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Membrane technology is a low-footprint and highly efficient industrial separation process. While more
stable membranes could substantially contribute to modernizing the chemical industry, sustainability
must be seen holistically. Polymer sources, solvents, and recycling strategies that adhere to the strategic
concepts of the circular economy should be considered at the membrane design stage. Recycling plastic
waste into separation membranes can help remediate the environmental impact of the current plastic
pollution. Polyolefins are the most manufactured and used polymer family, and their high chemical resis-
tance and low price are attractive for membrane preparation. However, their limited solubility in mainly
non-renewable solvents at high temperatures restricts their processability and recycling. In this work, we
present the use of polypropylene (PP) and low-density polyethylene (LDPE) as the source of membrane
preparation by their dissolution in two bio-based and renewable solvents (a-pinene and p-limonene). The
thermal properties and phase separation behavior were studied and phase diagrams were obtained.
Liquid-liquid phase separation and spherulitic morphology were observed for the three studied systems.
PP membranes were obtained by a thermally induced phase separation (TIPS) process employing
a-pinene as a solvent, and food packaging plastic waste or commercially available PP pellets in the
polymer dope solution. The obtained membranes were tested for water-in-oil emulsion separations. The
influence of the polymer content and the quenching media on the morphology, mechanical and thermal
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properties, and water contact angle was investigated. PP membranes were fabricated with 20-30 wt%
polymer contents using water at 4 °C and 20 °C as quenching media. The contact angles were higher
than 150° under oil enabled efficient water-in-toluene emulsion separation, where approx. 95% water
rsc.li/greenchem rejection and an average of 99.97% toluene purity were achieved.
performance in applications such as air and water purification,
biomedical devices, energy production, food processing,

1. Introduction

Membrane technology plays an essential role in sustainable
industrial practices due to its low environmental footprint
during operation compared to conventional thermal separ-
ation methods.»” In addition, membranes exhibit remarkable
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chemical separations, and others.”> However, when focusing
on the membrane fabrication stage, the overall membrane’s
sustainability can be further improved.®™

Polymeric membranes lead the market over ceramic ones
due to their low cost, processability, scalability, and versatility.*
They are mainly prepared by phase separation processes trig-
gered by changes in the thermodynamic conditions. A homo-
geneous polymer casting solution separates into a polymer-
lean phase (incipient pores) and a polymer-rich phase, follow-
ing a spinodal decomposition or a nucleation and growth
mechanism. The polymer-rich phase gels and solidifies, kineti-
cally trapping the porous structure.'”’ Three of the most
applied techniques are thermally induced phase separation
(TIPS), non-solvent induced phase separation (NIPS), and
vapor induced phase separation (VIPS), in which the phase
separation is triggered by a change in temperature, solvent and
non-solvent exchange in the liquid state, and exposure to a

This journal is © The Royal Society of Chemistry 2023
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non-solvent in the gas state, respectively.'>'® To date, the
membrane fabrication industry uses mainly non-renewable
and toxic solvents, such as N-methylpyrrolidone (NMP), N,N-di-
methylacetamide (DMAc), and N,N-dimethylformamide (DMF),
and fossil-based polymers."*'® Such solvents and polymers
have been estimated to contribute to global warming, human
health threats, and fossil resource scarcity.® In response, strat-
egies following the principles of circular economy and green
chemistry are being increasingly studied over the last few years
for their implementation in membrane fabrication processes.
Two examples are the utilization of greener solvents and
alternative polymer sources.®”*®™*°

Greener solvents in membrane preparation such as methyl
lactate, ethyl lactate, Cyrene™, PolarClean®, natural organic
carbonates, ionic liquids, vegetable oil, and others, have
shown good compatibility with different polymers.">*°” For
example, Rasool et al?' fabricated asymmetric cellulose
acetate (CA) nanofiltration membranes via NIPS using bio-
derived methyl lactate and 2-methyl tetrahydrofuran as a
solvent and co-solvent, respectively. The optimized membranes
showed a Rose Bengal (1018 g mol™") rejection above 99% in
water, making them promising candidates for applications in
the nanofiltration range. Wang et al."® used the synthetic non-
toxic PolarClean® for CA dissolution to fabricate nanofiltration
membranes and to dissolve polysulfone (PSF) and polyether-
sulfone (PES) for preparing ultrafiltration membranes via the
NIPS process. Marino et al.>® reported the use of Cyrene™, a
bio-solvent derived from nonfood cellulosic sources, for PES
and poly(vinylidene fluoride) (PVDF) membrane preparation
by NIPS obtaining pore sizes around 500 nm and pure water
permeance around 550 L m™> h™' bar . Ismail et al’®
reported the fabrication of PVDF membranes employing ethyl-
ene carbonate (EC) as a solvent during a combined NIPS and
TIPS process, which exhibited an outstanding performance for
water desalination by membrane distillation, with more than
99.97% salt rejection factor. These encouraging works serve as
an example of the high potential of green solvents for repla-
cing traditional non-renewable ones while maintaining a com-
petitive performance to be applied in diverse applications.
Nevertheless, the use of green solvents for the dissolution of
chemically stable polymers is still challenging. This is the case
for polyolefins such as polyethylene (PE) and polypropylene
(PP), commonly dissolved in fossil-derived hydrocarbons (e.g.
p-xylene, dodecane, decalin, and paraffin oils) at temperatures
ranging from 140 to 250 °C. Beside their processing limit-
ations, PP and PE significantly contribute to plastic pollution,
considering that they account for nearly half of the plastics pro-
duced worldwide for their use in applications such as food
packaging, bottle containers, automotive parts, toys, and house-
ware products (182 million metric tons produced in 2021)**°
and that only around 8.8% of the plastics are recycled.*?> A
2017 report by the Ellen Macarthur Foundation estimated that
plastic packaging materials are devalued by 95% after one short
use, which translates to economic losses of USD 80-120 billion
annually.*® Thus, efforts to directly transform plastic waste into
value-added products, such as polymeric membranes, is a step
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forward toward more sustainable industrial practices, specifi-
cally in the membrane industry.®3*33

Several works have reported the successful utilization of
plastic waste for membrane fabrication. Pulido et al.*® fabri-
cated polyethylene terephthalate (PET) ultrafiltration mem-
branes from plastic waste by NIPS, showing good performance
even at temperatures up to 100 °C and high resistance towards
harsh solvents. Lai et al.’” reported the use of polystyrene (PS)
waste as a material source for fabricating waterproof CO,
separation membranes through hot-pressing. Keles and
Uysal®® optimized the fabrication of low-density polyethylene
(LDPE) and acrylic fiber membranes by electrospinning using
shrink film packaging waste as the polymer source for waste-
water treatment applications. These examples demonstrate the
technical viability of using plastic waste as feedstock for mem-
brane fabrication and the potential for environmental
remediation.

In this work, we contribute to sustainability in polyolefin
membrane fabrication through two approaches. First, by utiliz-
ing renewable bio-based solvents for PP and LDPE dissolution,
and second, by implementing the direct recycling of plastic
waste as a polymer source in the membrane fabrication
process. The selected bio-based solvents were a-pinene and
p-limonene, belonging to the terpene family, the largest class
of natural products (produced by all plants), and have a long
trajectory in human healthcare, with a FDA (U.S. Food and Drug
Administration) approval for their use in food and cosmetics.**™**
They have been proposed as sustainable alternatives to fossil-
derived solvents such as n-hexane for the extraction of valuable
compounds, such as carotenoids, oil from seeds and microalgae,
lipids, and aromas.**** p-Limonene is produced from citrus
fruits peels, a feedstock widely available from the juice industry
waste, while a-pinene is derived from gum turpentine, an essen-
tial oil distilled from the pine gum harvested from living pine
trees or obtained as a side product of the pulp mill industry
(Fig. S11).***” Their similar Hansen Solubility Parameters (HSP),
compared to the petroleum-based p-xylene used in polyolefin dis-
solution, offers a great potential for their use as alternative
greener solvents in PP and LDPE dissolution (Table S27). Despite
being renewable and widely available, their feasibility for poly-
olefin dissolution and membrane fabrication has not been
studied to date, to the best of our knowledge. Here we proposed
the use of a-pinene and p-limonene for polyolefin dissolution
and membrane fabrication.

The phase diagrams were obtained from the solubility and
phase separation mechanism of commercially available PP and
LDPE in the bio-based solvents. Then, the effect of polymer
content and quenching media on the PP membrane’s mor-
phology, mechanical and thermal properties, and water
contact angle were addressed. The resulting membranes were
tested in water-in-oil emulsion separation as an example of the
application of hydrophobic PP membranes. Commercially
available PP and plastic waste from PP food packages were uti-
lized as the polymer source for membrane fabrication, and the
changes in the membrane’s properties and performance were
investigated and compared.
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This study broadens the alternatives for polyolefin (PP and
LDPE) dissolution and membrane fabrication with renewable
bio-based solvents while revalorizing plastic waste, which can
be of benefit for the polymers and membrane fields in the
transition to a circular economy following the green chemistry
principles.

2. Materials and methods

2.1. Materials

Low-density polyethylene (0.925 g mL™") and isotactic poly-
propylene (0.9 g mL™", 250 000 g mol ") pellets were purchased
from Sigma Aldrich. Polypropylene food containers were
obtained from a local supermarket and used as the plastic
waste source. (1S)-(—)-a-Pinene was purchased from Merck
Germany and p-limonene from MP Biomedicals. Heptane was
purchased from Fisher Scientific, and toluene and n-hexane
from VWR chemicals. A Span 80 non-ionic surfactant was
obtained from Fluka Analytical. All materials were used as
received without further purification. PP food containers were
rinsed with acetone and used without further purification.

2.2. Membrane preparation

Flat-sheet membranes were prepared via TIPS, as illustrated in
Fig. 1. Commercially available PP pellets were used for the
polymer dope solution at 15, 20, and 25 wt% content in
a-pinene. The solutions were stirred at 130 °C for three hours
in a silicon oil bath to ensure complete polymer dissolution.
Then, the stirring was stopped for three hours for de-bubbling
while maintaining the temperature at 130 °C. The obtained
solution was cast with a casting knife with a 250 pm gap on a
stainless-steel plate, which was at the same temperature as the
dope solution. The ambient relative humidity and temperature
were 70% and 20 °C. The film was then cooled by keeping the
plate in air, or immersing the plate in water at 20 °C or 4 °C
for five minutes to induce the phase separation. After the
membrane was formed, the remaining solvent was removed by

LDPE or PP

z

Dope solutionin
* D-limonene
* a-pinene

Film casting
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immersing the membrane in ethanol for 24 h with a change of
ethanol 12 h after the initial immersion. Finally, the obtained
membranes were dried at room temperature for at least 24 h
before filtration tests. The same procedure was applied for
membranes prepared using PP waste from food containers.

2.3. Polymer solubility and phase diagrams

The bio-based solvents used in this work were initially identi-
fied by screening solvents with Hansen Solubility Parameters
(HSP) similar to those of the fossil-based p-xylene (traditional
solvent for polyolefin dissolution), utilizing the HSPiP software
(Table S37). According to Hansen,*® the affinity of solvent 1
and polymer 2 can be quantified by calculating the solubility
parameter distance (R,) based on eqn (1):

Ra? = 4(842 — 8a1)> + (Bpz — 8p1)” + (Shbz — Sh)> (1)

where &4, dp, and &y, are the dispersion, polar, and hydrogen
bonding solubility parameters, respectively. The distance R,
was calculated in comparison with PP and LDPE, and the posi-
tion of the solvents in relation to the polymers was plotted in
the HSP space considering an interaction radius of 5 MPa*?
according to Van Krevelen and Te Nijenhuis*® (Fig. S11). The
solubility of LDPE and PP in the selected solvent was evaluated
by gradually adding commercially available polymer pellets to
the solvent at a temperature of 130 °C, and the dissolution
limit was set to the concentration beyond which turbidity was
observed in the system.

The phase diagrams were obtained by two methods: (i)
observations of the dope solutions with different polymer con-
tents on a Leica DM4500 P optical microscope and (ii) DSC
measurements on a DSC 250 - TA instruments. The solutions
were prepared in the same way for both methods. For optical
microscopy observations, a drop of the polyolefin dope solu-
tion at 130 °C was placed between two glass slips with a
0.1 mm thickness at the same temperature and rapidly trans-
ferred into a Linkam Hot Stage, pre-heated at 140 °C. The
temperature was maintained for five minutes and then
decreased to room temperature (20 °C) at a 10 °C min™" rate.

TIPS

Phase separation Solvent extraction

« Air20°C after membrane
*« Water20 °C formation
« Water4 °C

Fig. 1 Schematic of polymeric membrane preparation via TIPS: preparation of the dope solution containing the polymer and the solvent, casting of
the solution on a stainless steel plate, phase separation of the membrane by quenching media at a temperature below the crystallization tempera-

ture, and solvent extraction in ethanol.
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The phase separation was observed during the cooling process
under standard and polarized light. The cloud point (CP) was
taken as the temperature at which the nucleus formation was
observed with a 10x amplification lens.

DSC measurements were obtained by quenching the poly-
olefin dope solution with a specific composition in liquid
nitrogen. A small piece of the solidified sample was then
placed in a Tzero hermetic pan, heated to 140 °C and main-
tained for 20 min, cooled down to room temperature, kept for
10 min, and reheated to 140 °C to remove the thermal history
of the polymer. Cooling-heating rates were 10 °C min™" in all
cases, and the exothermic peak temperature was taken as the
crystallization temperature (7).

2.4. Characterization methods

The infrared spectra were obtained on a Nicolet iS10 instru-
ment (Thermo Fisher Scientific) from 600 to 3800 cm™ with
32 scans. The molecular weight (MW) of the polymers was
determined using an Agilent 1260 Infinity II High-
Temperature Gel Permeation Chromatography (HT-GPC)
Multi-Detector System equipment using 1,2,4-trichlorobenzene
as a mobile phase.

Thermal analysis was performed on a TGA Q50 instrument
under an air atmosphere at a heating rate of 20 °C min™" from
25 to 800 °C. DSC 250 and Tzero hermetic pans (TA instru-
ments) were used for obtaining the crystallization and melting
temperatures of polymers and PP membranes. In all cases, a
heat-cool-heat cycle with an upper temperature of 230 °C was
performed with a cooling-heating rate of 10 °C min™.

SEM images were obtained on a Zeiss Merlin Electron
Microscope. Samples for cross-section observations were pre-
pared by breaking a piece of membrane in liquid nitrogen and
placing it between two layers of conductive carbon tape. Silver
paint was used on the borders of the membrane pieces to
make contact between the carbon tape and the membrane. All
samples were coated with a 3 nm iridium layer in a Quorum
Q300RT sputter coater.

Water contact angles were measured on an FM40 Easy Drop
instrument (KRUSS). 2 pl water drop was utilized for air and
under-oil measurements. All reported values are the average
from three measurements.

Young’s modulus, fracture strain, tensile strength, and
toughness were obtained from strain vs. stress measurements
on a Discovery DMAS850 instrument. The stress ramp was set
from 0.05 N to 18.00 N at a rate of 1.5 N min~'. Young’s
modulus was calculated as the slope of the linear section of
the strain vs. stress curve; fracture strain was taken as the
maximum strain value before the sample broke; tensile
strength as the stress at which breaking occurred; and tough-
ness was the area under the strain vs. stress curve. All reported
values are the average from three measurements.

2.5. Membrane performance

2.5.1. Pure hydrocarbon permeance. Heptane, n-hexane,
and toluene were used as model oils for testing pure hydro-
carbon permeance. Tests were conducted using stainless steel

This journal is © The Royal Society of Chemistry 2023
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dead-end filtration cells with 400 mL total volume pressurized
with five bar of nitrogen. For each test, 250 mL of the hydro-
carbon were loaded into the cell, and the permeate weight was
recorded during the experiment. Permeance (/) for each mem-
brane was calculated according to eqn (2):

. \%4
T A-t-AP

J (2)

where V is the permeated volume of hydrocarbon, A is the
effective area of the membrane (3.46 cm®), ¢ is time, and AP is
the pressure applied during filtration (five bar). Permeance
was calculated with data from at least eight hours of flux in the
steady state. The densities and viscosities of all hydrocarbons
used in permeance tests are shown in Table S1.1 The reported
values are the averages from two membranes prepared inde-
pendently under the same conditions.

2.5.2. Water-in-toluene emulsion separation. Water-in-
toluene emulsions were prepared for testing the membrane’s
performance according to a procedure described elsewhere.”®
First, 114 mL of toluene and 0.5 g of Span 80 as a surfactant
were stirred at 500 rpm for five minutes. Afterward, 1 mL of
water was added. The mixture was stirred at 1000 rpm for six
hours and then loaded into the filtration cell. Five bar was
applied during the separation experiment, and the emulsion
was maintained under stirring at 500 rpm to ensure emulsion
homogeneity during the test. Water rejection, also denoted as
separation efficiency (R), was calculated from the water concen-
tration in the permeate (Cp) and in the feed (C¢) expressed in
ppm as shown in eqn (3):

R= <1 — ﬁ) x 100% (3)
Cs
Cp and C; were measured two times in a Karl Fischer coulo-
metric titrator (Mettler Toledo). Before each set of measure-
ments, a 1000 ppm Hydranal water standard was measured,
obtaining less than 1% error in all cases. Water drop size in
the emulsions was determined by dynamic light scattering
(DLS) in a Zetasizer Nano ZS (Malvern).

3. Results and discussion

Polyolefins are used on a large scale for disposable items and
constitute an extensive part of plastic waste worldwide.
Upcycling this plastic waste into useful materials, such as sep-
aration membranes, is a step forward toward more sustainable
industrial practices. Nevertheless, the high chemical stability
of polyolefins represents a challenge in terms of their proces-
sability since most membrane preparation methods are based
on a solution process. Polyolefins are soluble only in a few
selected solvents at high temperatures, where most of them
are based on non-renewable sources. Green natural solvent
alternatives have been seldomly identified (Tables 1 and 2).
The PP used in this work was obtained from plastic waste
containers or as commercially available PP pellets. For simpli-
city, the commercially available PP pellets are labelled as “pure

Green Chem., 2023, 25, 966-977 | 969
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PP”, and the one from plastic waste containers is referred to as
“waste PP”. In both cases, for pure PP and waste PP, the FTIR
spectra showed the characteristic peaks of C-H bending and
stretching at 1375, 1455, and 2837-2950 cm™" (Fig. S37), and
their fingerprint region was identical, confirming the absence
of any organic polymer blend or organic additives in the
material from the plastic containers (waste PP).

3.1. Polymer solubility and phase diagrams

After the initial screening of solvents based on their HSP and
the calculation of the distance R,, a-pinene and p-limonene
were selected for PP and LDPE dissolution considering their
solvent-polymer affinity, their bio-based origin, and their wide
availability (Table S3 and Fig. S1}). For the pure PP in the
a-pinene system, more than 25 wt% polymer content resulted
in a solution too viscous for casting, and more than 30 wt%
would not dissolve within three days at 130 °C. Thus, the
maximum concentration of pure PP in a-pinene suitable for
membrane fabrication was set to 25 wt%. On the other hand,
PP could not be dissolved in p-limonene even after three days
at 130 °C at a concentration of 12.5 wt%. In the case of LDPE,
the maximum polymer content that could be dissolved at
130 °C in 3 h was 35 wt% for a-pinene and 40 wt% for
p-limonene.

Once fully dissolved at 130 °C, the solution phase separ-
ation induced by temperature decrease was investigated by two
different methods: (1) cloud point visual observation and (2)
calorimetry (DSC). Similar phase separation behavior was
observed for the three systems under study: pure PP in

View Article Online

Green Chemistry
a-pinene, pure LDPE
p-limonene.

The cloud points (CP) or the visualization of the phase sep-
aration was possible by optical microscopy, as seen in Fig. 2, 3,
S4, and S5.1 The appearance of a second phase detected by
optical microscopy without polarized light could result from a
liquid-liquid (LL) or solid-liquid (SL) phase separation. The
solid phase would arise by the crystallization of the polyolefin
fraction. The use of polarized light and filters can distinguish
the birefringent crystallized phase from amorphous liquid
ones and therefore indicate the kind of phase separation (LL
or SL). The crystalline phase is characterized by Maltese cross
images typically seen in Fig. 2a, 3a, c and S5.7

Crystallization can be detected and quantified by calori-
metric methods. DSC was conducted for the PP and LDPE
systems with closed liquid panels and led to exact values of
the crystallization temperature (7.), which increased as the
polymer content increased.’’* Fig. 1c and S61 show the crys-
tallization curves for the polyolefin solutions and how the crys-
tallization temperatures shift with the polymer concentration
and the type of solvent. In the case of LDPE in a-pinene, the T,
ranged from 57.9 °C for 5 wt% polymer content to 72.6 °C for
35 wt%, while in p-limonene the T, was 56.1 °C for 5 wt% and
75.4 °C for 40 wt% polymer contents. On the other hand, the
T. for pure PP in a-pinene ranged between 45.9 °C and 64.8 °C
for 5 wt% and 25 wt%, respectively. In addition, from the DSC
curves (Fig. S67), the peak height and area increased with the
increase in polymer content, denoting a larger enthalpy
change in the three systems, correlated with the fraction of

in o-pinene, and pure LDPE in

Table 1 Solvent comparison between p-limonene, a-pinene and other solvents commonly used for polyolefin solubilization

Source Boiling point Solubility in water Viscosity Vapor pressure Price

Solvent Bio/fossil °C mgL™* mPa s at 25 °C mmHg at 25 °C $ per kg
p-Limonene Bio 178 13.8 0.846 1.64 10
a-Pinene Bio 156 2.49 2.100 4.75 3
Benzene Fossil 80 1-5 0.654 76.00 0.8
Toluene Fossil 111 526 0.554 28.40 0.8
Chlorobenzene Fossil 132 0.5 0.806 12.00 0.8
Isooctane Fossil 99 2.2 0.473 49.30 2
p-Xylene Fossil 138 165 0.603 8.84 0.5
Trichloroethylene Fossil 87 1.28 0.545 69.00 0.5

Table 2 Solvent comparison between a-pinene and other solvents reported for PP membrane fabrication (PP contents between 5 wt% and

25 wt%) via TIPS

Boiling  Solubility Vapor
Source point in water Viscosity pressure Price CP T.

Solvent Bio/fossil °C mgL™! mPa s at 25 °C mmHg at 25°C  $ perkg °C °C References
a-Pinene Bio 156 2.49 2.1 4.75 3 74-88 46-65 This work
Soybean oil Bio — — 60.6 — 0.25 140-150° ~110 Wang et al.*
Diphenyl ether Fossil 258 18 2.6 0.0225 5 137-115 ~97  Yave et al.>
Dioctyl phthalate Fossil 384 0.022 39 26x10x107% 1.5 152-162  ~107  Yang et al.>®
Diamyl phthalate Fossil 342 0.8 No data available 0.000196 277 193-177 ~107 Linet al*
N,N-Bis(2-hydroxyethyl) ~ Fossil 269 1x10x10° 351.9 2.8x10x107" 0.6 157-147  ~104  Lloyd et al.*®

tallowamine

% Solvent mixed with 40 wt% carnauba wax.
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Fig. 2 (a) Polarized and (b) non-polarized optical microscopy cloud poin
tures for PP in a-pinene; and (d) corresponding phase diagram.
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(a and c) Polarized and (b, d) non-polarized optical microscopy cloud point (CP) measurements; (e) corresponding phase diagram obtained

by cloud point and DSC crystallization (T.) measurements for LDPE in a-pinene and p-limonene.

crystallizable material. The DSC of the waste PP in a-pinene
(Fig. S71) shows a broader crystallization curve with a peak
shifted to higher temperature. This is probably mainly due to
their differences in molecular weight and polydispersity
(Table S2).

From the optical microscopy observations and the calori-
metric measurements, the phase diagrams depicted in Fig. 1d
and 2e were obtained. A gap between curves obtained by the
two methods was observed. This could indicate that first, as the
temperature decreased, a liquid-liquid phase separation was
initiated, with the generation of an amorphous polymer concen-
trated dispersed phase.> As the temperature continued to
decrease, the crystallization of the polymer concentrated phase

This journal is © The Royal Society of Chemistry 2023

was initiated as shown in the DSC analysis. As the crystallization
proceeds, it can be seen also by the appearance of the birefrin-
gent Maltese crosses in the polarized optical microscope.

The crystallization or solid-liquid phase separation follows
a nucleation and growth mechanism, which leads to the
different final morphologies in the LDPE and PP systems
(Fig. 3). In all PP concentrations, spherical structures (spheru-
lites) with diameters around 35 pm were observed at the first
stages of the phase separation process.

The phase-separated films prepared from LDPE using both
solvents had poor mechanical properties and fell apart upon
cooling. This can be related to the observed spherulitic mor-
phology. The grain boundaries are weak points if the entangle-
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ment between them is not pronounced, which in this case
could be related to the branched structure and low molar mass
of LDPE (Table S3t). For this reason, the membrane prepa-
ration and performance were focused on the PP in the
a-pinene system only, which led to membranes with higher
mechanical stability.

The solubility of polyolefins demonstrated hereby could be
useful for coatings, recycling, and any other application requir-
ing a solution process, which typically rely on fossil-based sol-
vents, some of them possessing carcinogenicity or reproductive
toxicity.>>>’ Besides the advantage of p-limonene and
a-pinene of being bio-based and renewable, they are more sus-
tainable options against traditional solvents used for poly-
olefin solubilization, as shown in Table 1. Their solubility in
water is lower than that for toluene and p-xylene, and their
vapor pressure is lower than those of all other listed solvents,
implying a lower exposure to vapors for people working with
them. Based on these characteristics, the solvent recovery of
the bio-based solvents can be done via rotavapor evaporation
of the ethanol from the solvent exchange step after the mem-
brane preparation (Fig. S157).

The viscosity of p-limonene at room temperature is close to
those of the fossil-based solvents, which implies that trans-
porting and handling in a process would not require a large
amount of extra energy. However, for industrial scale exploita-
tion of p-limonene, its price needs to be lower than that as of
today.

To better assess the benefits of a-pinene specifically for PP
membrane fabrication, a comparison of a-pinene with other
solvents reported for PP membrane fabrication via TIPS is
shown in Table 2. As TIPS is driven by a temperature change,
the cloud points and crystallization temperatures are of main
importance in terms of energy consumption. As can be
observed, a-pinene allows PP membrane formation at lower
temperatures, and therefore results in lower energy require-
ments. Its lower viscosity could be advantageous in terms of
processing, and its lower boiling point could facilitate its
recovery. It can also be noticed that its price is competitive
against other solvents used for PP membrane fabrication.
Thus, a-pinene represents a good alternative for PP membrane
fabrication.

3.2. Pure PP membrane preparation and characterization

Nine different conditions for pure PP membranes were
obtained from varying the polymer content (15 wt%, 20 wt%,
or 25 wt%) and the quenching media: air at 20 °C, water at
20 °C, or water at 4 °C.

Passive cooling of the polymer solution on the steel plate by
contact with air allowed a slow temperature decrease. By
immersing the plate in water, the temperature decreased
much faster. The water thermal conductivity is 0.6 W m™* K™,
while that of air is 0.025 W m™" K', which is 20 times
smaller. Cooling is even faster when the water is at 4 °C.

Water and both solvents are practically immiscible. The
solubility of a-pinene and p-limonene in water is 2.5 mg L™"
and 13.8 mg L™, and their boiling points are around 157 °C
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and 176 °C, respectively. Therefore, there was practically no
solvent evaporation, and the solvent-water exchange was negli-
gible. In the subsequent fabrication step, an effective exchange
occurred when the film was immersed in ethanol (Fig. 1).

The effect of polymer content and quenching media on the
membrane morphology was analyzed using surface and cross-
sectional SEM micrographs. The PP membranes prepared with
a-pinene as the solvent featured spherulitic structures with
varying size depending on the polymer content and quenching
media (Fig. 4). At polymer contents below the critical concen-
tration, phase separation occurs by nucleus formation and
growth of a spherical polymer-rich region. After the phase sep-
aration, as the spherical nuclei grow, they become intercon-
nected and solidify, forming the membrane structure, and the
surrounding polymer-lean space becomes the membrane’s
pores.®! This is the case for the PP in the a-pinene system.

For the membranes quenched in air (Fig. 4a, d, and g), the
surface morphology remained similar when varying the PP
content, with the spherulite size ranging between approxi-
mately 20 and 30 um, and no visible pores. On the other hand,
the use of water at 20 °C as quenching medium limited the
spherulite growth (Fig. 4b, e, and h), leading to sizes around
15, 4, and 3 pm for 15, 20, and 25 wt% polymer content,
respectively. Lowering the water temperature to 4 °C consider-
ably reduced the spherulite size for all three concentrations
(Fig. 4c, f, and i). For 15 wt% polymer content, it reduced to
0.7 pm; for 20 wt%, to 0.5 pm; and for 25 wt%, to a size too
small to be measured under the given amplification. Such size
reduction can be related to the degree of supercooling AT
(Tm — T) associated with the use of each quenching medium.
According to the polymer crystallization theory, the critical
lamella size for crystallization to start is inversely proportional
to the supercooling of a polymer solution.®® This implies that
at the lowest temperature of the quenching media (in this
case, water at 4 °C), the critical lamella size is smaller, and
more nuclei can be formed. Similar conclusions can be made
concerning the effect of polymer content. Higher polymer
content solutions exhibited a higher Ty, (Fig. S61), and thus, a
larger AT is applied when quenching compared with lower
polymer contents. This also resulted in a larger number of
nuclei for higher polymer contents (Fig. 3). These variations in
the critical lamella size and the number of nuclei formed led
to the observed spherulite size reduction with the increase in
polymer content and the decrease in the quenching medium
temperature.

The cross-sectional SEM micrographs shown in Fig. 4j-1
confirmed that the use of a-pinene as a solvent resulted in the
formation of PP spherulites across the membrane’s internal
structure. The structure is asymmetric, which can be explained
by the different cooling rates of the top and bottom layers. Due
to the fabrication method followed in this work, the top of the
membranes was directly in contact with the quenching media,
while the metallic plate added thermal resistance for the
bottom to cool down. This phenomenon has been observed in
other PP-solvent systems.®* The five minutes quenching con-
ditions have a strong influence on the morphology. The

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Surface morphology of pure PP membranes prepared with 15 wt% (a—c), 20 wt% (d—f), and 25 wt% (g—i) PP solutions in a-pinene and
quenched in air at room temperature (a, d and g), water at 20 °C (b, e and h), and water at 4 °C (c, f and i); cross-section images of membranes pre-
pared from 25 wt% PP solutions in a-pinene quenched under different conditions (j—L).

immersion in water with 20 times higher thermal conductivity
rapidly brought the system to the phase separation tempera-
ture and promoted fast growth of spherulites. At the time that
the film was immersed in ethanol, the membrane formation
was practically complete. Films quenched in air demonstrated
a denser morphology. We hypothesize that upon immersion in
ethanol, the film was not completely solidified yet, and the
solvent diffused into the ethanol bath, which resulted in a
denser and thinner film.

The results from strain vs. stress measurements showed a
strong dependency between mechanical properties and the
quenching media for the pure PP membranes, while the effect
of polymer content was more noticeable on the membrane’s
toughness (Fig. 5 and Table S4}). Membranes prepared with
15 wt% polymer content and quenched in water at 20 °C had
inferior mechanical properties and could not be tested.

Among all tested membranes, Young’s modulus and tensile
strength were higher for membranes quenched in air at 20 °C
(Fig. 5), denoting a larger linear elastic region that can be
associated with the denser internal structure observed by SEM.
However, the same membranes had lower fracture strain and

This journal is © The Royal Society of Chemistry 2023

toughness. In these two aspects, membranes quenched in
water at 4 °C had higher values. This can be associated with
the dense structure of the membranes quenched in air.

Compared to other PP membranes reported in the literature
with spongelike or cellular structures, the membranes
obtained in this work had lower mechanical properties.”*®*
Thus, it can be assumed that the PP membrane spherulitic
morphology significantly affects their mechanical properties. A
similar conclusion was reported for membranes prepared with
poly(vinylidene fluoride) (PVDF), another aliphatic semicrystal-
line polymer.®® In their study, the same material had very
different mechanical properties depending on the final mor-
phology of the membrane, the highest for interconnected cel-
lular structures and the lowest for interconnected globules.
Thus, the same situation could occur for the PP membranes
obtained in this work.

Slight differences in the melting and crystallization temp-
eratures were observed after the film preparation using different
quenching conditions (Fig. S8%). The T, decreased from 167 °C
to 162 °C, while the T, remained close to the original value of
118 °C except for the membrane quenched in water at 20 °C,
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Fig. 5 Mechanical properties of pure PP membranes prepared with 15, 20, and 25 wt% polymer contents in a-pinene and quenched in air at room
temperature, water at 20 °C, and water at 4 °C. (a) Young's modulus, (b) toughness, (c) tensile strength and (d) fracture strain.

which increased to 119 °C. The crystallization and melting
enthalpies of the prepared membranes varied less than 5%
compared to the pure original polymer pellets, denoting a
similar degree of crystallinity. Similar results were obtained
with all polymer contents (Fig. S8 and Tables S5, S67).

3.3. PP membrane performance

We report for the first time a-pinene and bp-limonene as
greener solvents for PP and LDPE dissolution and membrane
preparation. We explored and demonstrated here the potential
application for membrane technology, focusing on oil-water
emulsion separation, which is relevant for applications such
as produced water removal or oil spill clean-up.®®~%®

All prepared films were highly hydrophobic, with water
contact angles of approximately 100° (Fig. S10t), as expected for
PP films.®®®® Films quenched in water at 20 °C were the most
hydrophobic. Surface roughness can increase the water contact
angle by inducing a Cassie state,”® which might contribute to
the higher values for those films due to their rougher surfaces.
The membranes prepared from 20 and 25 wt% pure PP solu-
tions exhibited under-oil (in hexane, heptane, and toluene)
water contact angles above 150° (Fig. S117), classifying them as
under-oil superhydrophobic and indicating their suitability for
water-in-oil emulsion separation.

Based on the selection of pure PP membranes, similar con-
ditions were applied to fabricate membranes from PP plastic
waste as the polymer source. The dope solution of waste PP
had a lower viscosity than that of commercial pure PP
solution.

974 | Green Chem., 2023, 25, 966-977

This difference can be attributed to its lower molecular
weight (Table S27), which also lowered the mechanical pro-
perties of the final waste PP membranes compared with the
ones prepared from pure PP pellets under the same conditions
(Table S47). Thus, higher waste PP polymer content was able
to be dissolved at the same temperature as pure PP (130 °C),
resulting in mechanically stable membranes that were success-
fully tested for the separation process. Waste PP concen-
trations that allowed membrane formation were between 25
and 30 wt%. Quenching in water at 4 °C led to membranes
with the best mechanical stability up to 18 MPa for 30 wt%
waste PP (Fig. S12c and df). SEM images revealed a surface
and cross-section spherulitic morphology like those of pure PP
membranes, with an asymmetric structure (Fig. S13t), and
similar under-oil water contact angles above 150° (Fig. S127).

The thermal properties of the waste PP membranes were
compared with those of the membranes prepared from com-
mercial PP pellets (Fig. S14t1). The TGA curves showed that
90% of the waste PP membrane weight is lost at around
350 °C, lower than the 376 °C observed for pure PP. In the case
of melting and crystallization behavior, the DSC curves showed
a lower Ty, of 161 °C and a higher T, of 123 °C compared to
the pure PP pellets (T}, of 167 °C and T, of 118 °C).

After an initial heptane filtration test performed with
mechanically stable membranes (Table 3), six fabrication con-
ditions for PP membranes were chosen for further testing.
Filtration tests of selected membranes were performed for
n-heptane, n-hexane, and toluene (Fig. 6). The permeance was
lower for higher polymer content and decreased with the

This journal is © The Royal Society of Chemistry 2023
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hydrocarbon viscosity. In the case of pure PP membranes,
lower permeance was observed for membranes with higher
polymer content, which can be associated with smaller pore
size, as observed by SEM. The permeance was the highest for
n-hexane, the hydrocarbon with the lowest viscosity
(Table S1t), ranging from 0.28 to 0.7 L m~> h™* bar™*, followed
by heptane and toluene with 0.25 to 0.56 and 0.22 to 0.48 L
m~>h™" bar™, respectively.

The permeance of membranes prepared from waste PP
membranes was practically independent of the dope solution
polymer content, since the upper layer morphologies of the
membranes prepared from 25 and 30 wt% were similar
(Fig. S13%).

All membranes demonstrated a good separation perform-
ance for water-in-toluene emulsions (Fig. 6). The two best per-
forming pure PP membranes (22.5 wt% PP quenched in water
at 20 °C and 25 wt% when quenched at 20 °C) demonstrated
95.7% water rejection, while both tested waste PP membranes
had rejections of 95.0% and 94.9%. These results imply
around 99.97% toluene purity in terms of water content. All
obtained permeance, water rejection, and water content in the
permeate values are shown in Table S7.f From DLS measure-
ments, it was observed that the water drops in the emulsion
had diameters above 200 nm.

Table 3 PP membranes initially tested for pure hydrocarbon filtration

Polymer Heptane
PP content Quenching permeance
Sample source  (Wt%) media (Lm™h™" bar™)
20%_4 °C Pure 20 Water at 4 °C 0.69
22.5%_4 °C Pure 22.5 Water at 4 °C 0.44
25%_4 °C Pure 25 Water at 4 °C 0.00
22.5%_20 °C Pure 22.5 Water at 20 °C  0.61
25%_20 °C Pure 25 Water at 20 °C  0.28
W25%_4 °C Waste 25 Water at 4 °C 0.30
W27.5%_4 °C Waste 27.5 Water at 4 °C 0.32
W30%_4 °C Waste 30 Water at 4 °C 0.06

[_]Hexane [___]Heptane [__]Toluene
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Comparable toluene purity values have been reported by
other hydrophobic membranes.>*®%%7" Tag et al.>° reported a
toluene purity of 99.96% after the filtration of a water-in-
toluene emulsion with 1% water content utilizing a modified
PVDF membrane. Kansara et al.®® prepared superhydrophobic
membranes by coating alkylsiloxane-silica nanoparticles on a
PP fabric and obtained a toluene purity above 99% from a 10%
water containing water-in-toluene emulsion.

The use of renewable bio-based solvents and plastic waste
reported in this work represents a greener and more straight-
forward method to fabricate PP membranes for water-in-oil
emulsion separation.

4. Conclusions

Bio-based solvents were successfully employed for PP and
LDPE dissolution. LDPE was dissolved in a-pinene and
p-limonene with an upper solubility limit of 35 wt% and
40 wt% polymer content at 130 °C, while PP was soluble in
a-pinene with up to 25 wt% polymer content. The phase
diagram was evaluated for three systems indicating a liquid-
liquid phase separation and a further crystallization of the
polymer concentrated phase with a spherulitic morphology at
temperatures below 100 °C. PP membranes were successfully
prepared with a-pinene as solvent via TIPS utilizing commer-
cial and waste polymers, where the membrane morphology
and separation performance strongly depended on the
quenching media and polymer content. Water as quenching
medium resulted in smaller spherulite and pore sizes and
better mechanical properties, whereas quenching in air led to
a denser membrane structure. Polymer contents with between
20 and 25 wt% of pure PP and between 30 and 35 wt% of
waste PP led to stable self-standing membranes. Water-in-
toluene emulsion separation performance with 95% water
rejection and a toluene purity of approximately 99.97% were
achieved. This study broadens the alternatives for polyolefin
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(PP and LDPE) dissolution and membrane fabrication with
renewable non-toxic bio-based solvents while revalorizing
plastic waste, which can be of benefit for the polymers and
membrane fields in the transition to a circular economy fol-
lowing the green chemistry principles.
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