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ABSTRACT

The gas separation performance of biopolymers is still scarcely characterized, mostly because of their poor thermomechanical properties and high crystallinity which
is associated to low permeability. In this work we characterize the gas transport in a poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) random copolymer, that has
a relatively low crystallinity and good mechanical properties, combined with a renewable origin, biodegradability and biocompatibility. In the study we also
compared several solvents for membrane casting, with different toxicity levels. We found that dimethyl carbonate allows the production of polymer films with
transport properties similar to those obtained with the more toxic CHCl3, and it leads also to stable crystallinity of the samples over time. PHBV films show a size-
sieving gas separation behaviour, as the permeability decreases significantly with the gas kinetic diameter. However, the strong energetic interactions of CO, with the
polymer matrix, confirmed by the Flory-Huggins model, induce a marked solubility-driven CO2/N2 and CO2/CHjy selectivity, which could make the material

potentially interesting for CO2 removal processes.
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1. Introduction

Membrane technology is widely accepted to be a competitive alter-
native to traditional separation techniques, including the separation of
gaseous mixtures, due to its low energy consumption, manufacturing
scalability, and reduced footprint [1-5]. Although the overall sustain-
ability of chemical processes can be improved by using membranes,
most polymeric membranes and the chemicals used to produce them
cannot be considered truly sustainable, since they are fossil-based, and

their recyclability is limited, while a full replacement of membrane
module is typically required for most industrial applications every three
to five years [1,6]. Furthermore, the majority of the polymers tradi-
tionally used for gas separation applications require the use of hazardous
organic solvents for the membrane manufacturing. The aim of the pre-
sent work is to evaluate the feasibility of more sustainable alternatives
for membrane materials and their fabrication process, such as bio-based
and biodegradable polymers [7,8] and green solvents [9,10].

To fulfil the first objective, we explored the membrane potential of a
copolymer of the poly(hydroxyalkanoate)s (PHAs) family, linear poly-
esters produced by bacterial fermentation and known for their fully
renewable origin, biodegradability in many environments and physio-
logical biocompatibility [11,12]. The peculiar properties of PHAs, such
as hydrophobicity and thermoplastic behaviour, assured the possibility
to apply these polymers in different applications, ranging from pack-
aging to the biomedical field [7,13-15]. Poly(3-hydroxybutyrate)
(PHB), poly(3-hydroxyvalerate) (P3HV), and their copolymers are
currently the most studied and produced bio-polyesters. The gas trans-
port properties of such biopolymers have been partly investigated by
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different groups, revealing promising separation capability, mainly for
CO2/03 and CO4/N; gas pairs [16-19]. In particular, Follain et al. [16]
reported selectivities between 1.5 and 6.7 for CO2/05 and between 4.8
and 19 for COy/N; for PHB and poly(3-hydroxybutyrate-co-3-hydrox-
yvalerate) (PHBV, 3 mol% 3-HV units), generally higher but still com-
parable to those reported by Siracusa et al. [17] for PHB. Additionally,
Huh et al. [19] reported Hy permeability and selectivity values in PHBV
(12 mol% 3-HV units) and composite membranes formed by adding
multiwall carbon nanotubes to the polymer. However, the gas perme-
ability and selectivity values reported in that work for pure PHBV seem
not consistent with previous ones. In general, the data reported in
literature until now are limited by the number of gases investigated, as
for instance no data are available for CHy4 transport in PHBV.

However, PHB is a highly crystalline and brittle material, and its use
as membrane would require additives, plasticizers, or blending with
other polymers, such as poly(lactic acid) (PLA) or cellulose [13,20,21].
To control both ductility and crystallinity of PHB it is also possible to
introduce 3-hydroxyvalerate (HV) units in its chains and thus obtain the
copolymer poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV),
which is typically preferred for production of thin films [22]. For this
reason, we chose in this work to use a PHBV containing 25 mol% of
3-hydroxyvalerate units, in order to have a more suitable material for
membrane-related applications and to extend the knowledge on gas
transport properties in this family of polymers.

Typically, membranes are fabricated by means of different methods,
all requiring the use of conventional petroleum-derived solvents. Such
solvents present both health and environmental hazards, thus a need for
greener and less toxic solvents is of great importance [9,23]. An alter-
native solvent for a specific membrane fabrication should be chosen
based on its ability to dissolve the selected polymer and its volatility,
which needs to be similar or comparable to the traditional solvent,
whereas its reduced adverse effects on health and environment are an
essential requirement [9]. From this perspective, five different solvents
were selected to fabricate PHBV-based membranes by solvent casting.
First, two traditional solvents, chloroform (CHCl3) and dimethylforma-
mide (DMF), were considered in order to obtain membranes suitable for
comparison. Dimethyl carbonate (DMC) was selected as a green solvent,
given its low (eco)toxicity, low hazard associated with handling, and
complete biodegradability [10,24]. The use of two benign and poten-
tially biomass-derived organic acids as acetic (CH3COOH) and formic
acid (HCOOH) was also explored [25-28]. The solvent casting protocol
was optimized for each solvent, in order to produce self-standing
membranes, suitable for further characterization.

The thermal properties of PHBV-based membranes were investigated
by differential scanning calorimetry (DSC), whereas their morphology
and physical properties were evaluated by scanning electron microscopy
(SEM), Fourier transform infrared spectroscopy (FT-IR), and gel
permeation chromatography (GPC). Ultimately, the gas transport
properties at 35°C were analysed by permeation of He, Ny, CO5, CH4 and
0O, as well as CO5 sorption tests up to 30 bar.

An analysis of physical, morphological, and transport properties and
their dependence on solvent used in the casting protocol was carried out,
suggesting a route to obtain bio-based membranes with tuneable fea-
tures for gas separation applications.
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2. Experimental
2.1. Materials

Bacterial poly(3-hydroxybutyrate) (PHB) and poly(3-hydrox-
ybutyrate-co-3-hydroxyvalerate) (PHBV, 25 mol% 3-HV units), were
supplied by Sigma-Aldrich as custom grade powder and purified prior to
membranes fabrication as described elsewhere [15]. The structure of
both polymers is shown in Fig. 1.

Solvents used for membrane preparation, namely chloroform, DMC,
DMF, formic acid, acetic acid, together with methanol used for purifi-
cation, were purchased from Sigma-Aldrich with purities >99% and
used as received. Gases used for permeation and sorption tests, helium
(He), oxygen (O2), nitrogen (N3), methane (CH4), and carbon dioxide
(COy), were purchased from Fluido Tecnica (Campi Bisenzio, FI, Italy)
with purities >99.5%.

2.2. Membrane preparation

PHB and PHBV membranes were prepared through the solvent
casting method. The amounts of polymer and solvent needed to reach
the desired concentration (Table 1) were mixed and maintained under
magnetic stirring for at least 24 h. When the polymer was completely
solubilized, the solution was poured onto a Petri dish and left to evap-
orate at a specific temperature, covered with an aluminium foil. The
morphology optimization of the prepared membranes included the
analysis of the optimal polymer concentration in each solvent. Such
analysis showed that PHB can reach very high concentration in CHCls,
while for PHBV the highest concentration is reached with DMF and the
lowest one with DMC, as summarized in Table 1. The thickness of all the
obtained membranes ranged between 70 and 100 pm. Each membrane
was maintained under dynamic vacuum at room temperature for at least
24 h prior to testing, in order to ensure the complete removal of any
residual solvent and atmospheric moisture. The attempts to prepare self-
standing homogeneous PHB-based membranes with solvents different
from CHCIl3 were not successful.

Table 1
Membrane preparation protocol parameters.

Membrane Petri Dish Polymer Evaporation Solvent
(Polymer- Diameter Concentration Temperature Boiling
Solvent) [mm] [mg mL 1] [°C] Point [°C]
PHB-CHCl3 50 45.5 Room T 61

70 75 Room T 61
PHBV-CHCl3 70 30 Room T 61
PHBV-DMF 50 50 110 153
PHBV-DMC 70 23.1 80 90
PHBV- 50 37.5 80 101

HCOOH
PHBV- 50 37.5 80 118
CH5COOH
H,C
N
(0] CH, (0] CH,
| I §
O O
n m

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)

Fig. 1. Chemical structures of the biopolyesters used in this study.
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2.3. Membrane characterization

2.3.1. Gel permeation chromatography (GPC)

Molecular weights of PHBV before and after membrane casting were
determined by gel permeation chromatography with an Agilent 1260
Infinity instrument (G1322A 1260 Degasser, G1310B 1260 Isocratic
Pump, G1316A 1260 TCC thermostatted Column Compartment,
G1362A 126 RID Reflective Index Detector, G1328C 126 Manual
Injector), in order to investigate potential polymer degradation due to
the solvent. RID and column compartment were thermostatically
controlled at 35°C £ 0.2°C. The instrument was equipped with a PLgel
MiniMIX-A column (20 pm particle size, 4.6 x 250 mm) coupled with a
Tosoh TSKgel SuperMultipore HZM column (4 pm particle size, 4.6 x
150 mm). Columns were preceded by a low dispersion in-line filter (frit
porosity 0.2 pm). CHCl3 was used as mobile phase at a flow rate of 0.2
mL min~! and toluene was used as internal standard (0.1 pL. mL’l), with
a run time of 37 min. Data were processed with Agilent GPC/SEC soft-
ware, version A.02.01 using a calibration curve obtained with mono-
dispersed polystyrene standards (EasiCal PS-1 Agilent kit).

2.3.2. Scanning electron microscopy (SEM)

Membranes morphology was investigated using a scanning electron
microscope Nova NanoSEM (FEI), applying 15 KeV. The cross-sections
were prepared by fracturing the specimens in liquid nitrogen and
placing them on a stub by using a carbon tape; the electrical conductivity
was guaranteed through a silver paste line. Before the SEM investiga-
tion, the specimens were coated with approx. 10 nm of gold. The anal-
ysis of SEM images was carried out using FIJI/ImageJ open-source
software.

2.3.3. Differential scanning calorimetry (DSC)

Thermal properties of the prepared materials were evaluated by
differential scanning calorimetry (Q10, TA Instruments), fitted with a
standard DSC cell, and equipped with a Discovery Refrigerated Cooling
System (RCS90, TA Instruments). Measurements were performed under
dry nitrogen flow (50 mL min~!) on samples of approximately 10 mg,
placed in an aluminium pan. The samples were analysed applying
thermal cycle from —60°C to 195°C (hold for 2 min) with a heating rate
of 10°C min~! and a cooling rate of 20°C min~'. DSC curves were
analysed by TA Universal Analysis 2000 to determine the glass transi-
tion temperature (Tg). The degree of crystallinity (X.) was calculated as
follows:

X.=AH, /AH, €b)

where AH,, is the melting enthalpy calculated from the endothermic

peak recorded during the heating, while AIAJ,?I is the heat of melting of
purely crystalline PHB, equal to 146 J g ! [16,29]. This value is typically
used for PHBV with less than 40 mol% 3-HV units, which are partially
excluded from PHB crystalline lattice [30].

2.3.4. Fourier-transform infrared spectroscopy (FT-IR)

The chemical structure of the membranes was analysed through FT-
IR (PerkinElmer Spectrum Two), in attenuated total reflectance (ATR)
mode, from 4000 to 400 cm .. The resolution was set to 4 cm ™!, and 64
scans were collected for each spectrum. Moreover, the absence of re-
sidual solvent and/or humidity was determined using the same pro-
cedure. FT-IR spectra were analysed by Spectrum 10, in order to obtain
absorbance of relevant peaks of the material. All samples were tested
after a vacuum treatment.

2.3.5. Permeability measurements

Pure gas permeability of He, Ng, Oz, and CO5 was measured at 35°C
for purified PHBV membranes prepared by CHCls, while permeability of
He, Ny, CH4, and CO, was evaluated at the same temperature for the
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membranes prepared with DMC. The fixed-volume variable-pressure
manometric technique used and the equipment set-up were schemati-
cally represented and described elsewhere [31,32]. Each permeability
experiment was performed at an absolute upstream pressure of about
1.3 bar and initial vacuum condition on the permeate membrane side.
Permeability of the component i, P;, is proportional to the molar flux
Ji, as described in Section S1.1, and measures the ability of the mem-
brane material to permeate gas. Assuming the validity of the Fick’s law
to describe the diffusion in the membrane, and assuming the phase
equilibrium at the gas-membrane interface, the solution-diffusion model
is obeyed [33] and the permeability coefficient can be split into two
factors: the diffusion coefficient, &;, and the solubility coefficient, S;:

Pi= 7S @

The diffusion coefficient is a predominantly kinetic factor that
measures the mobility of different species in the polymeric matrix, while
the solubility coefficient reflects the sorption capacity of the polymer
towards different species and it is thermodynamically driven. Gas
diffusivity is evaluated by means of the time-lag method, as discussed in
Section S1.1.

The ratio between pure gas permeabilities provides an indication of
the ability of the membrane to separate two gases. Such parameter is
called the ideal selectivity, and under the assumption of solution-
diffusion model and negligible downstream pressure, it can be conve-

niently split into diffusivity selectivity, a;/, and solubility selectivity, a7,
as follows:

P DS
=== =a’a’ 3

Py s

If the solution-diffusion model holds true, one can estimate the sol-
ubility from the results of a permeation experiment where both
permeability and diffusivity are obtained and compare it to solubility
coefficients obtained from direct sorption experiments.

Noticeably, in most semicrystalline materials, such as in our case, the
crystal domains are practically impermeable to penetrating gases, in
view of their larger density, and are thus not involved in gas sorption
and diffusion processes, which occur only in the surrounding amorphous
phase. The presence of impermeable crystallites, however, affects both
solubility and diffusivity of the resulting semicrystalline material. A
thorough analysis of such effects was beyond the purpose of this paper,
but we address the reader to specific works focused on such issue [34].
Noteworthy, the properties obtained from permeation and sorption tests
and presented in this manuscript, namely permeability, diffusivity and
solubility coefficients, are referred to the semicrystalline material, and
thus depend on the amount and morphology of the crystalline domains
of the sample, unless otherwise specified.

2.3.6. Solubility measurements

Solubility and diffusivity of CO2 in PHBV-CHCl3 membrane were also
determined at 35°C in a wide pressure range (up to 30 bar) by direct
sorption in a pressure decay apparatus. The density of the semi-
crystalline membrane was calculated as equal to 1.204 g cm ™2, based
on crystal and amorphous densities, reported by Mitomo et al. for a 25%
3-HV copolymer [35], and crystallinity degree measured one month
after casting. The thickness of the membrane was measured to be 105 +
7 pm. In the pressure decay technique, a known amount of gas is fed into
the sample chamber and the mass uptake is evaluated by measuring the
pressure decrease of the mass uptake till the constant value is reached.
Subsequent sorption tests are performed by increasing the external
pressure in a stepwise manner, to obtain the sorption isotherm in the
pressure range of interest. In the present study, the pressure was
monitored by two manometers (Sensotec Super TJE), the first one
having a full scale of 14 atm, the second one of 34 atm. Both manometers
have an accuracy equal to 0.05% of the full-scale value and they can be
connected to the experimental chamber in different pressure intervals
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within the same isothermal experiment, in order to maintain a good
level of sensitivity at any pressure. The full equipment set-up is well
represented and described elsewhere [36]. The penetrant diffusivity in
the film can be evaluated from the sorption kinetics, by considering
Fickian diffusion and the variation of interfacial concentration during
the experiment, as reported in Section S1.2.

3. Results and discussion

The PHB and PHBV-based membranes were prepared through sol-
vent casting technique, with a protocol optimized for each solvent, as
reported in Table 1. As shown by Fig. 2, the PHB membrane is less
transparent if compared with the PHBV-based membranes. In addition,
the membranes fabricated using PHBV are generally more flexible than
those based on PHB, while their grade of transparency depends on the
casting protocol. In particular, the use of DMC and HCOOH leads to
membranes with the most homogeneous aspect.

Numeral average molecular weight (M,), weight average molecular
weight (M,,) and polydispersity index (PDI, as My,/M,,) determined by
GPC, are reported in Fig. 3a for all the investigated PHBV-based
membranes.

The analysis of M,, distribution of the PHBV membranes with respect
to the purified material (purification procedure reported in experi-
mental section) indicates that the solvent-casting method partially af-
fects the polymer. Indeed, samples processed with DMF, acetic and
formic acids show a significant M, decrease with respect to the undis-
solved polymer. When an acidic solvent is used, like formic and acetic
acid, the acid-catalysed hydrolysis of the ester groups can take place,
thus breaking the polymeric chains down and lowering both M;, and My,
(Fig. 3a) [37]. In the case of a non-protic solvent as DMF, which presents
the highest boiling point among the tested solvents (Table 1) samples
were treated at high temperature (110°C). Such aspect may explain the
fact that this sample has a low M,,, which can be due to a partial
degradation due to the combined effect of temperature and solvent [38].

On the contrary, the use of solvents as CHCl3 and DMC does not
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!
1
|
|
|

)

(0

=1
|

Journal of Membrane Science 660 (2022) 120847

induce significant change in the polymer M,, values and PDIs, which are
equal to those of the as purified material. More in detail, the PDI remains
approximately constant (between 3.1 and 3.4) regardless of the solvent
used. Such small variations are a well-known aspect of the so-called
bacterial polymers (such as PHAs), and are typically accepted [15].

Mechanical properties, such as tensile stress and Young’s modulus,
are also known to be affected by the molecular weight in PHBV [38].
However, the most important variation in such properties takes place for
M,, values considerably lower than those observed in this work, thus no
significant difference in the mechanical strength of prepared membranes
is expected.

The FT-IR spectra of the PHBV membranes are depicted in Fig. 3b.
The spectrum of the PHB membrane is also reported and used for
comparison sake. The results confirm the absence of residual solvent and
humidity in all samples, as no relevant peaks can be observed in the
range between 4000 and 3000 cm'. Despite the aforementioned
changes in My, the solvent casting procedure does not modify the PHBV
chemical structure, as the spectrum of PHBV membranes does not
change when different solvents are used. Some minor differences can be
observed in the spectra of PHBV and PHB (Fig. 3b), essentially associ-
ated to the higher crystallinity observed in PHB (value of 62%) with
respect to the one observed in the PHBV samples (about 40%). In
particular, the peak at 2881 ¢cm ™, visible in Fig. 3¢ and corresponding to
the stretching of the C-H bond, is observed in both PHB and PHBV
samples as it is not affected by the crystallinity degree. In the same
Figure, the shoulder at 3009 cm ™, corresponding to the stretching of the
same bond when involved in the C-H.--O=C interactions [39,40], is
associated to the extent of crystallinity, and indeed it is present in the
PHB sample while it tends to decrease or disappear in PHBV ones.
Finally, we also analysed the peaks at 1721 and the shoulder at 1738
em™}, in Fig. 3d. In a fully amorphous structure, such peak, located at
1738 cm ! [39,40], is commonly attributed to the vibration of the C=0
band present in both the chemical structures of PHB and PHBV. When
the crystallinity of the polymer increases, the peak shifts to lower
wavenumbers, due to the presence of C-H---O—C interactions that

el
1\\

Fig. 2. Photographs of (a) PHB film obtained from CHCl; and PHBV-based membranes prepared by different solvents: (b) CHCl3, (¢) DMC, (d) DMF, (e) HCOOH, and

(f) CH;COOH.
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Fig. 3. (a) Molecular weight (M, light green), numeral average molecular
weight (M,,, dark green) and polydispersity index (PDI, orange line) of purified
PHBV and PHBV-based membranes prepared in different solvents. (b) FT-IR
spectra of the analysed prepared membranes. (c) Signals associated to C-H
bond stretching in PHB- and PHBV-based membranes. (d) Signals correspon-
dent to C=O band vibration in PHB- and PHBV-based membranes. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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stabilize the typical PHB a-form unit cell in the crystalline phase [40,
41]. Therefore, in the semicrystalline PHB and PHBV samples we
observed both these two features, as reasonable. However, when
calculating the ratio of the absorbance of the crystalline phase (peak at
1721 em™') to the sum of that of the two phases (crystalline and
amorphous), we get different values: 0.72 for PHB-CHCl3 membrane and
0.67 value for PHBV-CHCl; membrane, highlighting the lower crystal-
linity of this latter sample that was also measured via other tests.

The cross-section morphology of the prepared membranes was ana-
lysed by SEM. Fig. S2 presents the cross-section of PHBV membranes
prepared with CHCl; and DMC, as representative. Both membranes are
fully dense and homogeneous without any voids/porosity that could
affect the gas transport properties.

The thermal properties and crystallinity degree of the prepared
membranes were evaluated through DSC measurements. One example of
DSC scan was reported in Fig. S3 in the Supplementary Information for
the PHB-CHCI3 sample. We have estimated the crystallinity values to be
affected by a 2% error based on the calculation procedure which re-
quires drawing a baseline to estimate the peak area as reported in
Fig. S3. All the specimens were tested one and three months after cast-
ing, to evaluate the influence of the casting protocol on the secondary
crystallization, which typically takes place in PHAs even at room tem-
peratures [12,42]. The PHBV-CHCl3 and PHBV-DMC crystallinities were
also measured after eight months, as these membranes showed the most
stable behaviour. The results are summarized in Table 2. In particular,
membranes prepared from DMF, formic and acetic acid show higher
crystallinity with respect to chloroform and DMC-based membranes.
Interestingly, the PHBV-DMF membrane exhibits the highest crystal-
linity degree, 0.47, thanks to a significant increase over time (+37% as
crystalline variation) after three months from membrane formation.
Furthermore, the T, increases accordingly with the elapsed time for all
samples. Such effect is likely associated to an increase of the size of the
rigid crystalline domains, which constrain the chain mobility of the
amorphous portion of the polymer.

Considering the GPC results, the crystallinity degree variation on
different samples can be attributed to their chains mobility, which leads
to a quicker crystallization for the polymers with lowest M,, after the
interaction with the solvent. The relationship between the crystallinity
degree and time is reported in Fig. 4a. Interestingly, the experimental
data show a square root time dependence, as follows:

X.= X0 (1 + k_ytyz> C))

where k; is the rate of crystallinity variation, attributed to secondary
crystallization, while X,, ., is the crystallinity of the sample at the end of
the primary crystallization process [43,44]. It can be clearly observed
that membranes prepared with CHCl3 and DMC present the lowest
crystallinity variation with time, while the samples prepared with for-
mic and acetic acid behave similarly, with variation rate intermediate to
those of DMF and DMC/CHCl3-based membranes. An uncertainty of 2%
on the crystallinity degree leads to errors as large as 50% in the deter-
mination of k;, thus the following discussion carries a qualitative char-
acter, useful to understand the general behaviour of the inspected
membranes.

The linear dependency of ks on molecular weight in different samples
is shown in Fig. 4b. As expected, higher molecular weight chains have a
reduced mobility that leads to low crystallization rate, which results in a
higher stability to secondary crystallization. The behaviour of the DMF-
based membrane is significantly far from the best-fit line, presenting
much higher rate of crystallinity variation with respect to its molecular
weight. A similar behaviour was observed on syndiotactic poly(styrene),
showing that the crystallinity rate can increase when the PDI decreases
due to higher mobility of the macromolecular chains [45].

The analysis of polymer crystallinity, its behaviour over time and its
correlation with polymer structural features allows to tailor the mem-
brane properties based on the desired outcome. In particular, since the
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Table 2
Glass transition temperature (Tg), crystallinity degree (X.) and crystallinity variation (AX.) of the analysed membranes at different times.
PHBV- CHCl3 PHBV- DMC PHBV- DMF PHBV- CH3COOH PHBV- HCOOH
Time [months] 1 3 8 1 3 1 3 1 3 1 3
T, [°C] —-12 —-4.9 -1.8 - —6.4 -5.0 -5.9 —-4.3 -13 —-4.9 -8.1 -5.3
X 0.39 0.42 0.43 0.38 0.41 0.42 0.35 0.47 0.40 0.45 0.37 0.44
AX, [%] +7.69 +10.3 +7.89 +10.3 +36.6 +11.6 +17.8
@ . (b)
07
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transport properties of the polymers are strongly affected by the crys-
tallinity, the CHCl3 and DMC-based membranes were selected for further
analysis, as they showed the most stable crystalline value.

3.1. Transport properties analysis

The PHBV-based membranes, prepared by solvent casting using
either CHCl3 or DMC, were selected for analysing the transport behav-
iour. The PHB-based samples resulted to be very brittle, and thus the
formation of cracks when the membrane is placed into the permeation
cell prevented any possibility to test such specimens for gas
permeability.

The choice of PHBV-CHCl3 and PHBV-DMC is quite straightforward
considering the results of physical and chemical analyses. In fact, the
selected membranes showed less degradation due to solvent interaction,
good morphological properties and the lowest secondary crystallization
rate, thus the highest structural stability.

3.2. Permeation

Pure gas permeability of He, N3, Oy, CH4, and CO, was measured at
35°C in PHBV membranes. In order to evaluate the effect of the solvent
on the gas transport properties of the PHBV membranes, the tests were
carried out for the permeability of He, N3, and CO, on membranes casted
from both CHCl3 and DMC solutions. Since the gas permeability values
resulted very similar for the two membranes (difference in the order of
less than 30%, except for N5), we concluded that permeability values are
independent on the used solvent. Such result is particularly important
because it implies that chloroform can be replaced by a greener solvent,
according to the safety, health and environmental criteria, namely DMC
[24] without affecting the overall properties, as demonstrated above,
and the permeability.

The values of permeability and diffusivity are obtained directly from
permeation tests, while the solubility coefficients are calculated as the
ratio between the two, relying on the solution-diffusion model [33].
However, gas solubility and diffusivity were also evaluated directly by
sorption tests, analysed in the following section, and the results obtained
for CO4 will be compared with those estimated indirectly by permeation

tests.

The results of gas permeation in PHBV membranes are in Table 3 in
terms of permeability, diffusivity and solubility. The results obtained
will be then be correlated with the properties of pure gaseous pene-
trants, in particular with gas molecule dimension through the kinetic
diameter, and with the gas condensability through critical temperature.
Overall, the values of transport properties are similar in the two mem-
branes, consistently with the similarity in their physical and chemical
properties and crystalline degree. The only gas for which the two sam-
ples seem to show a different permeability is No: such gas however is
characterized by a very low permeability close to the resolution of our
instrument, estimated to be £0.006 Barrer, and a higher scattering of
the data is to be expected.

The permeability values are comparable with other polymers of
similar nature and structure, such as other PHAs or PLA [16,17,46]. For
the CO3/No, CO2/CH4 and CO2/O4 cases the ideal separation perfor-
mance is solubility-driven, because the value of the solubility-selectivity
is significantly higher than that of diffusion-selectivity, in some cases
even unfavourable to CO3. As a result, the polymer shows promising
values of the CO2/N3 and CO2/CHj4 ideal selectivity: 23 + 46 and 26,
respectively.

The membrane shows a size-selective behaviour, where permeability
decreases with the gas kinetic diameter. On the permeability vs. kinetic
diameter plot (Fig. 5a), the CO permeability stands well above the
correlating line, thanks to the prevailing favourable contribution of
solubility, yielding promising values for the CO2/Ny and COy/CH4
selectivity.

It is possible to analyse separately the diffusion and sorption con-
tributions to permeation. The diffusivity follows the following order:
De > o, > Iny ® Zco, > Pcn,» in which the gas size has the
predominating effect, and the diffusion coefficient can be correlated to
the gas kinetic diameter di through an exponential correlation:

I =A-exp(B-d) ()

However, there is the exception of CO,, that has a diffusion coeffi-
cient smaller than the one that could be predicted based on its size, as
shown in Fig. 5b. Such behaviour was also observed in the case of
another biodegradable polyester, PLA, as it will be shown in what
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Table 3
Permeability (P), Diffusivity (D), Solubility (S), and Selectivity values of PHBV-based membranes.
PHBV-CHCl3 PHBV-DMC
P [Barrer] D x 10% [em®s™ 1] S [em3(STP)/(cm® bar)] P [Barrer] D x 108 [em®s™ 1] S [em3(STP)/(cm® bar)]
He 1.5+0.4 87 +17 0.013 + 0.003 2.0+ 0.4 110 + 20 0.014 + 0.004
CO, 0.7 £ 0.1 0.36 + 0.07 1.5+ 0.4 0.5+ 0.1 0.32 + 0.06 1.25 £ 0.31
(o2 0.11 + 0.04 20+0.4 0.04 £ 0.01 - - -
Ny 0.03 £ 0.01 0.45 + 0.09 0.04 £ 0.01 0.01 + 0.006 0.24 + 0.05 0.04 £ 0.01
CHy4 - - - 0.02 £+ 0.01 0.17 + 0.03 0.09 £+ 0.02
ap = Pi/P} ap = Dy/D; as = Si/S; ap = Pi/P} ap = Dy/Dy as = Si/S;
He/CO, 22+0.1 240 + 20 0.009 + 0.001 4.0+0.3 340 + 30 0.011 + 0.002
He/Ny 51 +11 193 £ 16 0.33 £ 0.04 185 + 65 450 + 45 0.35 £+ 0.05
CO2/Ny 23+4 0.80 + 0.07 38+5 46 + 17 1.3+0.1 31+ 4
CO5/02 6.3 +1.3 0.18 + 0.02 36.1 +£ 4.6 - - -
CO4,/CHy4 - - - 26 +£ 12 1.9+0.1 139+ 1.5

follows [46]. Therefore, the correlation coefficient obtainable when
considering CO5 in Equation (6) is lower than the one calculated when
CO4, diffusivity is not included, the latter reported in Table 4.

The solubility coefficient, estimated as the ratio between perme-
ability and diffusivity, decreases in the following order: Sco, > Scu, >
So, = Sn, > Sue, which is opposite to the diffusivity one. Indeed, as far
as solubility is concerned, the condensability of the gas is the most
important parameter, which can be expressed by its critical temperature
and is generally an increasing function of the gas size. According to this
approach, one can draw an exponential correlation between the solu-
bility coefficient and the critical temperature T, just as it was done for
diffusivity. However most often such a relationship is rather expressed
as follows:

Ln(S)=CT, +E (6)

It can be noticed in Fig. 5c that the solubility of CO3 is higher than
what would be predicted based on its condensability only, due to strong
energetic interactions between such penetrant and the polymer matrix
with respect to the other gases.

The values of parameters A, B, C, and E, as well as correlation co-
efficients, are reported in Table 4.

3.3. Sorption

To further investigate the interactions of CO, with the polymer
matrix evidenced by the permeability analysis, we measured the sorp-
tion isotherm of COy in PHBV-CHCl3 membrane at 35°C up to 30 bar:
two subsequent runs were performed and the results are shown in
Fig. 6a. In Fig. 6a, we also reported previously published data on a PHBV
(24 mol% of 3-HV units) membrane casted from CHCl3 solution [22], for
which the sorption isotherm lies slightly below the ones measured in this
work. The CO; solubility value calculated from permeability and diffu-
sivity data is also reported, and its value lies close to the measured one,
with a positive deviation of 43%. The data were compared to the pre-
diction of the Flory-Huggins (FH) model, which relates the penetrant (1)
activity to its concentration in the amorphous polymer (2), expressed in
terms of volume fraction @, [47-49] by the following equation:

ina) =1 =)+ (1= 1) 4 200 @)

In the above equation, a; is the gas activity, evaluated as the ratio
between CO» pressure and its vapor pressure at the experimental tem-
perature. In this work we are slightly above the critical temperature of
COo, and the vapor pressure has been replaced by the critical pressure,
due to the fact that the temperature inspected (35°C) is very close to the
critical temperature of CO5 (31°C). In the model, r is the ratio between
the molar volume of the polymer and that of the gas, which is infinite in
our case. y;, is the Flory-Huggins energetic binary parameter, that is
usually adjusted on experimental data. The solubility calculated with
Eq. 8 is relative to the amorphous phase only, and was thus reported in

terms of total mass of semicrystalline polymer, to be compared with the
experimental solubility data, by assuming that the crystalline phase does
not contribute to sorption. As it can be seen from Fig. 6a, the FH model
with a value of y,, = 0 allows to represent with satisfactory accuracy the
sorption behaviour in the entire pressure range inspected. According to
the regular solutions theory of Hildebrand and Scatchard, its value
should be close to zero when the solubility parameters of the two sub-
stances are similar, i.e. their intermolecular interactions in the pure
component state are alike. Thus, based on what observed in the previous
section, we can conclude that CO, shows good chemical affinity and
compatibility with this polyester, leading to a promising sorption-
enhanced separation behaviour.

The solubility-driven separations are less prone to performance
changes induced by morphological variations of the membrane by the
penetrants or by physical ageing, being based mostly on the chemical
affinity between the gases and the polymer molecules. The solubility-
selectivity indeed would not be damaged by a reduction in crystal-
linity of the sample, as the interactions between gases and polymer
would remain the same, and the solubility of all gases will be varied by
an equal amount. Therefore, it is possible to think that a modification of
the sample that allows to reduce its crystallinity would cause an
enhancement of CO; permeability without damaging the CO,/CH4 and
CO9/Ny selectivity, as it would happen in the case of a merely
diffusivity-driven separation. Such result motivates to continue studying
such materials for gas separations, especially for the CO,-related ones, as
their performance could be improved if approaches as blending or Mixed
Matrix Membranes are considered in the future.

It is worth noticing that the sorption isotherm is slightly concave,
indicating a moderate swelling induced by CO, on the amorphous phase
of the polymer. Indeed, it is known that at higher pressures the CO5 can
increase chain mobility in rubbery polymers, leading to such an effect.

Such behaviour is also revealed by the behaviour of the diffusion
coefficient estimated from the analysis of the sorption transient as a
function of the concentration, as reported in Fig. 6b. The diffusivity
exhibits an exponential dependence on concentration, which is consis-
tent with swelling induced by the gas in the amorphous part of the
polymer. The values obtained in the second test are slightly higher than
those obtained in the first test, but still within the experimental
uncertainty.

Fig. 6b allows also to directly compare the diffusivity values obtained
through sorption and permeation tests. The values obtained from the
two types of experiments are very similar, and the deviations are within
the experimental error, indicating a good consistency and reproduc-
ibility of the reported data.

3.3.1. Comparison with other biopolymers

The gas sorption and transport properties obtained in this work can
be compared to the properties of other biodegradable polyesters, such as
poly(lactic acid) [46]. Table S1 reports experimental data from perme-
ation tests at 35°C for PHBV and at 30°C for PLA (L:D = 98.7:1.3), and
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Table 4
Correlation parameters and coefficients for transport properties in PHBV
membrane, according to Egs. (5) and (6).

Property Correlation parameters Without CO, R?

D A [em?s7!] 1.03E+00 0.984
B [pm~!] —5.31E-02

S C [em3(STP)/(cm® bar)] 9.13E-03 0.953
E [ecm®(STP)/(cm® bar K)] —4.39E+00

summarises such a comparison. Overall, PHBV presents lower perme-
ability and diffusivity values for CO2, N3, and O3, compared to PLA, but
higher selectivity. In particular it can be noticed that the permeability of
PHBV is about half the value measured in the PLA used as reference,
consistently with the fact that such material was practically amorphous
(crystallinity lower than 4%), while PHBV has a crystallinity of ~40%.

Thanks to their good energetic interactions with COg, both PLA and
PHBV show a pronounced solubility-selectivity for CO2/Ny and COy/
CH4 with a poor diffusivity-selectivity for the same couples. Indeed, the
CO,, diffusivity seems to be particularly low in both polymers, especially
considering its rather small size: in both cases such aspect can be due to
the strong interactions between the gas and the matrix. However, thanks
to the high solubility-selectivity for CO2, both membranes have a perm-
selectivity favourable to such gas.

Generally speaking, selectivities of PHBV-based membranes result to
be in line with those reported for materials already used for CO; sepa-
ration, such as cellulose acetate (CA) [50] or Matrimid® [51], while the
permeabilities are one order of magnitude lower. Thus, approaches as
Mixed Matrix Membranes, where the inclusion of a highly permeable
Metal Organic Framework was reported to increase the permeability of
pristine matrix by factors as high as 8 [31], can be used in the future to
make these polymers competitive for gas separation. Interestingly, this is
the first time, to the authors’ knowledge, that the permeability of both
CO, and CHy is reported for a polymer of PHAs family.

4. Conclusions

In this work, we studied new green alternatives for membrane sep-
aration technology, by evaluating the applicability of a bio-based
polymer in typical gas separations, as well as the suitability of green
solvents for the membrane fabrication.

The selected co-polyester, PHBV, is a bio-based and biodegradable
polymer obtained by bacterial fermentation. Five different solvents,
namely CHCl3, DMC, DMF, HCOOH, and CH3COOH, were used in order
to produce dense membranes. The solvent nature and evaporation
temperature strongly affected the properties of the membranes, specif-
ically their molecular weight and secondary crystallization rate. DMC
and CHCI;3 are the solvents that allow to obtain the best membrane
characterized by the lowest decrease of the M, due to the procedure and
with the lowest second crystallization rate. Samples cast from these
solvents were thus characterized in terms of transport properties. It was
found that films produced with DMC have transport properties compa-
rable to those obtained with the more toxic CHCl3, which allows to use
DMC as a green alternative without compromising the separation per-
formance. The PHBV permeability decreases with the gas kinetic
diameter following the order Py, > Pco, > Po, > Pn, > Pcu,. The
permeability of CO, is higher than what would be predicted based on its
size, thanks to its high solubility in the polymer, making the PHBV
selectivity encouraging for the COy/Ny and COy/CHy4 couples, lying
between 26 and 46. The good affinity of COy with the polymer was
further demonstrated by dedicated sorption tests carried out on this gas,
which follows closely the behaviour of regular solutions with a value of
the Flory-Huggins parameter equal to zero. Diffusion increases with
concentration according to a typical exponential law, due to the swelling
experienced by the amorphous portion of the material. The solubility-
based separation is particularly promising because it is founded on
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energetic interactions rather than on the polymer morphology, in
particular its crystallinity. Therefore, a modification that would allow to
lower the polymer crystallinity would also enhance the permeability
without negatively affecting the selectivity, as it happens with a size-
selective material where a free volume enhancement brings an in-
crease of permeability with a simultaneous decrease of selectivity.

In conclusion, the obtained results motivate further explorations into
the gas separation abilities of poly (hydroxyalkanoate)s, especially in
applications related to CO, capture.
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