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Abstract

Palm oil (PO) was used as new solvent for the elaboration of low density polyethylene (LDPE) flat sheet
membranes via TIPS method. Phase diagram LDPE/PO was determined, and the effect of parameters such as
polymer content (20, 30% w/w), temperature of coagulation bath (0, 25°C) and polymer size (#12, #6 mesh)
on thickness, pore size, water vapor permeability and water intrusion pressure of the LDPE membranes was
studied. The only parameter that significantly affects the membrane characteristics was polymer content
(exempting thickness membrane). By an increase of polymer content, pore size and water vapor permeability
decrease (2.7 and 1.2 times, respectively), while water intrusion pressure increases (>1.2 times). Membranes
with a thickness of less than 400 pm and pore sizes between 2.3 and 0.8 um were obtained. Membranes with
0.8 um pore size were selected to concentrate ethanol-water and glucose solutions by vacuum membrane
distillation. Membranes permeated 0.0667 and 0.0508 mol.m™.s!, respectively in 2 h of experimentation.
Moreover, a 2.1 concentration factor was found using ethanol-water solutions.

Keywords: Membranes, palm oil, phase diagram, polyethylene, TIPS.

Resumen

Se estudio el uso de aceite de palma (AP) como solvente novedoso para la elaboracion de membranas planas
de polietileno de baja densidad (LDPE) utilizando el método TIPS. Se construyé el diagrama de fases de la
mezcla LDPE/AP y se estudio el efecto del contenido de polimero (20 y 30% p/p), la temperatura de baio de
coagulacion (0 y 25°C) y el tamafio de particula del polimero (malla #12 y #6) sobre el espesor, el tamafio
de poro, la permeabilidad de vapor de agua y la presion de intrusion de las membranas. El contenido de
polimero fue la tnica variable que influy6 significativamente en las caracteristicas evaluadas (exceptuando el
espesor). Con el aumento del contenido de polimero, el tamafo de poro y la permeabilidad de vapor de agua
disminuyen (2.7 y 1.2 veces, respectivamente), mientras que la presion de intrusion aumenta (>1.2 veces). Se
obtuvieron membranas de espesor inferior a 400pum y tamafios de poro entre 2.3 y 0.8 um. Las membranas de
0.8 um fueron seleccionadas para concentrar soluciones acuosas de etanol y de glucosa utilizando destilacion
con membranas en vacio. Se encontraron permeabilidades de 0.0667 y 0.0508 mol.m?.s!, respectivamente.
Adicionalmente, se encontro un factor de concentracion de 2.1 en soluciones etanol-agua.

Palabras clave: Aceite de palma, diagrama de fases, membranas, polietileno, TIPS.
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1. Introduction

Membrane distillation (MD) is an interesting
technique due to its high potential in the
recovery of substances related to applications
in water purification and food industry, among
others (Mohammadi & Akbarabadi, 2005;
Song et al., 2012; Alkhudhiri et al., 2012).
In last years, industry and research groups
have shown an increased interest about this
technique, concerning new applications, transfer
phenomena and membrane elaboration for MD
(Drioli et al., 2015). MD uses, as driving force,
the difference in the vapor pressure between
both sides of the membrane, so that volatile
compounds pass through the porous membrane,
usually hydrophobic (Al-Asheh et al., 2006;
Mohammadi & Akbarabadi, 2005; Benavides-
Prada,2013). Membrane hydrophobicity prevents
the passage of the solution (aqueous) through its
pores, resulting in the formation of a liquid-vapor
interface on the membrane surface (Lawson &
Lloyd, 1997, Mohammadi & Akbarabadi, 2005;
Dao et al., 2013). Additionally, it is important
to note that the operating pressure should not
exceed the value of the membrane intrusion
pressure, which causes fluid passage through the
membrane (Saffarini et al., 2012).

Some of the most commonly used materials for
the production of hydrophobic porous membranes
are polytetrafluoroethylene (PTFE), polypropylene
(PP), polyvinylidene fluoride (PVDF) and
polyethylene (PE) (Dao et al., 2013). Among these
materials, the PE stands out as a polymer easy to
produce, stable chemically (resistant to strong
acids, strong bases, soft oxidants and reducing
agents) and inexpensive (Elyashevich et al., 2005;
Zuo et al., 2016). An important aspect to consider
in the development of membranes is the selection
of a method to control the structure of the resulting
membrane. Depending on this, specific pore sizes
and porosities will be obtained, factors affecting
the performance of the membrane (Gozalvez,
1998; Palacio, 1998; Park & Kim, 2014).

Among the methods used for the preparation of
porous polymeric membranes, TIPS (Thermally
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Induced Phase Separation) method is the most
studied because it allows a better control of the
membrane structure compared with other methods
and also due to its high reproducibility (Mulder,
1996; Matsuyama et al., 1998; Shang et al., 2003;
Lin et al., 2009; Park & Kim, 2014). TIPS method
includes the dissolution of a polymer in a solvent of
low molecular weight and low volatility at elevated
temperatures to form a homogeneous mixture. Then
molded into the desired shape and cooled to induce
separation of the mixture into two phases: a solid
phase (rich in polymer) constituting the membrane,
and a liquid phase (poor in polymer) (Porter, 1990;
Mulder, 1996; Gozalvez, 1998; Palacio, 1998;
Pinnau et al., 2000; Elyashevich et al., 2005).

The porous structure results after removing the
solvent from the membrane by using an extracting
agent, insoluble with the polymer (Mulder, 1996;
Caplan et al., 1997; Gozalvez, 1998; Liang et
al., 2013). In the elaboration of PE membranes
by TIPS method, they have been identified
the following variables that affect the final
characteristics of membranes: polymer molecular
weight (Matsuyama et al., 2003), polymer/solvent
composition (Zhang et al., 2008) and temperature
of the coagulation bath (Liu et al., 2011). Water
has been the most common fluid used for the
coagulation bath (Matsuyama et al., 2003; Zhang
et al., 2008; Zhang et al., 2010).

Besides that, it is necessary to obtain a phase
diagram (Temperature vs. Polymer content) of the
polymer/solvent. This diagram give information
about the behavior that mixture would have
during phase separation: important to explain the
morphology of the resultant membrane (Caplan et
al., 1997; Yave et al., 2005; Liang et al., 2013).

Considering this, the solvent plays an important
role since it is involved in the final morphology
(pore size and structure) and properties of the
membrane. Previous studies have reported
development of PE membranes by the TIPS
method using mainly the following solvents: liquid
paraffin (LP) (Matsuyama et al., 2003; Liu et al.,
2011), di-isodecyl phthalate (DIDP) (Matsuyama
et al., 2003), di-octyl phthalate (DOP) (Jeon &
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Kim, 2007; Zhang et al., 2008) and di-phenyl
ether (DPE) (Zhang et al., 2010). However, their
use is limited because they are toxic substances
and environmentally unfriendly (Cui et al., 2013;
Park & Kim, 2014). For that reason, friendly
solvents have been introduced, such as mineral
oil (Matsuyama et al., 2002a), tri-ethyl-ol-propane
tris(2-ethylhexanoate) (TEPTEH) (Park & Kim,
2014) and vegetable oils like soybean oil (Kim et
al., 1995; Jeon & Kim, 2007; Tang et al. 2010).

Given the importance of finding sustainable solvents
to the membrane elaboration processes, this paper
proposed palm oil (PO) as a new solvent, due to its
no toxicity and good thermal stability. In addition,
for the case of Colombia, palm oil has the advantage
of availability and lower costs compared with
other vegetable oils. Tang et al. (2010) concluded
in their study that for natural solvents, the most
important parameter affecting phase diagram, and
so membrane process elaboration, is the molecular
weight. About this aspect, palm oil has a fatty
acids average molecular weight of 285.9 g/mol
(CORPODIB, 2006), near of soybean oil molecular
weight, 290 g/mol (Tang et al., 2010). Moreover,
palm oil has a smoke point (275 °C) higher to
that of soybean oil (240 °C), indicating a further
thermal stability and making possible the use of
palm oil in process working at high temperature,
like in this application (Ortiz-Lopez, 2014). It
doesn’t exist studies dealing with palm oil for the
elaboration of hollow fiber porous membranes, and
it is important to make experimental that allow to
confirm this hypothesis. In addition, the phase
diagram of LDPE/PO mixture was built. The effect
of polymer content in the mixture and temperature
of coagulation bath in the pore size, water vapor
permeability and intrusion pressure of LDPE flat
membranes was studied. Finally, the performance of
these membranes in vacuum membrane distillation
(VMD) was evaluated.

2. Methodology
2.1 Materials

It was used low density polyethylene (LDPE)
supplied by CARLIXPLAST Ltda., palm oil sup-

plied by Oleoflores Inc. (acidity 0.1% —oleic acid
equivalent-; peroxide content 0.82 mEq O, /kg;
refractive index 1.465; density 0.911 g/mL; iodine
index 57.9 g lodine/100g; saponification index
196.24 mgKOH/g) and n-hexane R.A. by Merck
Inc. Additionally, glucose syrups (55°Brix) were
supplied by PROMITEC SANTANDER S.A.S and
ethanol 96% by Suquin Ltda.

2.2 Preparation of LDPE / palm oil samples

Samples of LDPE/PO (20 g) with different com-
positions were prepared at 180°C and mechanically
stirred until complete homogenization (Liu et al.,
2011; Matsuyama et al., 2003). Then, mixtures
were left at room temperature until solidification.
These samples were employed to construct the
phase diagram.

2.3 Phase diagram determination

The crystallization temperature was determined
by DSC (Differential Scanning Calorimetry)
analysis, equipment DSC-2010 (TA Instrument).
A 10 mg sample of each mixture was subjected to
temperatures within the range 25-200°C, at 10°C/
min. The crystallization temperature corresponded
to the value where the exothermic peak appears
during the mixture cooling (Matsuyama et al.,
1998; Matsuyama et al., 2002b; Matsuyama et al.,
2003; Yin et al., 2007; Lin et al., 2009).

To determine the temperature where phase sepa-
ration occurs, samples were taken on a slide
with black background, that was placed in a
muffle furnace at 180°C, reducing gradually the
system temperature 1°C/min to detect visually
any turbidity in the mixture (Liu et al., 2011;
Matsuyama et al., 2003). This test was performed
by triplicate for each composition.

2.4 LDPE membrane elaboration.

The assembly used is shown in Figure 1. This
system is composed of an aluminum support plate
with a sink to collect the excess of polymer-solvent
mixture. It also has a space in which a rectangular
aluminum mold (200x150x1mm) is assembled
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and where the mixture is deposited. Additionally,
this mold has a channel-shaped machining in
order to facilitate heat transfer. A seal plate of
known mass (200x150x5mm), allows to close
the mold so that the mixture remains covered,
exerting a pressure of 260 Pa to obtain membrane
with a thickness less than 350 um.

Pressure

ELEMENT
support plate

rectangular mold

seal plate

Figure 1. Flat membrane elaboration system.

The membrane elaboration process begins with
the preparation of the LDPE/PO mixture at
180°C, stirring at 15 rpm during 12 h to complete
homogenization. Next, a quantity of the mixture is
deposited in the assembly described above (Figure
1), which should be at 180°C. Then, the mixture
is subjected to a thermal shock using a distilled
water bath (by immersion during 2 min). The
membrane, carefully removed from the assembly,
is immersed in a bath of hexane (250 ml) for 12
h to extract the oil contained in it; this procedure
is done twice. Finally, the obtained membrane is
dried in an oven at 50°C for 4 h. To study the effect
of polymer content in the mixture on the selected
characteristics, values of 20 and 30% w/w were
used, and to study the effect of coagulation bath
temperature, values of 0 and 25 °C were used.

2.5 Membrane characterization

2.5.1 Membrane structure, thickness and pore
diameter

The structure and morphology of the cross section
of the membranes were observed by Scanning
Electron Microscope (SEM) QUANTA 650 FEG
with 10 kV accelerating voltage. The thickness
and the average pore size of each membrane were
taken from pores selected randomly from the cross
section (30 readings).
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2.5.2 Water vapor permeability

Membranes were deposited in the system designed
by Gutierrez-Gutierrez et al. (2015). This system
consists of two stainless steel cells of equal volume
(1 591. 2 cm?®) connected by a hole with 2.5 cm
in diameter (area of 19.63 cm?). Silica was used in
the permeate cell to reduce humidity (RH <23%),
and distillated water was introduced in the feed
cell to maintain it saturated with water vapor.
Relative humidity and dry bulb temperature were
measured every 15 min for both cells using a
digital hygrometer DT321S brand BRIXCO during
180 min. With that information, it was determined
the water vapor mass flux of the permeated through
the membrane.

2.5.3 Water Intrusion Pressure

The assembly used is shown in Figure 2. Distilled
water is fed to membrane module from the
feed tank using dry compressed air, which puts
pressure on the liquid. The exerted pressure is
determined with a manometer and adjusted by
using a valve connected to the dry air supply. In
this assembly, pressure did not exceed 1.3 bar
taking into account that VMD technique does not
work with transmembrane pressures higher than 1
bar (full vacuum).

ELEMENT
dry air supply
valves
feed tank

manometer

o|alwin|=|2Z

membrane module

Figure 2. Water intrusion pressure system.

2.5.4 Vacuum membrane distillation (VMD)

VMD tests were carried out with ethanol aqueous
solutions (8.2 mol%) and glucose-syrups aqueous
solutions (10 °Brix) to evaluate the performance
of the LDPE flat membranes. The solution to be
treated is fed to membrane module (effective
diameter: 3.45 cm), using a peristaltic pump, at
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0.6 gpm from a feed tank having magnetic stirring
and temperature control. The permeate (water/
ethanol or water vapors, as appropriate) is directed
to the condenser using a vacuum pump and is
accumulated in a trap coupled to it (see Figure 3).

ELEMENT
feed tank

peristaltic pump

flowmeter

module

condenser

permeate trap

NI EE

vacuum pump

2 Outlet

Figure 3. Scheme of the Vacuum Membrane
Distillation system used in this study. Cotamo-De
la Espriella et al. (2015).

3. Results and discussion
3.1 Phase diagram

The phase diagram obtained for LDPE-palm oil
mixtures is shown in Figure 4. In this diagram, the
binodal curve (point cloud data) fell with polymer
content in the mixture, while the crystallization
curve has a slight increase. It is important to
note that the binodal curve is located above the
crystallization curve in polymer content range of
20 to 80% w/w. This suggests that the interaction
between LDPE and palm oil is weak, which leads
to L-L phase separation prior to crystallization
of the polymer during cooling. This implies the
formation and growth of the polymer poor phase
as droplets around the polymer-rich phase, which
ends when the polymer is solidified by a heat
shock. After solvent extraction, structures in cell
shape or lace (round interconnected pores) with
high porosity will be obtained (Caplan et al.,
1997; Pinnau et al., 2000; Liu et al., 2011; Song et
al., 2012). Considering that, it is expected that the
elaborated membranes present porous structures
with cell shape within the range of the studied
polymer content; characteristics that make these
membranes attractive to use in MD (Song et al.,
2012; Liu et al., 2011; Dao et al., 2013).
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Figure 4. Phase Diagram for LDPE- palm oil
mixtures. *Average deviation bars (not visible for
crystallization points).

3.2 Membrane morphology

Figure 5 shows the morphology of the cross section of
a membrane produced with a LDPE content of 30%
w/w and a coagulation bath temperature of 25°C.

Figure 5. SEM images for LDPE membrane cross
section. Membrane elaborated with polymer content
of 30% w/w and Coagulation bath temperature of
25 °C. (a) 500x (b)10000x.

A global cross section view is shown in Figure 5 (a),
while Figure 5 (b) shows a more detailed zoom of this
section. In this work, membrane thickness of 280 +
30 um were obtained. They were superior to those
reported for commercial-ones such as Polypropylene
(171,8 um)and PTFE (253,5 pm). Inthese images, cell
type porous structures are observed, representatives
of L-L phase separation prior to crystallization of the
polymer, supporting the idea described above.

3.3 Pore diameter

Figure 6 shows the morphology of the cross section
of the membranes prepared with polymer contents
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(20 and 30% w / w) and coagulation bath tempe-
ratures (0 and 25 © C) defined above. The pore sizes
obtained are shown in Figure 7 as a function of
polymer content and coagulation bath temperature.
From these results, it is possible to see a reduction of
pore size (2.8 times) with increasing polymer content
in the mixture from 20 to 30% w/w; a decrease can
also be observed in SEM images of Figure 7. This is
because, according to the obtained phase diagram,
with the increasing in the polymer content of the
mixture (from 20 to 30% w/w LDPE ), the spacing
between the binodal curve and crystallization
becomes smaller (8.2% reduced). This trend in the
binodal line has also been found in other studies that
elaborate polyethylene membranes. Jeon & Kim
(2007) and Park & Kim (2013) reported decreases in
the cloud point when increasing the polymer content

0°C

20 Yow/w |

30 Yew/w 3§

in the mixture (from 20 to 60% w / w) of 49 and
142°C, respectively. All previous authors used high
density polyethylene and different solvents to form
the polymer mixture: Jeon & Kim (2007) worked
with soybean oil as a solvent and Park & Kim (2013)
used triethylolpropane tris (2-ethylhexanoate)
(TEPTEH). This implies greater difficulty in the
formation and growth of droplets of polymer-poor
phase during phase separation, creating a smaller
pore size (Zhang et al., 2008). Additionally, no
influence of the coagulation bath temperature in the
pore size to the evaluated conditions (0 and 25 ° C)
is evidenced. At these temperatures, and considering
mixtures were at 180°C, energy transfer rates are
highs, traducing in rapid cooling and similar times
for the growth of the forming-pores droplets, which
leads to similar pore diameters.

25°C

Figure 6. SEM images for LDPE membrane cross section. Membrane elaborated with
polymer content of 20% w/w, 5 000x. Membranes with 30% w/w, 10000x.

[} w S w

Average pore diameter [pm]
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25
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Figure 7. Average pore diameter of the membrane vs. Coagulation bath temperature.
*Standard deviation bars.
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3.4 Water vapor permeability

The results obtained for the flux of water vapor
permeate through the membrane are presented in
Figure 8. In this figure, a reduction of water vapor
flux (1.3 times) when increasing the polymer
content is found. This is due to the smaller pores
obtained by increasing the polymer content; a
higher content of polymer in the mixture involves
a smaller volume occupied by the solvent in the
membrane, which generates smaller pores after
being removed (and possibly, membranes with
lower porosity). These smaller pores increase
the flow resistance and, with this, a decreasing in
permeability (Park & Kim, 2014). Furthermore,
no influence of the coagulation temperature
bath in the permeability of membranes was
evidenced (similar to water vapor permeate flux).
As mentioned above, this is related to the pore
diameter of the membrane, which did not change
significantly; making the passage of water vapor
through it to be unaffected.

0.030 r 020 Y%w/w 030% wiw
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e
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0 25
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Figure 8. Water vapour flux through the membrane
vs. Temperature of coagulation bath. *Average
deviation bars.

3.5 Water intrusion pressure

According to the intrusion pressure tests, mem-
branes elaborated with polymer content of 30%
w/w did not permeate water at the maximum
pressure evaluated (1.3 bar), while those made
with 20% w/w polymer permeated at 1.1 bar. This
is related to pore size reduction by increasing
the polymer content in the mixture. This causes
an increased resistance to the passage of water
through the membrane (Cui et al., 2013). There-

fore, a smaller pore size, a higher intrusion pressure
will be required. Intrusion pressures of 3.6, 4.4 and
5.2 bar were found for commercial membranes
of polypropylene with 0.45 pum of pore diameter,
and PTFE with 0.45 and 0.2 pum of pore diameter,
respectively; these values can change for a same pore
diameter depending of membrane characteristics
like thickness and porosity.

3.6 VMD performance

LDPE membranes prepared with 30% w/w of
polymer mixtures were selected to concentrate
aqueous solutions of ethanol and glucose syrups
by VMD technique. These membranes have
an average pore size of 0.8 um and thickness of
300 um. The parameters used for both cases are
presented in Table 1.

Table 1. Operating parameters used during
concentration of ethanol aqueous solutions and glucose
syrups by vacuum membrane distillation.

Ethanol-water Glucose syrups-

Parameters content water content
Feed Concentration  8.20 % molar 10 °Brix
Temperature of

. 65 65
solution [°C]
Pressure in the 018 0.18

permeate side [atm]

For ethanol separation from aqueous solutions, the
elaborated membranes permeated a total molar flux
0f 0.0667 mol.m?.s! during 2 h of experimentation,
with a concentration factor (permeate concentration/
feed concentration) of 2.1. Similarly, when working
with aqueous solutions of glucose syrups, elaborated
membranes presented a molar flux for permeate of
0.0508 mol.m?s"! during 2 h of experimentation.
Differences in permeability found with the two
studied cases could be explained by differences in
composition of solutions used (etanol-water and
diluted glucose syrups), and vapors permeated
through the membrane (ethanol-water and only water,
respectively). The poor permeability evidenced for
the membranes (water flux < 0.0667 mol.m?.s™),
in comparison with other permeabilities reported
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in literature (0.33 mol.m?.s”!, PTFE membrane and
pore diameter of 0.45 um) (Cotamo-De la espriella
etal., 2015), is related to its characteristics (thickness
and porosity), factors that increase the resistance to
flow through them (Cotamo-De la espriella et al.,
2015). Although these results show the applicability
in MD of membranes developed in the present
study using palm oil as a solvent, it is necessary to
continue working on improving its features in order
to increase permeability.

4. Conclusions

Palm oil was used as a new solvent for LDPE
membrane elaboration by applying the TIPS
method. The phase diagram of LDPE palm-oil
mixture was determined for the first time. Its
characteristics provide information about the
formation of cell type porous structures because
of the separation L-L, prior to solidification of
the polymer; the type of structure was verified
through SEM images. Membrane characterization
by SEM, water vapor permeability and intrusion
pressure were carried out using the elaborated
LDPE membranes, showing the influence of the
polymer content in the pore size, which affects the
performance ofthe membrane, such as permeability
and water intrusion pressure. The performance of
the elaborated membranes to separate ethanol from
ethanol aqueous solutions and water from diluted
glucose syrups by VMD technique was evaluated.
Results show the capability of these membranes
to separate these volatile compounds but with low
permeability rates. These values are associated
with the thickness and porosity of the membranes,
characteristics that increase the resistance to flow
through them. It is necessary to keep improving
the characteristics of the membranes, essentially
related to the thickness and porosity.
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