 
value of Fcalculated = 0.81 < Fcritical = 2.42 and the P value > 0.05. 
In this sense, we do not reject the hypothesis of nullity H0, 
that is, there is no evidence of significant difference between 
the parameters (concentration and time) in the emulsion 
production, in relation to the mean droplet diameter size, 

at the α level of significance chosen. Therefore, based on the 
statistical analysis, the choice of the shortest stirring time 
(0.5 h) for the preparation of oily emulsions was chosen.

The volumetric flow measurement tests (J) of water were 
performed at 2.0 bar pressure. Fig. 6 shows the curves of the 
flow measurements made with distilled water to all mem-
branes of pure PA6 and their nanocomposites with 1.0%, 
3.0% and 5.0% in weight of MMT, adding 2.0 wt% of CaCl2.

The permeate fluxes measured with distilled water to all 
membranes (Fig. 6) initially decreased but stabilized after 
40 min of measurement. This decrease is possibly due to a 
mechanical compaction caused by the applied pressure or a 
possible swelling that occurred in the membranes when in 
contact with the water. The densification of the microstructure 

Table 5
Statistical analysis of the oil droplets diameter in concentrations of 50, 100 and 200 mg L–1, stirring speed of 15,000 rpm and stirring 
time of 0.5 and 1 h

Oil emulsions Average drop 
diameter (µm)

Area 
(µm2)

Standard 
deviation

Minimum 
(µm)

Q1 
(µm)

Median 
(µm)

Q3 
(µm)

Maximum 
(µm)

50 mg L–1/0.5 h 6.94 37.83 1.24 5.14 5.61 7.17 7.35 9.41
50 mg L–1/1.0 h 7.76 47.29 1.68 5.61 6.60 7.36 9.20 11.22
100 mg L–1/0.5 h 7.36 42.54 1.70 5.61 6.35 7.21 7.86 11.63
100 mg L–1/1.0 h 6.86 36.96 0.73 6.01 6.20 7.71 7.64 8.00
200 mg L–1/0.5 h 6.87 37.07 0.79 5.61 6.42 6.74 7.46 8.02
200 mg L–1/1.0 h 6.88 37.17 1.28 5.69 6.03 6.83 7.01 10.25

Table 6
Variance analysis for the diameters of the emulsions with 50, 100 and 200 mg L–1, with stirring speed of 15,000 rpm and stirring time 
of 0.5 and 1 h

Causes of variations GL Sum of squares Medium squares Fcalculated P Value Fcritical

Treatment 5 6.76 1.35 0.81 0.55* 2.42
Residue 54 90.64 1.68
Total 59 94.40

*Statistically significant with α = 5% probability.

Fig. 6. Curves of water flow, in pressure of 2.0  bar, on the 
membrane with CaCl2 of pure PA6 and with 1.0%, 3.0% and 5.0% 
in weight of MMT and OMMT.
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of the membranes is known as compaction and is a func-
tion of applied pressure and structural characteristics of the 
membranes. The swelling is intrinsically related to the type 
of material that constitutes the membranes and in this case, it 
was used that PA6 has hydrophilic characteristics, facilitating 
the absorption of water by reducing the size of existing pores 
in the surface of these membranes, contributing directly to 
the reduction of the obtained permeate flow [32–38,59].

The stabilized water fluxes of membranes range from 
100 L h–1 m–2 (pure PA) to 400 L h–1 m–2 (hybrids) are compatible 
with values reported by Medeiros et al. [41] and Chakrabarty 
et al. [57]. To optimize the operating conditions and perfor-
mance of microfiltration membranes, it is essential to study 
the incorporation of different additives to ensure structural 
parameters such as high surface porosity and narrow pore 
size distribution. In addition, PA as a hydrophilic material 
has the advantage of relatively simple cleaning with low cost 
detergents compared with other polymeric materials.

Also in Fig. 6, the pure membrane of polyamide 6 
(MPA6)/CaCl2 membranes showed a lower flow with distilled 
water in comparison with the hybrid membranes obtained 
with CaCl2 at a pressure of 2.0 bar, due to the smaller pores 
on the surface of the first membranes and due to a low inter-
connectivity between the pores on the surface or a swelling 
that occurred as a result of the intrinsic characteristics of PA6 
membranes. The MPA6/OMMT/CaCl2 membranes presented 
lower water flow compared with MPA6/MMT/CaCl2, proba-
bly due to a stronger chemical interaction of OMMT with the 
polymeric matrix, contributing to the formation of smaller 
pore size [41–43,51].

The relative volumetric flow (J/J0) measurements for 
oil/water emulsion with the membranes are plotted in 
Fig. 7 and are related to the volumetric flow rate of distilled 
water (J0). The influence of the concentration of oil in the 
relative volumetric flow (J/J0) of the membranes can be 
observed.

In Fig. 7, regardless of the concentration of oil, it was 
observed for all membranes an initial decrease in the relative 
volumetric flow (J/J0) and stabilization after 40  min of test. 

This decrease is probably due to increased concentration of 
oil on the surface of the membrane that caused concentra-
tion polarization, leading to fouling and making it difficult, 
in this way, to the passage of water in greater oil concentra-
tion [60–64]. The membranes with MMT showed a greater J/J0 
relation compared with the membranes with OMMT, due to 
the formation of larger average pore diameters and inherent 
low chemical interaction of MMT with the matrix of PA6, as 
seen by SEM.

Table 7 shows the oil concentration in the permeate (CP), 
in the feed emulsion (C0), the rejection coefficient for the pure 
PA6 membranes and their nanocomposites with 1.0%, 3.0% 
and 5.0% in weight of MMT and OMMT, adding 2.0 wt% of 
CaCl2.

The membranes tested in the separation process of oil 
emulsions in water at different concentrations (100 and 
200  mg  L–1), achieved a significant reduction of oil in the 
permeated, in accordance to the standards and require-
ments set by Resolution no. 430 of National Environmental 
Council, which determines a maximum concentration of up 
to 20 mg L–1 of oils and greases in effluents to be discarded 
in the environment [14]. The largest rejection coefficient val-
ues were obtained for concentrations of oil in the feeding of 
100 and 200 mg L–1. This can be attributed to the formation 
of an oil film with a concentration polarization near the sur-
face of these membranes, leading to fouling and hindering of 
oil passage in higher concentrations. This also explains the 
smaller permeated flow obtained by the membranes with 

Fig. 7. Influence of oil concentration (50, 100 and 200 mg L–1) in 
the J/J0 of the membrane, at 2.0 bar of pressure.

Table 7
The oil concentration in the feed suspension (C0), in the permeate 
(CP) and the rejection coefficient for the membranes at a pressure 
of 2.0 bar using oily emulsion

Membrane C0 
(mg L–1)

CP 
(mg L–1)

Rejection 
(%)

50 8.1 83.8
Pure MPA6/CaCl2 100 4.6 95.4

200 2.4 98.8
50 12.3 75.4

MPA6/1.0% MMT/CaCl2 100 5.4 94.6
200 4.5 97.8
50 10.2 79.6

MPA6/1.0% OMMT/CaCl2 100 7.4 92.6
200 4.8 97.6
50 14.3 71.4

MPA6/3.0% MMT/CaCl2 100 11.7 88.3
200 5.3 97.4
50 13.4 67,8

MPA6/3.0% OMMT/CaCl2 100 6.8 90.8
200 3.6 96.7
50 14.8 70.4

MPA6/5.0% MMT/CaCl2 100 8.5 91.5
200 5.4 97.3
50 13.7 72.6

MPA6/5.0% OMMT/CaCl2 100 11.2 88.8
200 6.3 96.9
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higher rejection coefficient. The concentration polarization is 
inherent in any process of selective transport and establishes 
quickly on tangential type flows, contributing to the forma-
tion of a polarizing layer that provides additional resistance 
to mass transfer of solvent by the membrane, leading to a 
decrease in permeated flow [43,65,66].

4. Conclusion

Based on the obtained results, it was possible to verify 
through the photomicrographs by MEV that the addition 
of clay and CaCl2 in the membranes caused an increase in 
quantity and uniform distribution of the pores at the sur-
face and cross-section of these membranes, compared with 
pure PA6 membranes. In general, the flow with distilled 
water in the membranes showed a decrease over the course 
of 60  min, due to a compression or a swelling occurred in 
the membranes. In the emulsions separation tests, it was 
found that the relative flow tends to be lower when using 
emulsions with greater concentration, because of pore block-
age on membranes. The water–oil separation tests indicated 
a significant reduction of the permeate oil with promising 
results, and oil concentrations of 100 and 200 mg L–1 in the 
feed suspension met the current environmental standards, 
showing that these membranes have potential to separate oil 
present in the microemulsion systems.
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