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A B S T R A C T

Green solvent alternatives for the multiblock copolymer PolyActive™ were selected to test their effectiveness in 
membrane fabrication for gas separation. Solubility tests were conducted to assess the solvent-polymer 
compatibility, followed by membrane fabrication using a drop casting-solution method. Ethyl lactate was 
identified as a potential greener solvent, compared to more commonly used solvents like chloroform and 
tetrahydrofuran, as it maintained the membrane conformation, thermal and chemical stability, and thermal 
degradation characteristics as demonstrated by membrane characterization using SEM, FTIR, TGA and DSC. 
Single gas transport parameters (permeability, diffusivity and solubility) for N2, H2, CH4, He and CO2 were 
obtained via the time-lag method for the prepared membranes. A temperature dependence study was conducted 
in the 25–70 ◦C range, calculating activation energies for gas transport properties and ideal selectivities. Mixed 
gas measurements were also performed, comparing separation selectivities to those (ideal selectivities) obtained 
in single gas, indicating a potential competitive adsorption effect between less permeable species, leading to 
more selective separation in gas mixture. Membranes prepared with different polymer concentrations (1, 2 and 
5 wt%) in ethyl lactate achieve a CO2/N2 ideal selectivity of up to 50.4 at a CO2 permeability of 179 Barrer. This 
enhanced performance was attributed to ethyl lactate higher boiling point, resulting in a more densely packed 
polymer structure as reflected by the higher crystallinity and lower fractional free volume measured through 
XRD, DSC and pycnometry analyses.

1. Introduction

Emission of greenhouse gases, mainly from fossil fuel-based energy 
production processes, has become the leading cause for global warming, 
significantly impacting climate change through their accumulation in 
the atmosphere [1]. Carbon dioxide (CO2), the most prevalent green
house gas and the primary contributor to global warming, has steadily 
increased its concentration in the atmosphere over the last decades, 
from 340 to 423 ppm. It is projected to rise and stabilize to at least the 
450 ppm level in the next 30 years, under the most optimistic scenarios 
[2]. Carbon capture, utilization and storage (CCUS) technologies are 
used to prevent CO2 emissions from their source, such as in exhaust 
gases from post-combustion processes, combustible gas streams in 
pre-combustion or oxy fuel-combustion. These technologies involve 
multiple steps, like subsequent purification, transportation and either 

utilization (e.g., as a reactant for chemical or fuel production) or stor
age/sequestration [3]. Common CO2 capture methods from flue gas 
include adsorption, absorption and cryogenic distillation. However, 
these approaches have drawbacks: regeneration of sorbents/solvents, 
potential toxicity or intensive energy consumption [4].

Membrane separation has emerged as an attractive alternative 
method in the recent years, receiving significant attention and invest
ment due to its economic viability, scalability, environmental friendli
ness, and lower energy requirements [5,6]. Research on membrane 
technologies for CCUS focuses on the developing of highly selective 
materials to CO2 that possess good mechanical and chemical stability, as 
well as an easy processability into membrane conformation [7]. 
Multi-block copolymer membranes offer desirable properties by 
combining two alternating polymer segments: flexible (soft) highly 
gas-permeable segments, such as such us polyethylene oxide (PEO), 

* Corresponding author at: Instituto de Nanociencia y Materiales de Aragón (INMA), CSIC-Universidad de Zaragoza, Zaragoza 50018, Spain.
E-mail address: ctellez@unizar.es (C. Téllez). 

Contents lists available at ScienceDirect

Journal of Environmental Chemical Engineering

journal homepage: www.elsevier.com/locate/jece

https://doi.org/10.1016/j.jece.2025.116893
Received 16 December 2024; Received in revised form 21 April 2025; Accepted 30 April 2025  

Journal of Environmental Chemical Engineering 13 (2025) 116893 

Available online 4 May 2025 
2213-3437/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 

https://orcid.org/0000-0003-1512-4500
https://orcid.org/0000-0003-1512-4500
mailto:ctellez@unizar.es
www.sciencedirect.com/science/journal/22133437
https://www.elsevier.com/locate/jece
https://doi.org/10.1016/j.jece.2025.116893
https://doi.org/10.1016/j.jece.2025.116893
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


which also have a high CO2 affinity, with rigid (hard) segments that 
provide mechanical and thermal stability [8]. Among these materials, 
poly(ethylene oxide terephthalate)-poly(butylene terephthalate) 
(PEOT-PBT) block copolymers, marketed as PolyActive™, have shown 
promising in CO2/N2 separation. By tailoring the molecular weight of 
PEO (1500 Da) and the soft/hard block ratio (77/23), referred here as 
PolyActive™ 1500, high separation selectivity — reaching up to 50 — 
and significant permeability have been achieved, outperforming other 
well-known poly(ether-amides) like Pebax® [9,10]. PolyActive™ 1500 
has also demonstrated its applicability in pilot plant for flue gas and 
biogas separation [11]. In recent years, it has gained greater attention as 
more advanced and extensive research focuses on its potential for in
dustrial applications. Numerical and experimental studies on the 
roll-to-roll coating process for thin-film composite (TFC) PolyActive™ 
membranes have also emerged. This method, which is well-established, 
supports scalability and enhances the commercial feasibility of Poly
Active™ membranes [12]. Moreover, more comprehensive energy cost 
studies involving real flue gas streams, including impurities such as SO2, 
NOX, particulates, H2S and the effects of humidity on separation per
formance, are being conducted using PolyActive™ as the membrane 
material [13,14]. Since it was introduced more than a hundred years ago 
[15], the time-lag method has been widely used to characterize the gas 
separation properties of different polymeric membranes [16–19]. Most 
polymers have been studied in depth using this methodology, although 
it has certain limitations since individual gases are measured, which 
may be different when gas mixtures are involved [20]. In this sense, for 
PolyActive™ 1500, an in-depth time-lag study and comparison with 
binary mixtures is still needed.

One of the main concerns for industrial application is the sustain
ability and environmental impact in new processes, particularly in terms 
of energy and economic savings due to waste treatment and pollutant 
reduction. Membrane fabrication often involves the use of large amounts 
of non-degradable, flammable, highly-volatile, toxic and non-renewable 
solvents [21]. In case of PolyActive™, although different formulations 
can be used, the solvents reported in the literature are predominantly 
limited to chloroform (CHCl3) [9,22,23], tetrahydrofuran (THF) 
[24–27] and occasional mixtures with CHCl3-dioxane [28], all of which 
are hazardous with significant safety, health and environmental risks. 
There is a strong interest in identifying green solvents compatible with 
PolyActive™ that could serve as alternatives to these traditional sol
vents. Ideally, these solvents not only should make the membrane 
preparation process greener but also align with the “Twelve Principles of 
Green Chemistry”, minimizing waste, using renewable and sustainable 
sources, maximizing material efficiency, reducing energy consumption 
and toxicity and incorporating catalytic reagents, among others [29]. To 
this end, a range of greener solvents (acetone, ethyl acetate, 1-propanol, 
1-butanol, ethyl lactate and 1-octanol) were selected, along with con
ventional solvents (CHCl3 and THF), for solubility tests to identify po
tential alternatives for fabricating PolyActive™ 1500 membranes.

Moreover, hollow fiber (HF) membranes remain particularly 
attractive for industrial applications due to their high surface area-to- 
volume ratio, enabling compact, efficient separation modules. Howev
er, transitioning toward greener manufacturing methods introduces 
notable challenges [30]. One key issue lies in identifying sustainable 
solvents that can facilitate the fabrication of HF without compromising 
the membrane performance or scalability. Many green solvents exhibit 
high viscosities and boiling points, which, while advantageous for safety 
and environmental reasons, complicate the spinning and coating pro
cesses. These properties can lead to irregular fiber formation, 
non-uniform coating layers and slower phase inversion kinetics, 
demanding careful tuning of fabrication parameters. Recent advances in 
green solvents, such as thymol [31], ethyl lactate [32], and plant-based 
p-cymene [33], have shown promise in the fabrication of thin-film 
composite (TFC) membranes, enabling stable dope solutions, contin
uous hollow fiber spinning and improved membrane performance, 
including hydrophilicity, antifouling and superhydrophobicity for 

efficient separations. These innovations highlight the growing potential 
of green solvents to enable sustainable, high-performance HF and TFC 
membranes without relying on traditional toxic solvents.

In this study, PolyActive™ 1500 was dissolved in selected greener 
solvents, and their compatibility with the membrane fabrication process 
using the casting-solution method was investigated. Ethyl lactate was 
identified as a promising alternative green solvent, and the effect of 
polymer concentration in the casting solution on membrane perfor
mance was evaluated. The resulting membranes were physicochemi
cally characterized. Gas permeation tests were conducted to determine 
key gas separation parameters, including permeability, ideal selectivity, 
diffusion and solubility for various gases (N2, H2, CH4, He and CO2), 
using single gas measurements via the time-lag technique. These results 
were compared to those achieved with membranes prepared with 
traditional solvents to assess the potential of this proposed green solvent. 
Additionally, to further explore the separation performance, CO2/N2 
and CO2/CH4 gas mixtures were tested, simulating CO2 capture in post- 
combustion and methane upgrading processes, respectively. Both single- 
gas and mixed-gas separation performances were analyzed and 
compared. To our knowledge, although ethyl lactate has been studied 
for membrane fabrication with other polymers, such as PLA [34,35], this 
is the first study where it has been successfully used for gas separation 
membrane fabrication with a multiblock copolymer like PolyActive™ 
1500.

2. Materials and methods

2.1. Materials

PEOT-PBT multi-block copolymer, commercially known as Poly
Active™, was purchased in the form of pellets from PolyVation, 
Netherlands. The designated composition of the copolymer had a rela
tive weight percentage of soft (PEOT) to hard segment (PBT) of 77:23, 
and a molecular weight for the polyethylene oxide chain (PEO) in the 
soft segment of 1500 g⋅mol− 1 (from now on referred as PolyActive™ 
1500).

Solvents, chloroform (CHCl3, >99 %) tetrahydrofuran (THF, 
>99.95 %), ethyl lactate (98 %), 1-propanol (99.5 %) were purchased 
from Sigma Aldrich, Germany, 1-octanol (99 %), 1-butanol (99.8 %) 
were purchased from Scharlab S.L., Spain, acetone (99 %) was provided 
by Productos Gilca SC., Spain, and Ethyl Acetate were purchased from 
Thermo Fisher, Spain.

Gases used for permeation tests were research-grade: hydrogen, he
lium, nitrogen, argon (each >99.999 % pure), carbon dioxide 
(>99.995 %) and methane (>99.95 %) and supplied by Linde Gas 
España S.A.U., Spain.

2.2. Membrane preparation

PolyActive™ 1500 membranes were prepared following the casting- 
solution method with different solvents (Table 1). The selection of these 
solvents aimed to identify greener alternatives to the commonly used 
PEOT-PBT solvents, chloroform and tetrahydrofuran [25,28,36,37]. In 
general, polymer pellets (0.35 g) were firstly dried in an oven at 100 ◦C 
for 1 h and cooled down before introducing them in a round bottom flask 
with the desired solvent (2 wt%). Solutions were put under reflux at a 
certain temperature and time until pellets were completely dissolved or 
for a maximum of 8 h (Table 2). The casting solutions were cooled down 
to room temperature, and if no reprecipitation of the polymer occurred 
they were poured onto Petri dishes covered with perforated aluminum 
foil and left evaporate for at least 3 days. Finally, obtained membranes 
with a thickness of 70–90 μm were heated at 80 ◦C under vacuum for at 
least 6 h to remove remains of solvent and peeled off from the Petri dish 
storing them for later gas permeation tests.
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2.3. Membrane characterization

2.3.1. Membrane characterization
Scanning electron microscopy (SEM) images of the cross-section of 

the membranes were obtained with an Inspect F50 model scanning 
electron microscope (FEI, operated at 10 kV). Samples were prepared by 
fracturing the membranes under liquid N2, fixed in a sample holder with 
conductive carbon tape and coated with palladium. Thermogravimetry 
analysis (TGA) for thermal stability determination was performed with a 
Mettler Toledo TGA/STDA 851e where small pieces of membrane or 
pellet (2–4 mg) were placed in 70 mL alumina pans and heated under 
nitrogen air flow (50 cm3(STP)⋅min− 1) from 35 to 700 ◦C at a heating 
rate of 10 ◦C⋅min− 1. Differential scanning calorimetry (DSC) analyses 
were performed using a DSC Q20 with a refrigerated cooling system 
(RCS90). Samples (3–5 mg) were placed in a hermetic aluminum pan 
and firstly heated to 100 ◦C and cooled down to − 50 ◦C (10 ◦C⋅min− 1), 
afterwards the samples were put under two heating-cooling cycles from 
− 50–200 ◦C with a heating ramp of 10 and 20 ◦C⋅min− 1, respectively. X- 
ray diffraction (XRD) measurements of the prepared membranes were 
performed using a reflection-transmission spinner stage with a zero- 
background sample holder on a PANalytical Empyrean-Multipurpose 
(Cu Kα). Fourier transform infrared spectroscopy (FTIR) was conduct
ed with a Bruker Vertex 70 FT-IR provisioned with a DTGS detector and 
a Golden Gate diamond attenuated total reflectance (ATR) accessory. 
The spectra were recorded by averaging 40 scans in the 4000–600 cm− 1 

wavenumber range at a resolution of 4 cm− 1. Viscosity tests were con
ducted with a SMART L Fungilab Rotational viscometer, where polymer 
casting solutions were poured in a APM/B adapter (6.7 mL) and a TL5 
spindle was used for to subject the samples to different rotational speeds 

(from 20 to 200 rpm) at 20 ◦C. Dynamic light scattering (DLS) spec
troscopy was conducted on a Brookhaven 90 Plus instrument to measure 
the hydrodynamic size of the dissolved polymer in the different solvents 
applied. For valid measurements, the sample count rate exceeded 50 
kcps. Glass vials were filled with casting solutions containing 4 wt% 
PolyActive™ 1500, whose solvent was filtered through a 0.22 micron 
PTFE filter before use. Also, the viscosity values obtained in rotational 
viscometer measurements were used for size distribution calculation 
from DLS correlation curves. Membrane surface roughness was analyzed 
using atomic force microscopy (AFM) using a Bruker Multimode 5 AFM 
System equipped with a J-type scanner (200 μm(X) x 200 μm(Y) x 5 μm 
(Z), RTESPA-150, 5 N⋅m− 1 symmetric tip, aluminum reflex coating). 
Measurements were performed on three different areas of each mem
brane, with an image size of 5 × 5 μm2. Static water contact angle 
(WCA) measurements of the membranes were performed at room tem
perature using a Krüss Drop Shade Analyzer 10 MK2. Measurements 
were taken at a minimum of four different areas on each membrane, 
using a droplet volume of 4 μL. Also, intrinsic WCA was estimated 
following Wenzel equation and roughness from AFM measurements. The 
fractional free volume (FFV) of the prepared membranes was estimated 
from the specific skeletal volume (V0) obtained via helium pycnometry 
(Micromeritics AccuPyc 1330) [38], and the specific apparent volume 
(V) was determined using a 25 mL pycnometer for solids with water as 
the auxiliary liquid [39]. Before measurements, the membranes were 
dried in a vacuum oven at 70 ◦C for 4 h and then temperature-stabilized 
at room temperature. The equation used for the FFV calculations is: 

FFV(%) =
V − V0

V
⋅100 (1) 

2.3.2. Gas transport properties
The gas transport properties (permeability, apparent diffusivity and 

solubility) of pure nitrogen, hydrogen, methane, helium and carbon 
dioxide were measured by the constant volume/pressure increase time- 
lag method [40]. Pressure in the permeate side of the membrane in
creases gradually until reaching a steady state, where the slope becomes 
constant. The permeability coefficient P (Barrer, 10− 10 cm3(STP)⋅ 
cm⋅cm− 2⋅s− 1⋅cmHg− 1) of a pure gas (i) was calculated as: 

Pi =
Vd⋅l⋅T0

A⋅T⋅pu,0⋅p0
⋅
dpd

dt
(2) 

where Vd is the constant permeate volume in cm3 (STP), l is the mem
brane thickness in cm, T0 is 273.15 K, A is the effective membrane area 
in cm2, T is the experiment temperature in K, pu,0 is the feed pressure in 
cmHg, p0 is 76 cmHg and dpd/dt is the slope of the permeate pressure 
curve in the steady state region in cmHg⋅s− 1.

The apparent diffusion coefficient Di (cm2⋅s− 1) was calculated from 
the membrane thickness (l in cm) and time-lag (θi in s), estimated 
graphically as intersection of the tangent of the steady state pressure 

Table 1 
Solvents selected for solubility study. Structural formula, boiling point (TB) and molar volume of the solvents used in solubility tests for PolyActive™ 1500.

Table 2 
Reflux conditions used for dissolution of PolyActive™ 1500 pellets. Tem
perature and time required for the solvents tested, observed solubility of the 
polymer and calculated distance in Hansen space (Ra).

Polymer 
Conc.

Reflux 
Conditions

Solvent T Time Solubility (Ra)

(wt%) (◦C) (h) (MPa0.5)

Acetone 2 60 8 Insoluble 6.2
Chloroform 2 RT 2 Soluble 3.5
Tetrahydrofuran 2 70 4 Soluble 2.3
Ethyl acetate 2 80 8 Partially 

soluble
4.1

1-Propanol:1-butanol 
(3:1)

2 110 8 Partially 
solublea

10.6

Ethyl lactate 1, 2, 5 80 4 Soluble 6.7
1-Octanol 2 120 8 Partially 

solublea
6.0

a Precipitation of polymer (clouded solution) occurred during cooling.
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curve with the horizontal time axis: 

Di =
l2

6⋅θi
(3) 

For dense membranes, where typically transport of the species fol
lows the solution-diffusion mechanism, the apparent solubility coeffi
cient (cm3(STP)⋅cm− 3⋅cmHg− 1) was calculated as the ratio between 
permeability and diffusivity as follows: 

Si =
Pi

Di
(4) 

Gas transport parameters in polymers, such as permeability and 
diffusion, are highly temperature-dependent, as they are activated 
processes that follow an Arrhenius exponential law. Consequently, the 
activation energies for permeability (EP) and diffusion (ED) can be 
estimated using Eqs. 5 and 6 [41]. Since solubility can be derived from 
gas transport parameters according to Eq. 4, the apparent heat of 
adsorption (ΔHS) can also be estimated [42]: 

Pi = P0,i⋅e−
EP,i
RT (5) 

Di = D0,i⋅e−
ED,i
RT (6) 

Si = S0,i⋅e−
ΔHS,i
RT (7) 

where P0, D0 and S0 are the pre-exponential factors (Barrer, cm2⋅s− 1 and 
cm3(STP)⋅cm− 3⋅cmHg− 1 respectively), R is the ideal gas constant 
(8.314 J⋅mol− 1⋅K− 1) and T is the temperature in K.

Ideal selectivity is calculated as the ratio of individual permeabilities 
of the two species: 

αi/j =
Pi

Pj
(8) 

For binary gases, permeability of each of the species (Pi in Barrer) 
was also calculated in mixed gas separation tests using the following 
equation: 

Pi =
Qi⋅l

Δpi⋅A
(9) 

where Q is the permeate flow through the membrane in cm3(STP)⋅s− 1 

and Δpi denotes the partial pressure difference of gas i between the feed 
and permeate sides in cmHg. Using pressures instead of fugacities was 
justified since the absolute pressures in the measuring system were 
sufficiently low [10].

The efficiency of separating mixed gases in a binary mixture can be 
reflected with the separation selectivity using the Eq. 8 calculated with 
permeabilities in the mixture or with the separation factor (SF), which is 
determined as the ratio of the concentrations of the two components (i 
and j) in feed (x) and permeate side (y) of the membrane module as 
follows: 

SFi/j =
yi

/
yj

xi
/
xj

(10) 

The separation factor is dependent on the separation selectivity, the 
pressure ratio between the feed and permeate sides, and the molar 
fraction of the permeable component in the feed. In cases of sufficiently 
high pressure ratios or diluted permeate concentrations, the SF ap
proaches separation selectivity [43].

2.4. Gas permeation

2.4.1. Single gas separation tests
Time-lag experiments were conducted at various temperatures using 

a constant volume/pressure experimental setup (Fig. 1A). In these time- 

lag method dense membranes were cut into circles with an area of 
8.0 cm2 and placed in a stainless steel module, which was then put inside 
of an oven (Memmert UN55) to control the temperature for experiments 
at 25, 35, 50 and 70 ◦C. Before each experiment, the system was evac
uated with a vacuum pump (10− 2 mbar) on both sides to remove any gas 
traces from the membrane and the upstream/downstream volumes. The 
upstream compartment was then filled with pure gas and stabilized at 
3 bar prior to starting the experiment. During the experiment, the 
pressure on the permeate side was recorded with a pressure transducer 
and logged to a computer. To meet the boundary conditions of the time- 
lag method and achieve an effective steady-state of flux, the downstream 
pressure was kept much lower than the upstream pressure, with a 
maximum downstream pressure set at 0.1 % of the upstream pressure 
[42,44]. Subsequently, the single gas permeability for each testing gas 
(Pi) was calculated using the slope of the pressure curve in the 
steady-state region and Eq. 2, while the effective diffusion coefficient 
(Di) was determined using Eq. 3. The effective solubility coefficient (Si) 
was then calculated using Pi and Di with Eq. 4. An order for measuring 
the gases was chosen based on their permeability, starting from the 
highest to the lowest, but always measuring CO2 last. This approach 
minimizes the risk of inducing a plasticization into the membrane and 
affecting the measurements of other gases. Additionally, each gas is 
measured multiple times (usually four) until the gas separation prop
erties, derived from analyzing their time-lag pressure curves, become 
stable.

2.4.2. Mixed gas separation tests
Membranes were cut into circles with an area of 12.6 cm2 and 

secured in a stainless steel module, similar to the single gas measure
ments. To ensure no leakage, the module comprises two pieces which 
grip the membrane between a Viton O-ring and a macro-porous disk 
support (316 L Mott Co.). For gas separation measurements at 35 ◦C, the 
permeation module was placed inside an oven (UNE 200 Memmert). 
Binary gas mixtures were fed through Alicat Scientific mass flow con
trollers (MC-100CCM-D for CO2 and MC-200CCM-D for the remaining 
gases), enabling a precise control of the different concentration ratios, 
with an accuracy of flowrate setpoint of less than ± 0.65 %. The total 
gas flow for mixed gas mixtures was fixed at 100 cm3(STP)⋅min− 1, with 
molar compositions of CO2/N2 (15/85), CO2/CH4 (50/50) and CO2/H2 
(50/50). The feed side pressure was maintained at 3 bar by regulating a 
needle valve at the retentate of the permeation module. The permeate 
side of the membrane was swept with 15 cm3(STP)⋅min− 1 of helium 
(argon in the case of measuring a mixture containing H2) and operated at 
around atmospheric pressure (~ 1.1 bar). Concentrations of species in 
permeate side were analyzed online by an Agilent 990 micro-gas chro
matograph. Measurements for the membranes were performed for at 
least 2 h, until steady-state of the permeate was reached. For all mixed 
gas experiments total stage cut (ratio between permeate and feed flow 
rate) was less than 0.5 %. Permeabilities for the gases fed were calcu
lated in Barrer (Eq. 9), separation factors (SF) were obtained from the 
ratio of concentration in the feed and permeate side (Eq. 10) and sep
aration selectivities were achieved as the ratio of the corresponding 
permeabilities (Eq. 8). A scheme of the mixed gas separation set up is 
shown in Fig. 1B.

3. Results

3.1. Solvent tests

Reflux conditions (temperature and time) in the polymer dissolution 
for the selected solvents are shown in Table 2. Casting solutions of 
chloroform and THF were completely clear without any trace of undis
solved polymer pellets, in accordance with their widely use in literature 
for fabrication of PEOT-PBT membranes [26,45]. Tests with other sol
vents showed different results: solutions based on 1-octanol and prop
anol:butanol became cloudy after letting them cool down to room 
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temperature. Ethyl acetate, despite being under reflux for 8 h, did not 
dissolve all pellets, even though the solution appeared clear. Similarly, 
acetone failed to dissolve the pellets under boiling point conditions after 
8 h under reflux. However, ethyl lactate was found to be effective 
(requiring reflux for at least 4 h), as it dissolved all pellets and the 
casting solution remained clear after cooling to room temperature like 
when THF or chloroform was used as solvent.

Therefore, for this study ethyl lactate was selected as the potential 
new greener solvent due to its advantageous properties. It is derived 
from renewable sources, is biodegradable, non-toxic and easy to purify 
[46]. Casting solutions with varying polymer concentrations (1 and 5 wt 
%) were prepared to examine its impact on physical properties and gas 
separation performance. The 5 wt% solution exhibited an increased 
viscosity at room temperature, complicating the casting process. To 
better control the casting process and facilitate the evaporation rate, 
given that ethyl lactate is a high boiling point solvent (154 ◦C, see 
Table 1), the casting solutions were cooled to 60 ◦C (instead of room 
temperature), and the evaporation process for membrane formation was 
carried out in an oven maintained at 40 ◦C. Additionally, the time 
required for solvent evaporation was longer compared to those needed 
with CHCl3 and THF with boiling points of 61.2 and 66 ◦C, respectively 
(see Table 1). Solutions containing higher polymer concentration (5 wt 
%) and less amount of solvent took 24 h to evaporate, while those with a 
lower polymer concentration (1 wt%) and more solvent required up to 4 
days to completely evaporate.

The Hansen Solubility Parameters (δd, δp and δh) for PolyActive™ 
1500 were estimated using HSPiP software based on the observed 

solubility tests with the selected solvents (typically used in the casting of 
polymeric membranes), yielding values of 17.8, 6.3 and 7.0 in MPa0.5, 
respectively.1 The distance in Hansen space (Ra) was also calculated and 
is presented in Table 2. Smaller (Ra) values indicate stronger interactions 
(i.e. better compatibility) between the polymer and the solvent. 
Furthermore, based on these calculations, other potential solvents for 
PolyActive at room temperature could include cyclohexanone (Ra =

2.8 MPa0.5), 1,3-dioxolane (2.4 MPa0.5) and anisole (2.2 MPa0.5).
However, these solvents were not studied here due to their lower 

greenness compared to ethyl lactate, as indicated by the SHE (Safety, 
Health and Environment) ranking from the American Chemical Soci
ety’s solvent selection tool [47]. Furthermore, this solvent is biobased, 
which enhances its sustainable nature. Finally, the relatively unfavor
able Ra value of ethyl lactate (6.7 MPa0.5 as compared, for instance, to 
2.3 MPa0.5 and 3.5 MPa0.5 of THF and chloroform, respectively) was 
compensated by its greener character and the casting at 60 ◦C. Inter
estingly, the opposite behavior has been reported by Alqaheem et al. 
[48] for a similar solvent, methyl lactate, in the fabrication of a poly
etherimide membrane. HSP predicted a lower Ra but polyetherimide 
was insoluble in a range of temperatures from 60 to 140 ◦C, while sol
vents with higher Ra could dissolve the polymer. This unexpected result 
was attributed to the HSP model not taking polymer morphology and 
solvent molecular size into account.

Solvents exhibiting partial solubility for the polymer could still be 
utilized for membrane fabrication, even if polymer precipitation occurs 
during the cooling of the casting solution. Using lower polymer con
centrations or employing a heated Petri dish (hot-casting) would 

Fig. 1. Gas separation experimental set-ups for measurement of gas transport properties. Schematic diagram of the single gas measurement setup for time-lag method 
(A) and mixed gas separation setup used for membrane measurements (B). The mixed gases were supplied using laminar DP (differential pressure) mass-flow controllers, 
specifically CO2 (Alicat Scientific, MC-100CCM-D) and H2, CH4, N2, He and Ar (Alicat Scientific, MC-200CCM-D).

1 S. Abbott (personal communication, July 15, 2024).

Í. Martínez-Visus et al.                                                                                                                                                                                                                         Journal of Environmental Chemical Engineering 13 (2025) 116893 

5 



facilitate the formation of polymeric membranes.

3.2. Membrane characterization

Dense PolyActive™ 1500 membranes were fabricated using casting- 
solution method with solvents that effectively dissolved the pellets: 
chloroform (2 wt%), tetrahydrofuran (2 wt%) and ethyl lactate (1,2 and 
5 wt%) as detailed in Table 2. As previously mentioned, permeation 
through dense membranes operates via a solution-diffusion mechanism, 
allowing selective separation of gas species based on their differing 
solubility and diffusivity within the polymer matrix [49]. 
Cross-sectional SEM images in Figure S1 confirmed the non-porous na
ture of the prepared membranes. Furthermore, electron imaging 
revealed no significant differences in the conformation and average 
thickness of the membranes.

To assess the potential chemical changes caused by the solvents used 
in the casting process and their impact on the separation performance, 
the membranes were compared with pristine polymer pellets. Thermal 
stability was evaluated with TGA, Differential thermogravimetric anal
ysis (DTG) and DSC analyses, as shown in Figs. S2a, S2b and 2a, 
respectively. TGA and DTG results indicated that both the pristine pel
lets and the prepared membranes behaved almost identical, with a single 
sharp mass loss at ca. 400 ◦C corresponding to polymer degradation, 
suggesting that the thermal degradation of both the soft and hard blocks 
of the polymer were apparently similar [50]. Additionally, all mem
branes showed a minor weight loss of less than 1 wt% up to 200 ◦C, 
likely due to absorbed water or residual solvents in the polymer.

The DSC thermograms (Fig. 2a) for the pristine pellets show two 

melting endotherms. The first strong melting peak occurred around 
room temperature, from an onset temperature of 11.9 ◦C to an endset of 
25.5 ◦C, corresponding to the PEOT soft block. The second melting peak, 
which was barely noticeable and very broad, appears at around 144 ◦C, 
corresponding to the PBT hard block [51]. As reported in literature [52], 
melting peaks for PBT blocks may not be detected if they are present in a 
low weight fraction (around 24 wt%) because sparse and short butylene 
terephthalate units cannot aggregate and crystallize effectively in large 
enough regions. During cooling, both phases showed exothermic crys
tallization peaks at lower temperatures than during heating. The PBT 
peak was at 94.4 ◦C, and the onset temperature for the PEOT crystalli
zation peak was at 5.4 ◦C. Compared to the dense membrane thermo
grams, a slightly shift to higher temperatures for melting or 
crystallization onset, peak and inset temperatures were observed 
(Table S1). Showing a difference in polymeric chains thermal mobility 
after the commercial pellet fabrication versus the polymeric membranes 
by the solution-casting method. It is important to note that the PEOT soft 
blocks, whose main role is their CO2-philicity, would melt at room 
temperature. As reported by Rahman et al. [53], when PolyActive™ 
membranes were tested at a temperature under the melting transition of 
the polyethylene glycol block, a noticeable shift in the gas separation 
performance behavior of the polymer occurred, primarily a drop in 
CO2/N2 selectivity and overall CO2 permeability. For this reason, the 
minimum permeation temperature selected for this study (see below) 
was set at 25 ◦C, as the highest onset temperature measured for the 
crystallization of the soft block was 13.3 ◦C, where the PEOT block is in 
its melted state and the PBT block in a semicrystalline state. Addition
ally, by integrating the PEOT block melting peak an approximated 

Fig. 2. Characterization of the PolyActive™ pellets and dense membranes. Casting membrane solutions prepared at 2 wt% in chloroform (Cl), tetrahydrofuran (THF) 
and ethyl lactate at 1, 2 and 5 wt% (EL1, EL2 and EL5, respectively): DSC thermograms for second heating (a, top) and second cooling (a, bottom), ATR-FTIR spectra 
(b) and XRD patterns with detailed inlay at the ca. 17◦ peak (c). Size distributions obtained by DLS measurements casting solutions where measured at 4 wt% (d).
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degree of crystallinity (χc) can be estimated as follows with Eq. 11 [54]: 

χc =
ΔHm

ΔHc
⋅100 (11) 

where ΔHm (in J⋅g− 1) is the melting enthalpy obtained during the first 
heating of PEOT blocks, while ΔHc refers to the theoretical value for a 
100 % crystalline PEOT. Although a variety of ΔHc values can be found 
in the literature [55,56], the value of 166.4 J⋅g− 1, as recommended by 
Simon and Rutherford [57], is widely accepted for this estimation [58, 
59]. Polymeric chains in a more amorphous state require less energy to 
melt, resulting in lower measured enthalpies of fusion (ΔHm) and, 
consequently, lower crystallinities (χc). As shown in Table S1, chloro
form and ethyl lactate as solvents led to higher crystallinities in Poly
Active™ 1500 membranes (26.4), while the pellet form with THF 
resulted in lower crystallinity (20.9 and 23.1, respectively). Although 
the exact conformation for PolyActive™ 1500 pellets is not known, the 
lower crystallinity is attributed to a faster cooling of the polymer (see 
below the discussion about the viscosity of polymer solutions as a 
function of the different solvent used). This allows us to conclude that 
DSC characterization reveals details, particularly related to 
polymer-solvent interactions, that TGA analysis alone may overlook.

The FTIR-ATR spectra of the PolyActive™ 1500 membranes and 
pellets, as depicted in Fig. 2b, reveal the distinct bands corresponding to 
the PEOT and PBT blocks of the polymer. Due to the similar chemical 
structures of these segments, some overlapping and broadening of peaks 
are observed. The polyethylene oxide chain is identified by the intense 
CH2 stretching at 2872 cm− 1, which also encompasses CH2 group vi
bration of PBT as a shoulder peak at 2949 cm− 1 [60]. Sharp peaks are 
evident at 1716 cm− 1, corresponding to the ester group C––O stretching 
vibration, and at 729 cm− 1 corresponding possibly to the C-H aromatic 
ring bending [61]. Additionally, broad stretching peaks with a 
maximum at 1101 cm− 1 are associated with CO-C ether bond vibrations, 
along with the C-O stretching peak at 1269 cm− 1 [62,63]. The FTIR 
spectra for the different membranes with various selected solvents show 
no significant differences.

In Fig. 2c the XRD patterns of the prepared membranes are pre
sented, which show three distinct broad peaks of PEOT-PBT copolymer 
at 17.3◦, 19.9◦ and 22.3◦ indicating the existence of crystallinity char
acteristics in the polymeric membranes, in accordance with literature 
[26]. When chloroform and THF were used as solvents, they produced 
the first and second lowest intensities of the initial peak, while ethyl 
lactate, at the tested concentrations, resulted in higher peak intensities. 
Notably, the PolyActive™ 1500 membrane at 1 and 2 wt% in ethyl 
lactate exhibited the highest intensity, as indicated by the most promi
nent peak. This higher XRD crystallinity when using ethyl lactate is in 
concordance with the higher DSC crystallinity above mentioned. No 
changes are observed in the polymer reflections, which indicates that 
there are no changes in the spacing between polymer chains. These 
changes in the spacing between polymer chains have been reported 
when fillers are introduced into the polymer [64].

The viscosity flow curves for the ethyl lactate casting solutions 
(Figure S3) exhibit a non-Newtonian shear-thinning behavior, charac
teristic of polymeric solutions. In these curves, the viscosity depends on 
the shear rate, starting from a zero-shear viscosity (η0) and decreasing to 
a plateau at high shear rates (η∞). The measurements carried out were 
maintained within the recommended torque range of the viscometer, i. 
e., between 15 % and 100 %. As a result, the low shear rate region could 
not be reached, and only the η∞ values are presented in Table 3. As 
expected, for all the solvents tested, the casting solutions showed higher 
viscosities with increasing polymer concentration, and interestingly 
ethyl lactate had the highest viscosity of the three solvents (23.7 cp), 
followed by chloroform and THF. A higher viscosity can limit chain 
mobility during membrane formation, potentially resulting in less or
dered crystalline regions within the polymer. However, it also slows 
solvent evaporation [65], extending the evaporation time and allowing 

more time for the polymer chains to self-organize, in line with the DSC 
findings.

The differential size distributions shown in Fig. 2d were obtained 
from DLS measurements for PolyActive™ 1500 casting solutions. In 
sufficiently dilute solutions, linear polymers arrange into isolated coils 
affected by its solvent compatibility. In good solvents, the polymer 
swells and occupies more space, while in poor solvents chains curl into a 
more condensed conformation [66]. DLS measures the apparent size of 
these open coil conformations, which includes both the polymer and its 
surrounding solvation shell, referred to as the hydrodynamic (or, more 
properly speaking, fluid dynamic) diameter [67]. As illustrated in 
Fig. 2d, the apparent size distribution for PolyActive™ 1500 solutions 
was the smallest in ethyl lactate, followed by THF and CHCl3. Although 
this might suggest a better dissolution in ethyl lactate, the viscosity of 
the medium plays a crucial role, potentially leading to inaccurate size 
estimates. According to the Stoke-Einstein equation, which relates the 
translation diffusion coefficient measured by DLS to particle size, size is 
inversely proportional to the viscosity. Typically, solvent viscosity is 
used for low-concentration DLS measurements, but for 
high-concentration or non-Newtonian samples, the zero-shear viscosity 
(η0) should be considered. Failing to do so may cause the particle size to 
wrongly seem to depend on solution viscosity [68]. As expected, the DLS 
analysis revealed polydispersity in all solvents, showing in turn two 
distinct populations at high and low fluid dynamic radii. Interestingly 
THF was the least polydisperse (polydispersity index (PDI) of 0.14) 
compared to ethyl lactate and chloroform, with PDIs of 0.26 and 0.34 
respectively. The smaller population is associated with well-dissolved 
PolyActive™ 1500, while the larger population has been interpreted 
as undissolved aggregated polymer particles [69,70]. This indicates that 
THF dissolved the polymer more effectively, in accordance with HSP 
calculations commented previously, where the Ra value for THF was the 
lowest of all solvents at a value of 2.3 MPa0.5, followed by CHCl3 at 
3.5 MPa0.5.

AFM air topography measurements (Figure S4) revealed that the cast 
of membranes using CHCl3 generated the lowest roughness (δRMS =

8.7 nm), whereas those prepared with THF and ethyl lactate showed 
increased roughness values (δRMS = 11.3 nm and 11.9 nm, respectively). 
These results suggest that solvent evaporation dynamics play a crucial 
role in surface morphology. Specifically, the rapid evaporation of 
chloroform likely minimizes polymer chain rearrangement and sup
presses phase separation, leading to a smoother surface. Conversely, the 
slower evaporation of THF and ethyl lactate allows for a greater mo
lecular mobility, promoting surface roughness development.

Water contact angle measurements (Figure S4) showed the highest 
contact angle for ethyl lactate membranes (78.9◦), followed by chloro
form (63.5◦) and THF (56.3◦). These values indicate the hydrophilic 
nature of the polymer, as reported in the literature [71]. The relation
ship between roughness and contact angle is expected to follow the 
Wenzel model, where rougher surfaces amplify the intrinsic wettability 
of the material, making hydrophobic surfaces more hydrophobic and 
hydrophilic surfaces more hydrophilic. This trend is evident for the THF 
membranes, which exhibit an increased roughness and a correspond
ingly slightly lower apparent contact angle (78.7◦, 63.3◦ and 56.0◦ for 

Table 3 
PolyActive viscosity in solution. Viscosities (in cp) at high shear rate (η∞) for 
PolyActive™ 1500 casting solutions at different concentrations (0, 1, 2 and 4 wt 
%) in chloroform, tetrahydrofuran and ethyl lactate measured at 20 ◦C.

Solvent Concentration (wt%)

0 1 2 4

CHCl3 0.56a 2.23 3.78 14.7
THF 0.46a -a 1.77 2.9
Ethyl lactate 3.00 6.15 9.49 23.7

a Viscosity values outside the recommended viscometer measurement range. 
Pure chloroform and tetrahydrofuran values taken from literature.
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ethyl lactate, chloroform and THF, respectively), consistent with an 
enhanced hydrophilicity. However, ethyl lactate membranes deviate 
from this pattern, displaying both higher roughness and a higher contact 
angle. This suggests that, beyond roughness effects, surface chemistry or 
polymer crystallinity may also play a significant role. The higher crys
tallinity observed in ethyl lactate membranes likely results in a more 
compact, less polar surface, reducing water affinity and leading to a 
higher contact angle despite the increased roughness.

Fractional free volume (FFV) measurements of the membranes 
(Table 4) showed that membranes prepared with CHCl3 and THF 
exhibited higher FFV values (6.6 % and 6.2 %, respectively), while 
membranes prepared with ethyl lactate displayed a lower FFV of 4.9 %. 
For comparison, FFV for PEOT-PBT has been previously estimated using 
the Positron Annihilation Lifetime Spectroscopy (PALS) technique, 
showing a value of 3.2 % [36]. It is worth noting that a significant 
variability in FFV values has been reported for other polymers, such as 
Pebax® 1657, with an average FFV of 9.6 ± 4.3 % and extremes as high 
as 16.6 % and as low as 2.6 % [39,72–74]. This variability highlights the 
sensitivity of FFV measurements to factors such as polymer processing 
conditions and measurement techniques.

The lower FFV observed for ethyl lactate membranes aligns with the 
trend of increased crystallinity and a more densely packed polymer 
structure, as indicated by XRD, DSC and DLS analyses. This supports the 
hypothesis that the slower evaporation rate achieved with ethyl lactate 
promotes greater molecular rearrangement and ordering, resulting in a 
more compact, less porous membrane morphology.

3.3. Single and mixture gas permeation at room temperature

The comparison between the two methods for estimating the gas 
separation performance of PolyActive™ 1500 membranes is depicted in 
Fig. 3. This includes single gas permeation using the time-lag method 
and mixed gas separation assisted by a gas micro-chromatograph for 
three different gas mixtures of CO2/N2 (15:85 vol%, related to post- 
combustion capture), CO2/CH4 (50:50 vol%, linked to biomethane 
upgrading) and CO2/H2 (50:50 vol%, related to pre-combustion cap
ture). As previously mentioned, single gas measurements enable the 
characterization of membranes in terms of solubility, diffusivity and 
permeability coefficients. This information is valuable for mathematical 
modelling and understanding the effect of membrane composition and 
operating conditions around their apparent solubility and diffusivity. 
Meanwhile, mixed gas separation provides information into the sepa
ration performance with closer practical application, as permeability 
and separation selectivity can vary when dealing with real post- 
combustion effluents or biogas-enrichment.

As expected, PolyActive™ 1500 as shown in Fig. 3, and similar to 
other polyether-block based copolymers, exhibits relatively high CO2 
permeability compared to the other gases [75]. This is due to the strong 
dipole-quadrupole interaction between the CO2 molecule and the 
polyethylene oxide segment, which has greater affinity than N2, CH4 or 
H2. For the post-combustion CO2/N2 mixture (at 15:85 vol%), both 

measurements methods indicated a high CO2 permeability, with 
single-gas measurements showing 187 ± 3 Barrer and mixed-gas mea
surements showing 188 ± 4 Barrer. Similarly, for CO2/CH4 (50:50 vol 
%) and CO2/H2 (50:50 vol%) mixtures, the CO2 permeability was 
approximately 189 ± 3 Barrer and 192 ± 2 Barrer, respectively.

The selectivity of CO2 in mixture gas separation for all mixtures was 
higher than that calculated from single gas measurements. As can be 
seen, while CO2 permeability is maintained there is a significant 
decrease in the permeability of the non-selective gases when CO2 is 
present in the measurement, improving the separation selectivity. 
Selectivity for CO2/N2 increases from 43 ± 1 to 45 ± 1, for CO2/CH4 
from 9 ± 1 to 15 ± 3 and from 5.3 ± 0.7 to 7.1 ± 0.5 for CO2/H2. As 
shown in Table S2, the separation factors calculated from the permeate 
concentrations were slightly lower than the separation selectivities 
derived from mixed gas permeabilities. The measurements were close to 
ideal conditions, as the stage cut was kept low for all measurements 
(<0.5 %), which helped minimize concentration polarization on the 
permeate side. Additionally, the concentration of the more permeable 
gas (CO2) remained low, with a maximum of 1.7 vol% in the case of the 
50:50 vol% CO2:H2 gas separation mixture (Table S2).

The effect of mixed gas selectivity being higher than single gas is 
mainly caused by a competitive sorption between gaseous species in the 
polymer matrix [76]. It has been reported in literature [77] that in 
CO2/CH4 separation with poly(1-trimethylsilyl-1-propyne) (PTMSP) 
polymeric membranes increasing CO2 partial pressure (fugacity) had a 
positive and significant effect on the mixed gas solubility selectivity 
respect to the single gas ideal selectivity. In this direction, the CO2/N2 
mixture, which has the lowest CO2 concentration (10 vol%) with respect 
to the other mixtures CO2/CH4 (50 vol%) and CO2/H2 (50 vol%), has a 
lower percentage increase in selectivity. This means that sorption of CO2 
molecules is motivated when higher amounts of it are in the polymeric 
matrix or more possibly, as the CO2 permeability remains almost the 
same, the absorption of the other gas is unfavored because of the pres
ence of the CO2 molecules. Nevertheless, it has been reported in mixed 
gas separation at CO2 fugacities higher than 5 bar that block copolymer 
blends performed worse due to plasticization effects [78]. It should be 
noted that here we are working with lower CO2 pressures (< 3 bar) 
where the effect of CO2 swelling is very small. On the contrary, PEG
DA/PEGMEA (another PEG based copolymer) has shown an interesting 
behavior when exposed from low to high CO2 partial pressures, main
taining a fixed and equal CO2/H2 selectivity during single and mixed gas 
tests [79]. The effect of better selectivity performances in mixed gas than 
in single gas based separation has also been reported in literature for 
other polymeric membranes [80,81] and particularly Pebax® 1657 and 

Table 4 
Densities of PolyActive™ 1500 membranes prepared in different solvents 
at 2 wt%, obtained by pycnometer measurements. Specific skeletal volume 
(V0), specific apparent volume (V) and fractional free volume (FFV) were 
calculated based on these densities.

Solvent Skeletal 
Density

Apparent 
Density

V0 V FFV

(g⋅cm− 3) (g⋅cm− 3) (cm3⋅g− 1) (cm3⋅g− 1) (%)

CHCl3 1.223 1.142 0.818 0.876 6.6 
± 0.2

THF 1.206 1.132 0.829 0.884 6.2 
± 0.2

Ethyl 
lactate

1.217 1.158 0.822 0.864 4.9 
± 0.2

Fig. 3. Gas separation performance of PolyActive™ 1500 chloroform mem
brane. Measurements of permeability and selectivity for CO2/N2 (15:85 vol%), 
CO2/CH4 (50:50 vol%) and CO2/H2 (50:50 vol%) mixtures, measured with mixed 
gases (stripped lines) and single gases (empty) at a feed pressure of 3 bar and a 
temperature of 35 ◦C. Membrane casting-solution with CHCl3 at 2 wt% polymer.
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4533 membranes [20], but never before for PolyActive™ membranes.
It is important to note that pure gas measurements involve pressure 

measurement followed by model fitting using time-lag theory, while 
mixed gas permeabilities are determined through direct permeation 
measurements using analytical equipment. Although single-gas mea
surements may be more straightforward, simple and cost-effective, it is 
advisable to assess the membrane separation performance under con
ditions that more closely resemble real-world scenarios (post-combus
tion, biogas or methanation mixtures) to accurately capture any 
potential changes in the permeation behavior that might otherwise 
remain unnoticed.

3.4. Gas separation as a function of temperature

Characterization was conducted by measuring the gas separation 
performance of the membranes of PolyActive™ 1500 used with a casting 
solution of CHCl3 (2 wt%) at various operational temperatures (25, 35, 
50 and 70 ◦C). This temperature range was chosen to ensure the polymer 
remains within its stable thermal region, preventing changes to either of 
the copolymer blocks. As shown in the DSC characterization for the 
PolyActive™ 1500 membranes (Fig. 2a), the PEOT block exhibits a 
pronounced melting peak at room temperature. For PEOT-PBT co
polymers, CO2 permeance increases above the melting transition of the 
polyethylene oxide block, enhancing both permeability and selectivity 
for CO2/N2 separations [59]. Additionally, a hysteresis effect occurs, 
where the polymer maintains a higher permselectivity within this tem
perature range even slightly below the melting temperature of PEOT 
[53]. To revert to the initial state, it is necessary to cool the material to 
the crystallization temperature, which is 10–15 ◦C lower.

When the polymeric membranes do not undergo phase transition the 
relationship between permeability and temperature follows Eq. 5 with 
an Arrhenius tendency. Therefore, in Fig. 4 the permeabilities of gases 
were plotted against the inverse of the temperature and adjusted to a 

linear regression so the corresponding apparent activation energies of 
permeation from the slope could be obtained (Eq. 12): 

lnPi = lnP0,i −
EP,i

R
⋅
1
T

(12) 

Apparent activation energies of permeation for all gases have been 
collected in Table 5. As can be seen from these values, higher values of 
EP (like that of CH4) translate into a higher slope in the temperature 
dependence of permeability shown in Fig. 4. This means that, due to 
carbon dioxide having a lower activation energy than the other gases, 
ideal selectivity drops for CO2/X mixtures when increasing temperature, 
having the highest gas ideal selectivity at the lowest tested temperature 
of 25 ◦C (Fig. 4, top).

An equivalent procedure can be followed for diffusivity obtained 
through the time-lag method and the linearization of Eqs. 6 and 7 where 
apparent activation energy of diffusion (ED) and enthalpy of sorption 
(ΔHS) can be calculated with the following Eqs. 13 and 14: 

lnDi = lnD0,i −
ED,i

R
⋅
1
T

(13) 

lnSi = lnS0,i −
ΔHS,i

R
⋅
1
T

(14) 

In Fig. 5, temperature dependences for the diffusion (top) and solu
bility (bottom) coefficients are presented, along with their respective 
linear regressions. Note that the solubility coefficients were derived 
from Eq. 4 and are not direct measurements obtained via the time-lag 
technique; they were calculated using the permeability and diffusion 
coefficients. The determination of diffusion coefficients for highly 
diffusive species such as H2 and He was challenging due to the small 
time-lag values (calculated from the intersection of the extrapolated 
steady-state pressure curve with the horizontal axis), resulting in higher 
errors in their determination. This also led to an unexpected tempera
ture dependence for the solubility coefficients, where these species 
exhibited an apparent slight increase in solubility with rising tempera
ture. However, the CO2 molecule, which as has been mentioned is sol
ubilized in the polymer, shows an abrupt decrease in solubility with 
temperature. This solubility is also a fundamental parameter for the 
separation of CO2 from other gases with lower solubilities.

Table 5 summarizes the permeability, diffusion, and solubility co
efficients at the lowest tested temperature, along with the activation 
energies calculated using the linear fitting of the Arrhenius equation. 
The diffusion coefficients indicate that smaller molecules, such as H2 
and He, diffuse less obstructed through the matrix, while larger mole
cules like CO2, N2, and CH4, with greater kinetic diameters, exhibit 
lower apparent diffusion coefficients. Also, as shown in Figure S5, the 
activation energies of diffusion increase proportionally with the effec
tive cross-section of the gas molecules, what is consistent with previous 
literature [82]. This trend indicates that smaller molecules have lower 
activation energies compared to larger ones. This behavior can be 
attributed to the free volume created by the PEOT chains within the 
polymer matrix. All single gas measurements of permeability, diffusion, 
and solubility at various temperatures are presented in Table S3 of the 
Supporting Information (SI).

As expected, the solubility coefficient of CO2, 21.1⋅10− 3 cm3⋅(STP)⋅ 
cm− 3⋅cmHg− 1, is at least around 10 times greater than those of the other 
gases. It can be inferred that the primary mechanism enabling the high 
ideal selectivity of the PolyActive™ membrane for CO2 in CO2/N2, CO2/ 
CH4 and CO2/H2 separations is not the difference in diffusivity, as the 
values are relatively similar. Rather, it is the strong affinity of the soft 
block of the copolymer with CO2 that enhances CO2 solubility, facili
tating the selective transport. This is confirmed by examining the 
diffusion and solubility selectivities presented in Table 6. The diffusion 
selectivity α(D) for CO2 is around 0.9 when separating it from N2 and 
CH4, while it is approximately 0.5 for H2 separation, showing minimal 
dependence with the temperature. In contrast, solubility selectivities 

Fig. 4. Ideal selectivity and permeability dependence with temperature of 
pure gases for PolyActive™ 1500 membranes. Ideal selectivity (a) is calculated 
for CO2/N2 (yellow), CO2/CH4 (red) and CO2/H2 (green) mixtures from single gas 
measurements, solid line serves as visual aid. Permeability (b) shows CO2 (blue), 
CH4 (red), H2 (green), He (grey) and N2 (yellow) with their respective linear re
gressions in following a temperature activated process (Eq. 12). Membrane casting- 
solution with CHCl3 at 2 wt% polymer.
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α(S) are significantly higher (up to 56) and influenced by increasing 
temperature, as indicated by the increased activation energy values, E 
(α). The low α(D) values among the gas species indicate potential ave
nues for improving or modifying the membrane material to enhance its 
performance. By developing materials that selectively hinder the diffu
sion of certain molecules within the membrane and given the already 
high α(S) of CO2, α(D) can be further improved. This approach has been 

demonstrated by Sabetghadam et al. [64] with Cu-BDC nanosheets used 
as filler in PolyActive™ MMMs for CO2/N2 separation.

3.5. Solvent effect in gas permeation properties

Single gas permeation measurements were conducted on Poly
Active™ 1500 membranes prepared using different solvents (CHCl3, 
THF and ethyl lactate) at 35 ◦C and a 3 bar feed pressure. Fig. 6 presents 
the measured permeabilities obtained via the time-lag method, along 
with the ideal selectivities calculated for CO2. Membranes dissolved in 
CHCl3 and THF demonstrated similar CO2 permeability at approxi
mately 187 Barrer, with comparable CO2/N2 ideal selectivity 39–42. In 
contrast, ethyl lactate at 1, 2 and 5 wt% polymer concentrations resulted 
in a significant reduction in CO2 and N2 permeability of the membranes, 
but with an overall increase in ideal selectivity up to 50.6 for 1 and 2 wt 
%, and 46.9 for 5 wt%. Despite the reduced permeability for ethyl 
lactate membranes, the improvement in ideal selectivity was primarily 
observed for CO2 mixtures with the less permeable gases, N2 and He. 
Additionally, THF membranes showed higher permeability for gases 
other than CO2, leading to a slight decrease in ideal selectivity for CO2/ 

Table 5 
Gas transport properties and activation energies for PolyActive™ 1500. Permeability P, diffusion D and solubility S of gases measured at 25 ◦C and activation 
energies of permeabilities EP, diffusion ED and enthalpy of sorption ΔHS for PolyActive™ 1500 calculated with Eqs. 12, 13 and 14.

Gas P EP D ED S ΔHS

(Barrer) (kJ⋅mol− 1) (10− 6⋅cm2⋅s− 1) (kJ⋅mol− 1) (10− 3⋅cm3(STP)⋅cm− 3⋅cmHg− 1) (kJ⋅mol− 1)

He 8.0 29.4 2.03 21.4 0.39 10.6
H2 19.4 32.7 1.56 23.2 1.25 6.9
CO2 151 14.2 0.72 25.9 21.1 − 12.1
N2 2.8 30.3 0.71 26.9 0.39 − 5.1
CH4 11.1 33.9 0.70 31.8 2.20 − 3.0

Fig. 5. Effective diffusivity and solubility dependence with temperature of 
pure gases for PolyActive™ 1500 membranes. Diffusivity (a) and solubility (b) 
values for CO2 (blue), CH4 (red), H2 (green), He (grey) and N2 (yellow) are shown 
with their respective linear regressions following Eqs. 13 and 14, respectively.

Table 6 
Gas transport selectivity coefficients dependance with temperature. Permeability, diffusion and solubility ideal selectivities calculated from pure gas at the 
temperatures tested and corresponding activation energy selectivities for PolyActive™ 1500 membranes using chloroform as solvent. The equations for these cal
culations can be found in Table S4.

Gas CO2/N2 CO2/CH4 CO2/H2

T (◦C) α(P) α(D) α(S) α(P) α(D) α(S) α(P) α(D) α(S)

25 53.1 1.01 54.6 ​ 13.6 1.02 9.61 ​ 7.77 0.46 16.89
35 42.8 0.78 53.5 ​ 8.8 0.93 9.43 ​ 5.27 0.41 12.81
50 35.7 0.97 40.0 ​ 6.9 0.86 7.30 ​ 3.98 0.43 8.09
70 22.0 0.87 39.6 ​ 4.5 0.74 6.16 ​ 2.81 0.52 6.33
E(α) (kJ mol− 1) − 16 − 1.0 − 7.0 ​ − 20 − 5.9 − 9.1 ​ − 19 2.7 − 19.0

Fig. 6. Solvent effect on permeability and ideal selectivity in gas separation. 
Gas permeability of CO2, H2, N2, CH4 and He (bars) and ideal selectivity of CO2/X 
mixtures (symbols) tested at 35 ◦C with single gas measurements of PolyActive™ 
1500 membranes using different solvents: chloroform (2 wt%, blue), THF (2 wt%, 
pink) and ethyl lactate (1, 2 and 5 wt%, green).
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H2 and CO2/He mixtures. However, for the CO2/CH4 separation, the 
methane permeability was lower, and the THF membrane demonstrated 
an ideal selectivity of 9.4 comparable to that of the ethyl lactate mem
brane (9.8). As discussed in the membrane characterization section, 
CHCl3 and THF dissolved the polymer more effectively, as indicated by 
HSP calculations and DLS measurements. This resulted in membranes 
with reduced crystallinity, as confirmed by XRD and DSC analyses. The 
lower crystallinity increases the fractional free volume, further sup
ported by the pycnometry measurements. The greater free volume be
tween polymer chains facilitates the diffusion of smaller gas molecules, 
leading to higher permeability and a corresponding decrease in ideal 
selectivity in N2, H2 and He separations.

Examining the effect of polymer concentration on permeability for 
ethyl lactate membranes revealed an increase in the permeability of 
most gases, though still lower than that for membranes with CHCl3 and 
THF (Table S5 provides detailed permeabilities). This increase in 
permeation correlates with a decrease in CO2/N2 ideal selectivity as 
polymer concentration rises. As no solvent residue was detected in 
membrane characterization, this behavior may be attributed to varia
tions in the polymer crystallinity influenced by the selected solvent and 
its concentration. According to the literature [83], crystalline polymers 
are generally less permeable than amorphous ones, often exhibiting 
higher selectivities. Different solvents used in creating polymeric films 
can affect the packing of the polymeric chains, significantly impacting 
the membrane separation performance due to their properties such as 
molecular weight, molar volume, and boiling point. Specifically, as seen 
in viscosity measurements of ethyl lactate casting solutions at 20 ◦C, 
lower polymer concentrations in the casting solution (same mass of 
polymer is dissolved with more quantity of solvent) could increase 
evaporation times and reduce viscosity, allowing the polymeric chains 
to form more crystalline and packed structures. Conversely, higher 
polymer concentrations reduce the solvent evaporation time, and the 
increased solution viscosity hinders polymeric chain mobility, creating 
more free space and facilitating an easier molecular movement through 
the matrix. The higher evaporation rates, due to lower viscosities and 
boiling points, of CHCl3 and THF compared to ethyl lactate also explain 
their higher permeabilities and reduced ideal selectivity similarly.

Apparent diffusion and solubility coefficients are presented as a 
function of casting solution concentration in CHCl3, THF and ethyl 
lactate in Fig. 7. The solubility of CO2 in all three solvents was similar at 
around 19.5⋅10− 3 cm3(STP)⋅cm− 3⋅cmHg− 1. However, a decrease in 
diffusivity is observed for ethyl lactate membranes, which accounts for 
the aforementioned drop in permeability. As polymer concentration 

increases, diffusivity also increased, with the same trend evident for the 
other gases. As stated, lower polymer concentrations during the evap
oration process in membrane casting allow for chains to order them
selves in a more compacted crystalline material. Notably, gases with 
high diffusivities, such as He and H2, led to less accurate measurements 
with significant data point dispersion at 2 wt%. In contrast, the solubi
lity remained relatively unaffected by polymer concentration, staying 
constant. The higher ideal selectivities observed for the CO2/N2 sepa
ration can be mainly attributed to the lower solubility of N2 in the ethyl 
lactate membranes compared to CHCl3 and THF membranes. The 
smaller FFV of ethyl lactate, as seen previously, hinders the gas transport 
as commented, but particularly for less soluble gases like N2, as they are 
less compatible with the polymer; in consequence, the swelling of the 
polymer and permeation through it becomes more difficult

Notably, values for CO2 gas transport parameters for PolyActive™ 
1500 dense membranes obtained using the time-lag method by different 
authors are compared in Table 7 with the values of the membrane 
prepared with the green solvent ethyl lactate. CO₂ permeabilities show 
similar behavior for ethyl lactate prepared in this work (179 Barrer) and 
THF prepared in [10] (181 Barrer), suggesting that both solvents have a 
comparable membrane performance. In contrast, membranes fabricated 
in the literature with chloroform exhibit a lower CO₂ permeability 
(115–169 Barrer), generally lower than those corresponding to ethyl 
lactate and THF previously commented. Interestingly, the lowest 
permeability (115 Barrer) corresponds to the lowest pressure condition 
(0.3 bar), reflecting a possible pressure dependence of permeability. 
Despite this, chloroform membranes maintain a relatively high ideal 
selectivity (45.6–57.1), with the highest values aligning with lower 
temperature conditions (25 and 30 ◦C), so that our ideal selectivity was 
achieved at a higher temperature (35 ◦C), justifying the relatively lower 
value of 50.4.

CO2 solubility remains consistently high across all samples, reflect
ing the strong affinity for CO₂ of PolyActive™ 1500. Values range be
tween 17.5 and 22.2 × 10− 3 cm³ (STP)⋅cm⁻³ ⋅cmHg⁻¹ , with ethyl lactate 
(20.1) performing on par with THF (19.9) and surpassing generally the 
lower chloroform solubilities in the literature (17.5 and 18.5). This 
suggests that while chloroform maintains a good ideal selectivity, it may 
compromise the CO2 uptake slightly. CO2 diffusivity shows more vari
ation, spanning from 0.62 to 0.91 × 10− 6 cm2⋅s− 1, where ethyl lactate 
(0.89) and THF (0.91) exhibit again a comparable performance, while 
chloroform samples in the literature present lower diffusivities 
(0.62–0.90), aligning with their lower permeability values.

Interestingly, chloroform-based membranes display close ideal 

Fig. 7. Polymer concentration and solvent dependence of diffusivity (left) and solubility (right). Values for CO2 (blue), H2 (red), N2 (green), CH4 (purple) and He 
(grey) measured at 35 ◦C and 3 bar pressure feed for PolyActive™ 1500 membranes using different solvents: chloroform (□), THF (○) and ethyl lactate (▴). Error bars for 
solubility were calculated from error propagation.
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selectivity values (57.1 and 56.3) despite being tested at different tem
peratures (25◦C and 30◦C). Given the strong temperature dependence of 
ideal selectivity discussed earlier, this consistency is unexpected, as a 
more pronounced variation would typically be observed. The lower- 
pressure chloroform dataset (0.3 bar) further expands this observation, 
showing a reduced CO₂ permeability (115 Barrer) alongside with a drop 
in ideal selectivity (45.6). Differences in temperature, pressure and 
fabrication conditions, together with potential deviations in membrane 
morphology or measurement setups, underscore the importance of 
cautious interpretation when benchmarking the membrane performance 
across several studies.

4. Conclusions

Among the selection of solvents tested, ethyl lactate has been found 
as an alternative green solvent for PolyActive™ 1500 (1500PEOT77- 
PBT23) from other commonly used solvents such as CHCl3 and THF. The 
casting-solution method for membrane fabrication with ethyl lactate 
required the dissolution of the polymer pellets under reflux for 4 h at 80 
◦C. TGA measurements confirmed that the thermal degradation was 
identical for pristine pellets and dense membranes prepared in CHCl3 
and THF, showing no degradation below 200 ◦C. Also, the DSC analysis 
confirmed the thermal stability and semicrystalline state of the polymer 
in the working temperature range for gas separation, where PEOT soft 
and PBT hard blocks are above and below their fusion temperatures, 
respectively. Importantly, the physicochemical characterization carried 
out showed that the ethyl lactate membranes where more crystalline 
than the ones prepared with other solvents, corroborated by higher in
tensity peaks in XRD and DSC crystallinity estimations of the polymeric 
membranes. Also, the DLS size particle analysis on polymer casting so
lutions showed that THF dissolved the polymer more effectively 
(aggregated population showed lowest distribution intensity), while 
ethyl lactate gave rise to lower particle sizes indicating less swelling of 
the polymer chains and a poorer polymer dissolution. Membranes pre
pared with chloroform are the least hydrophilic and the roughest, 
showing a lower free volume, which is related to their greater 
crystallinity.

Gas transport parameters (permeability, diffusion and solubility) of 
PolyActive™ 1500 in chloroform, measured using the time-lag method 
over a temperature range of 25–70 ◦C, followed an activated tempera
ture process. As anticipated, CO2 exhibited the highest permeability due 
to its high compatibility with the polymer, showing a solubility 10 times 
greater than that of the other gases. The apparent activation energy for 
gas diffusion was found to depend on the square of the effective gas 
diameter. In mixed gas measurements using binary mixtures, the CO2 
permeability remained similar to the value achieved in single gas tests, 
though higher selectivities were observed and were attributed to the 
competitive adsorption of CO2 with the less permeable species. Mem
branes prepared using ethyl lactate resulted in higher ideal selectivities 
but lower permeabilities, with CO2 permeability decreasing from 187 to 
176 Barrer. This behavior is related to the increased crystallinity and 
lower FFV of the ethyl lactate membranes, which reduced the gas 

diffusivity, particularly at lower polymer concentrations in the casting 
solutions (1 and 2 wt%). Increased crystallinity is attributed to a closer 
packing of polymer chains obtained by longer evaporation times due to 
the higher boiling point of ethyl lactate.

This works demonstrates that ethyl lactate can be a greener alter
native to traditional solvents for fabrication of PolyActive™ 1500 
membranes, offering the potential for more environmentally friendly 
and less toxic processes. Its use could provide advantages in membrane 
formation, particularly for thin-film composite membranes, without 
compromising the membrane performance.
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Table 7 
Comparison of gas separation performance for PolyActive™ 1500 membranes from literature. CO2 permeability (PCO₂), diffusivity (DCO₂), solubility (SCO₂) and 
CO2/N2 ideal selectivity (αCO₂/N₂) are shown for 1500PEOT23-PBT77 membranes, with all data obtained from single gas time-lag measurements. Solvents used for 
membrane preparation and testing conditions, including temperature (T) and pressure (P), are also presented.

Solvent Permeation 
parameters

Transport 
parameters

Testing conditions Ref.

​ PCO₂ αCO₂/N₂ DCO₂ SCO₂ T P ​
​ (Barrer) ​ (10− 6⋅cm2⋅s− 1) (10− 3⋅cm3(STP)⋅cm− 3⋅cmHg− 1) (◦C) (bar) ​
Ethyl lactate 179 50.4 0.89 20.1 35 3 This study
THF 181 53.2 0.91 19.9 30 0.8 [10]
CHCl3 160 57.1 0.90 17.5 25 1 [75]
CHCl3 169 56.3 0.75 22.2 30 1 [59]
CHCl3 115 45.6 0.62 18.5 30 0.3 [9]
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