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ABSTRACT

There are several technologies for the treatment of oily wastewater generated by the oil
industry, not only to separate the emulsified oil in water, but also to reduce its concentra-
tion in the aqueous effluent. Among the processes of separation, the separation using mem-
branes should be highlighted when they become an effective material and it also resistant
to high temperatures, have good corrosion resistance, easy to clean, and have long life
operation, among others. This work aims to synthesize the material (ZSM-5, y-alumina
membrane, and zeolite membrane ZSM-5/y-alumina) and to evaluate the membranes in the
oil/water separation in a continuous flow system. From the XRD results of the individual
materials, it can be observed the formation of all the characteristic peaks for each material.
The EDX analysis of zeolite ZSM-5 showed the formation of this material with a Si/Al=19.
From the SEM image of these materials, it can be seen that the surface of the y-alumina is
completely covered with ZSM-5 zeolite crystals. The oil/water removing, using ZSM-5
y-alumina membrane, showed high retention of the oil, obtaining a higher performance in
relation to y-alumina membrane. This reveals that the insertion of ZSM-5/y-alumina in the
material makes that this new material acquires a lower porosity, obtained by decreasing the
passage of oil molecules through the membrane structure.
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1. Introduction

The oil/water emulsion is an aqueous solution that
is present in a variety of industrial applications, such
as the petroleum, steel industries, and related ones,
among others. The oil/water emulsion is generated as
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waste in industries, or it serves the purposes of lubri-
cation, cooling, cleaning, and corrosion prevention in
the manufacturing process where it is used. And thus,
every year, large quantities are generated by many
industries worldwide [1,2].

Membrane processes such as microfiltration, ultra-
filtration, nanofiltration, and reverse osmosis are
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increasingly applied to the treatment of oily wastewa-
ter. There are three broad categories of oily waste: the
oil free ones, the unstable oil/water emulsions, and
the highly stable oil/water emulsions. The membranes
are useful to more stable emulsions, in oily residues,
which are partially dissolved in water and have been
used extensively for removing oil and grease from
water produced [3-5].

The zeolite membranes, which are described as a
crystalline zeolite layer, deposited on porous inor-
ganic supports. These membranes have a uniform
pore size (molecular scale), and they can separate
molecules based on differences in the properties of
absorption and the properties of diffusion of these
molecules. They are used to separate or to fractionate
the components of wastewater flows and to produce
fewer pollutants, but without altering them chemi-
cally, reducing transportation costs and removal,
making the permeate flow ready to be properly dis-
posed. In comparison with other methods of treat-
ment, the results of membrane technology produce
effluents of good quality, it is a simple operation
which requires a small area of operation, and the
results are usually immediate and without the need
for additional chemicals, reducing risk of incrustation
[3,6].

The main disadvantage of this method of separa-
tion is the incrustation in which the particles are
deposited on the membrane surface or in their pores.
This problem can be solved by frequent cleaning of
the membrane or it can be reduced depending on the
type of pretreatment used to the residue [7,8].

The technique, used in order to obtain the zeolite
membrane (ZSM-5/vy-alumina), is the mechanical
mixing. This is an advantageous method compared
with the methods wusing hydrothermal synthesis
because it is relatively simple, low operating cost,
and requires low energy consumption. The zeolite
membrane obtained by the mechanical mixing allows
the membrane to be completed in less than fourh
after the synthesis of the materials, while in other
growth methods, wherein the zeolite is deposited on
the porous environment by hydrothermal synthesis
requires at least three syntheses until a satisfactory
zeolite layer on the support so that the cost becomes
higher.

The system of oil/water separation, used in this
work, had a continuous flow of emulsion through a
constant flow through the membrane to evaluate the
quality of the permeate in the separation process. The
tests performed in the laboratory simulated emulsions
in real conditions.
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2. Experimental
2.1. Materials

Aluminum sulfate (Al, (SO,) 5-16H,0) P.A. (A 1000
5G (Almatis, Inc.)), sodium aluminate (50-56% Al,QO;,
maximum 0.05% Fe,O3, 40-45% Na,O, Riedel-deHaen),
sodium hydroxide (NaOH—97%, Merck), deionized
water, silica aerosil (5i0,-Aerosil 200, Degussa), hexa-
methyleneimine (HMI 99%, Aldrich), oleic acid, PABA
(para-aminobenzoic acid), and ethyl alcohol (Vetec,
P.A. ACS (ethanol) C,HO).

2.2. Synthesis of the ZSM-5 zeolite

The ZSM-5 zeolite was synthesized by hydrother-
mal synthesis, with a source of Si and Al. Concentrated
sulfuric acid was used to adjust the pH of the gel. Tetra-
propylammonium bromide (TPABr) was used as a
structure for the agent (organic model). Initial blends
were formed using the following procedures [9,10]
TPABr and reagents for the formation of zeolite ZSM-5
were first dissolved in deionized water from separate
solutions under stirring at room temperature. A mix-
ture of the mineralizing agent (NaOH) was also dis-
solved in deionized water with stirring. The ethanol
was then added dropwise to the mixture, acting as a
codirecionador. The final pH of the mixture was
adjusted with sulfuric acid (final pH 11). After stirring
for oneh at room temperature, the mixture was placed
in a stainless steel autoclave of 70 mL and allowed to
react in an oven at 443 K for 48 h. After crystallization,
the solid product was centrifuged and washed thor-
oughly with deionized water. A product was obtained
by drying the solid at 343 K for 24 h, followed by calci-
nation at 823K for sixh under an air atmosphere to
remove the organic model, producing ZSM-5.

2.3. y-Alumina membrane preparation

Initially, the thermal decomposition of aluminum
sulfate (Al, (SO4)3-16 H,O) PA was carried out in a
muffle furnace at a temperature 1,275K, using a heat-
ing rate of 280 K/min for twoh to obtain y-alumina
crystal phase. There was a mixture of alumina with
additives in a total of 200 ml of dispersion in the fol-
lowing composition: 40% of alumina obtained above;
0.2% of para-aminobenzoic acid (dissolved in ethanol),
0.5% oleic acid (lubricant), and 59.3% ethyl alcohol.
The mixture was ground for oneh in a ball mill, and
then placed in an oven for 24h at 333K for drying.
Exactly 3 g of the material was inserted into a stainless
steel mold and pressed for twomin with 4 ton. The
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ceramic membrane was submitted to a heat treatment
at 823K for 4h, to acquire the requisite mechanical
strength. It was obtained a ceramic flat membrane
(y-alumina), with the dimensions: diameter 28 mm and
thickness of 3.2 mm.

2.4. Preparation of zeolite membrane ZSM-5[y-alumina

For membrane preparation, the method of
mechanical mixing was applied. In this process, 1.5¢g
of ZSM-5 zeolite was added to 1.5g of y-alumina
powder. The mixture was mechanically inserted into a
stainless steel mold, which was compressed with 4 ton
for 2 min. After that the membrane was submitted to a
heat treatment at 550°C for 4h, with the purpose of
improving its mechanical strength. After these steps, it
was obtained a planar inorganic membrane (ZSM-5/
y-alumina) with the following dimensions: 28 mm
diameter and 3.2 mm thick.

This method has some advantages over the hydro-
thermal process, once is not necessary a source of
thermal energy and it is a process of rapid prepara-
tion, consequently, it has a very low cost compared
with other synthesis methods.

2.5. Membrane microfiltration treatment of oil-in-water
emulsions

To achieve the separation tests, a sample of emul-
sion oil/water with a concentration of 600 mg/L was
produced. The oil used was Lubrax lube oil. It was
added to the sodium emulsions chloride at a concen-
tration of 2,500mg/L to simulate the salinity of the
seawater. The emulsions were prepared under inten-
sive stirring, 17,000 rpm, sufficient for the formation of
emulsions during 20min of rotation. The oil/water
emulsion was fed to the separation system under con-
ditions of 298 K and 5mL/min. Inorganic membranes
(y-alumina and ZSM-5/y-alumina) were inserted into
the separation column to evaluate their performances
in continuous system for the removal of oil.

Fig. 1 shows the system of water separation from
the oil/water system, which was used in this work.
The components of the system are: (1) solution oil/
water (600mg/L); (2) peristaltic pump-Cole-Parmer-
(flow rate set to 5mL/min); (3) membrane separation
column. In this system, the emulsion passes through
the membrane and the permeate is collected at the
end of the process.

The oil/water emulsion was fed to the separation
system under conditions of 298 K and 5 mL/min. Inor-
ganic membranes (y-alumina and ZSM-5/alumina)
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were inserted into the separation column to evaluate
their performances in continuous system for the
removal of oil. Thus, it was evaluated the perfor-
mance of inorganic membranes (y-alumina and
ZSM-5/y-alumina) in the continuous system for the
removal of oil.

Oil—water separation test: The concentration of oil
present in the aqueous phase was determined by
absorption analysis using a spectrophotometer
(UV-visible/UV Shimadzu 1800). A calibration curve
of absorbance vs. concentration, using various oil con-
centrations varied from 0 to 600 ppm was built. The
chloroform was used as solvent for the extraction,
because of its excellent response (significant peak) at a
wavelength of 262 nm for the samples. The absorbance
at this wavelength is commonly used to estimate the
concentration of oil in water samples [11,12] and also
in the water produced. This wavelength is measured
by aromatic CH band in the medium. This application
procedure was designed to standardize the determina-
tion of oil and grease.

The permeate flow was calculated by dividing the
volume of permeated by the product of the membrane
area, and the sample of time and the oil rejection coef-
ficient R was calculated as a percentage according to
the following expression:

%R = (Cf _ CP) % 100 )
C

where C; is the concentration of oil in the feed and C,
is the concentration of oil in the permeate [2].

2.6. Characterization
2.6.1. Diffraction (XRD)

The powder method was used, through which the
samples were sieved, ABNT No. 200 (0.074 mm) sieve,
and then placed in an aluminum sample holder by
X-ray diffraction, using Shimadzu XRD 6000 equip-
ment. Operational details of the technique are defined
as follows: copper Ka radiation at 40 kV/30mA, goni-
ometer with a speed of 2°/min, and a step of 0.02° in
26 scanning range 270",

2.6.2. X-ray spectroscopy energy dispersive rays (EDX)

The surface composition of the samples was
determined with a Shimadzu EDX-700 X-ray Energy
Dispersion Spectrophotometer (EDX).



3564

J.R. Scheibler et al. | Desalination and Water Treatment 56 (2015) 3561-3567

Fig. 1. Column for insertion into the membrane, and a continuous flow system used for separating oil/water emulsions.

2.6.3. Scanning electron microscopy (SEM)

The powder samples were recovered with a thin
layer of gold, due to the high electron conductivity of
this metal, fixed in the alumina sample door by an
adhesive carbon tape. The micrographs necessary to
analyze the morphology of the samples were obtained
using a scanning electron microscope Philips XL 30
EDAX equipped with X-ray energy dispersive spec-
trometer (EDS).

The determination of the concentrations of oil and
grease were obtained by chloroform method [1,12].

3. Results and discussion

The diffraction analyzes (XRD) were performed on
zeolite ZSM-5, the y-alumina membrane and the zeo-
lite membrane ZSM-5/y-alumina. In Fig. 2 the zeolite
ZSM-5 structure can be seen, through the five main
peaks, more intensive, identified by the symbol (*).
Two peaks are located at 26=07.09° (doublet) and
three peaks at 26 =23-25" (triplet). It is also observed
that the structure analyzed does not show the pres-
ence of secondary phases, only the characteristic peaks
of zeolite ZSM-5 phase [13].

From the analysis of Fig. 2, it is noted that there is
the formation of specific peaks of y-alumina phase,
marked with the symbol (°) obtained after decomposi-
tion of aluminum sulfate. The presence of impurities
or other phases are not observed, which indicates a
pure material [14,15].

Fig. 2 also shows the confirmation of the formation
of zeolite structure in the membrane (ZSM-5/y-alu-
mina), developed in this work, due to mechanical mix-
ing. It can be clearly noticed the identification of the
peaks related to the phase ZSM-5 zeolite (°) peaks
related to the phase corresponding of y-alumina (*)
[16].

Table 1 shows the results of chemical composition
of the zeolite ZSM-5 sample. The data were obtained
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Fig. 2. XRD patterns of samples: ZSM-5 zeolite, y-Al,Os,
and membrane zeolite (ZSM-5/y-Al,O3).

from the analysis of Energy Dispersive Spectrometry
analysis of X-ray (EDX).

According to the data in Table 1, it can be seen
that ZSM-5 has a high percentage of silicon oxide
(SiO,) and low content of aluminum oxide (Al,Os),
which results in a high ratio of SiO,/Al,O3 approxi-
mately 19. The ratio SiO,/Al,O; for the synthesis of
ZSM-5 zeolite should be between 15 and infinity [17].

The SEM images of the ZSM-5 zeolite, y-alumina,
and zeolite membrane (ZSM-5/y-alumina) which were
synthesized are given in Fig. 3.

Through (Fig. 3(a)) where the scale is 20,000 times,
it was observed that the sample consists of spherical
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Table 1
Chemical composition of the zeolite ZSM-5 sample
Sample SiO, (%) Al,O3 (%) Impurities (%) SiO,/Al,O5
Zeolite ZSM-5 91.62 4.67 3.71 19.0

(d)

Fig. 3. SEM images of the zeolite ZSM-5 (a), y-alumina membrane (b), and zeolite membrane (ZSM-5/y-alumina) (c).

agglomerates of small crystals which have a cubic
shape.

The micrograph (Fig. 3(b)) shows the morphology
of the y-alumina. In general, this material has a mor-
phology made up of agglomerates of particles also
being possible to observe the presence of homoge-
neous pores and structure [18].

From the SEM image (Fig. 3(c)), it can be seen that
the surface of the y-alumina is completely covered
with ZSM-5 =zeolite crystals. Maybe this can be
explained by the fact that a zeolite powder is less
dense than the support powder of y-alumina and
because of this the volume of the zeolite is greater
than the support, and the 1:1 ratio makes that the vol-
ume occupied by the zeolite is enough to be predomi-
nant on the surface of the support.

The efficiency of the oil/water separation process of
the emulsion using inorganic membranes: y-alumina,
ZSM-5/y-alumina, using the experiments of continuous
filtration in the system, as described in the methodol-
ogy. The concentration of the permeate with respect to
time for the filtration experiment with y-alumina mem-
brane is shown in Fig. 4. The inorganic membranes
(y-alumina and ZSM-5/vy-alumina) were used for the fil-
tration of contaminated water (600 mg/L theoretical),
noting a significant regression of the oil concentration.
So, there is a great efficiency in the oil removal for the
two membranes. However, there is an emphasis on
ZSM-5/y-alumina membrane, which reached permeate
with a concentration of 56.04 mg/L, which is the better
removal compared with the y-alumina membrane,
which reached a concentration of 220.52mg/L. The
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Fig. 4. Figure removing oil/water emulsion over time of
the inorganic membrane filtration to y-alumina membrane
and zeolite membrane ZSM-5/y-alumina.

lower the concentration of the permeate, the more
efficient is the separation. With this, it is possible to
notice that the performance of zeolite membrane ZSM-
5/y-alumina is much higher than that of y-alumina
membrane without the inclusion of zeolite.

Fig. 5 shows the flow for zeolite membrane ZSM-
5/y-alumina.

From the data, presented in Fig. 5, it is possible to
observe a decrease in flow through the zeolite mem-
brane ZSM-5/y-alumina as time goes by. This shows
that the flow of the oil/water emulsion through the
membrane becomes less in the course of time. There
was a decrease in 23.12L/m’h, in the first 20 min,
and afterward, the decreasing in the flow becomes
more pronounced 30 min, with a flow decreased in
93.37 L/m?h, in relation to the initial time and it keeps
decreasing until the end of the test. This decrease in

—— ZSM-5/y-alumina

10 20 30 40 50 60
Time (min)

Fig. 5. Flow along the filtration time for the zeolite mem-
brane ZSM-5/vy-alumina.
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flux through the membrane is observed by several
investigators, because the particles of oil are deposited
on the membrane surface or in its pores. This problem
can be solved with frequent cleaning or can be
reduced depending on the type of pretreatment used
for residue [7,8]. However, as shown in Fig. 4, the
removal results are very satisfactory throughout the
test and are not affected by the flow decrease up to
the first 50 min of the test.

Fig. 6 presents the oil content in the permeate stream
and the calculated oil rejection coefficient, R. The mem-
brane results of oil/water separation to y-alumina mem-
brane and zeolite membrane ZSM-5/y-alumina made in
a continuous system, where the values of the permeate
concentration over time through each membrane and the
removal percentage for each material.

It can be noticed, in Fig. 6, that the removal of the
ceramic membrane in the permeate in ceramic mem-
brane decreased by 39% in 10 min. Between 20 and 30
min a steeper decrease in the concentration of the per-
meate occurs. After 30 min, the filter reaches stability
at a level of satisfactory 62.32%.

The results of the experiment using membrane of
zeolite ZSM-5/y-alumina show that, after 30 min, there
is no almost change in the concentration, and this
remained stable and satisfactory during the time
interval, as shown in Fig. 6.

When comparing the inorganic membranes (y-alu-
mina and ZSM-5/y-alumina), it is possible to check
that with the insertion of ZSM-5 to the ceramic mem-
brane (y-alumina), using the technique of mechanical
mixing occurred a better results in the separation of
oil in the permeate. Observed that the best result for
(ZSM-5/y-alumina), in 91.33%, compared with the best
result of the ceramic (y-alumina) membrane with
62.32%.
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Fig. 6. Oil rejection coefficient, R of inorganic membranes
(y-alumina and ZSM-5/y-alumina), over the flow time.
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From the data cited, it was observed that the mem-
brane had a great time over 60 min performance
showing that the damage to the membrane and the
adhesion of organic material in your pores, was not
enough to cause a significant decrease in removal.
This reinforces the fact that the membrane is a very
advantageous option in oil/water separation.

4. Conclusions

From the analysis of the high quality of the perme-
ate obtained from the filtration of two membranes
evaluated in the process, it was noticed a good perfor-
mance both when compared with traditional separa-
tion methods. The insertion of zeolite ZSM-5 to
y-alumina improved the ability of zeolite membrane
(ZSM-5/y-alumina) in removing oil emulsions, with a
percentage of removing of 91.33%, showing an effi-
ciency and a good result as expected due to the char-
acteristic of opening the pores of ZSM-5, and the
ability to retain and to stop the passage of most oil
molecules of smaller size. Thus, it can be concluded
that the membrane (ZSM-5/vy-alumina) is a good alter-
native to the treatment of aqueous effluents.
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