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Abstract

Replacing toxic solvents with greener options in the preparation of polymer solutions and 
subsequent membranes  is a matter of importance today. This study focused on the use of 
methyl 5-(dimethylamino)-2-methyl-5-oxopentanoate  (MDMO)  as  an  environmentally-
friendly alternative to N-methylpyrrolidone (NMP) for the preparation of thin polysulfone 
films. The correlation between the thickness of the prepared membranes and the concentration 
and viscosity of the polymer solutions used was evaluated. Attention was also paid to the 
presence  of  residual  solvents,  which  were  investigated  by  Fourier-transform  infrared 
spectroscopy,  thermogravimetric  analysis,  headspace  gas  chromatography,  and  dynamic 
mechanical analysis. Gas permeation measurements were performed for three gases (CO2, N2 

and O2) with different kinetic diameters of molecules. Although MDMO proved to be a good 
solvent for polysulfone, the tested cast films did not exhibit  the same gas permeability as 
membranes prepared from polysulfone solutions based on N-methylpyrrolidone. 

Keywords:  film,  membrane,  gas  permeation,  green  solvent,  methyl  5-(dimethylamino)-2-
methyl-5-oxopentanoate

1. Introduction

Organic solvents play a pivotal role in a wide range of industries. Generally, they are used in 
product  formulation  and  dilution  process. However,  this  process  often  results  in  solvent 
emissions  and the  generation  of  hazardous  waste  (Lau and Koenig,  2001).  The concerns 
associated  with  conventional  organic  solvents  are  particularly  significant  in  membrane 
fabrication  processes,  where  large  quantities  of  organic  solvents  are  needed  to  prepare 
polymer casting solutions and determine the final membrane structure and performance (Dong 
et al., 2021). 

Polymer  membranes  are  widely  used in  gas  separation  technology  due to  their  low cost, 
simple operation, system compatibility, and high selectivity (Maab and Touheed, 2022). Over 
the years, membrane technology has been successfully employed for the industrial separation 
of gases,  including CO2,  N2,  O2,  and CH4.  The performance of these membranes  strongly 
depends on the properties  of the polymeric  material  used in their  fabrication.  Among the 
various membrane-forming polymers, polysulfones have attracted considerable attention due 
to their  excellent thermal,  mechanical,  and chemical stability.  Polysulfones are amorphous 
thermoplastics  characterized  by  the  presence  of  sulfone  groups  within  their  polymer 
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backbone, along with aromatic rings and ether or isopropylidene linkages, which contribute 
significantly to their resistance to heat, oxidation, and chemical degradation. The polysulfone 
family comprises three major  members:  polysulfone (PSU), polyethersulfone (PESU), and 
polyphenylsulfone (PPSU), all of which have been extensively investigated for membrane-
based gas separation applications (Yong et al., 2018).

Despite these benefits, the preparation of the PSU membrane requires the use of N-methyl-2-
pyrrolidone (NMP) to produce a homogeneous casting solution (Loh et al., 2018; Olifirov et 
al., 2025; Wang et al., 2002). However, this solvent has already been identified by several 
health and regulatory organizations as a hazardous substance associated with serious adverse 
effects, particularly on reproductive health (EPA, 2022; European Chemicals Agency., 2019; 
Keyte et al., 2022). To overcome these challenges, substantial efforts have been undertaken 
globally;  for  instance,  the  European  Union  has  adopted  the  Chemicals  Strategy  for 
Sustainability (CSS), a promising policy that aims to reduce the use of hazardous chemicals 
and promote safer, more sustainable alternatives (European Commission, 2020). 

Among  the  potential  alternatives,  Methyl  5-(dimethylamino)-2-methyl-5-oxopentanoate 
(MDMO) has attracted significant  attention as a substitute  for traditional  aprotic  solvents. 
MDMO is a dipolar aprotic nitrogen-containing solvent that is non-flammable with a very low 
vapor pressure, and Hansen solubility parameters comparable to those of NMP. Furthermore, 
toxicological  studies  have  reported no detectable  toxicity  even at  doses  of  approximately 
1000 mg (kg day)-1.  These characteristics make MDMO an attractive candidate for greener 
membrane fabrication, as its low toxicity and very low volatility may reduce occupational 
exposure risks  and solvent  emissions  during processing  (Xie  et  al.,  2020;  Paolucci  et  al., 
2020; Sarkar et al., 2022). From a mechanistic perspective, solvent selection plays a pivotal 
role in membrane fabrication by influencing the configuration and arrangement of polymer 
chains (Liao et al., 2023). The combination of low toxicity, non-flammability, and very low 
vapor pressure further supports the potential of MDMO to enhance process safety and reduce 
environmental  impact.  Hence,  replacing  NMP  with  MDMO  may  contribute  to  more 
sustainable  membrane  manufacturing  processes  while  maintaining  the  solvent  properties 
needed for effective polysulfone membrane formation.

The use of MDMO as a solvent for the preparation of polysulfone-based membranes  has been 
investigated in several studies, particularly by Dong et al.  (Dong et al., 2018a). Their work 
focused  primarily  on  porous  membranes  fabricated  for  microfiltration  and  ultrafiltration 
applications,  which  demonstrated  outstanding  separation  performance.  However,  these 
membranes were reported to suffer from occasional collapse of the structure  (Dong et al., 
2018a, 2020, 2018b).

Although  MDMO  has  shown  considerable  potential  as  a  sustainable  solvent  for  the 
fabrication of porous PSU membranes used in ultrafiltration and water-treatment applications, 
its applicability to dense gas-separation membranes has not yet been extensively investigated. 
Therefore, there is still limited understanding of how MDMO affects the structure and gas 
transport  performance  of  dense  polysulfone  membranes.  While  state-of-the-art  PSU  gas-
separation membranes often incorporate advanced features such as surface functionalization, 
polymer blending, and composite architectures, in the present study, a simple doctor-blade 
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casting method was employed to prepare dense, non-porous polysulfone (PSU) membranes 
using MDMO as a green solvent. This work aims to provide insight into the impact of an 
environmentally  safer solvent on the fabrication,  structure,  and gas transport  properties  of 
polysulfone-based gas separation membranes.

2. Materials and methods
2.1 Materials

Polysulfone Ultrason S 6010 NAT (PSU, BAFS SE, Germany), methyl 5-(dimethylamino)-2-
methyl-5-oxopentanoate  (MDMO,  P-LAB,  Czech  Republic),  and  N-methylpyrrolidone 
(NMP,  Sigma  Aldrich,  Germany),  were  all  applied  as  received.  All  the  gases  for  the 
permeation tests were purchased from SIAD (Italy). The chemical structures of the polymer 
and solvents are shown in Figure 1. Table 1 lists some basic physicochemical properties of the 
solvents compared (Dong et al., 2018a; Sarkar et al., 2022; SOLVAY, n.d.).

Figure1. Chemical structures of a) polysulfone polymer, b) green solvent 
methyl 5-(dimethylamino)-2-methyl-5-oxopentanoate (MDMO), and c) solvent N-

methylpyrrolidone (NMP)

Table 1 Physicochemical properties of NMP and MDMO comparison

Characteristic NMP MDMO

Name N-Methyl-2-pyrrolidone
methyl 5-(dimethylamino)-
2-methyl-5-oxopentanoate

CAS No. 872-50-4 1174627-68-9
Molecular formula C5H9NO C9H17NO3

Molecular weight (g mol−1) 99.133 187.239
Density at 25 °C (g cm−3) 1.028 1.043
Molar volume (cm3/mol) 96.43 185.06
Boiling point (°C) 202 280
Flash point (°C) 95 146
Vapor pressure at 20 °C (Pa) 40 1
GHS Danger Warning
Toxicity Reproductive toxicity -

Preparation of the thin films
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Polymer  solutions  were  prepared  by  dissolving  PSU  in  either  MDMO  or  NMP  at 
concentrations  ranging from 10 to 18 wt% in 1 wt% increments.  For clarity  and ease of 
discussion, three representative PSU concentrations (12, 15, and 18 wt%) were selected. PSU 
was  dissolved  under  magnetic  stirring  at  60  °C  in  MDMO and  at  30  °C  in  NMP until 
complete  dissolution was achieved.  The time required for dissolution and homogenization 
depended  on  the  PSU  concentration.  Subsequently,  the  solutions  were  degassed  by 
ultrasonication for 2–4 h.

Thin films were prepared on glass plates using the doctor blade casting method. The doctor 
blade gap was adjusted manually to obtain a wet film thickness of 100 µm. The cast films 
were dried at 120 °C, with MDMO-based films requiring approximately 4 h and NMP-based 
films  approximately  30  min.  After  drying,  all  films  were  readily  peeled  from  the  glass 
substrate by immersion in a deionized water bath.

2.2 Characterization
2.2.1 Scanning electron microscopy (SEM)

Cross-sections of all membrane samples were investigated using Nova NanoSEM 450 (FEI, 
USA) SEM device fitted with an SE detector. The samples were fractured in liquid nitrogen to 
achieve brittle fractures. Prior to SEM imaging, the samples were coated with a thin layer of 
gold/platinum metal alloy (60 s, argon plasma) to increase their electrical conductivity. 

2.2.2 Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra of all the samples were recorded using Fourier transform infrared attenuated 
reflectance (FTIR-ATR) on Nicolet iS5 (Thermo Fisher Scientific, USA) equipped with Ge 
crystal. The spectral analysis was carried out for wavenumbers from 600 to 4000 cm−1 at a 
resolution of 4 and 64 scans.

2.2.3 Thermogravimetric analysis (TGA)

The thermal stability of prepared membranes was performed by thermogravimeter TGA Q500 
(TA  Instruments,  USA)  under  a  nitrogen  atmosphere  with  a  flow  rate  of  50  mL  min -1. 
Samples of 3±1 mg were measured in temperature range from 25°C to 600°C at a heating rate 
of 10°C min-1.

2.2.4 Viscosity measurement

The viscosity of all prepared polysulfone solutions (in MDMO or NMP) were measured using 
RVT model rotational viscometer (Brookfield, USA). Spindle number 4 by Brookfield was 
used. All measurements were provided at room temperature in volumes of 100 mL at the 
shear rate of 20 RPM. The measurements were repeated three times, and the average value 
was counted.

Intrinsic viscosity, [η], was determined by measuring the viscosities of a series of PSU-based 
solutions of six different concentrations at laboratory temperature. The measurements were 
carried out using a Ubbelohde capillary viscometer. The intrinsic viscosity as well as Huggins 
constant  (KH)  were  obtained  by extrapolation  of  experimental  data  according  to  Huggins 
equation (Lovell, 1989):

ηsp
c

=[η ]+KH ∙ [η]2∙ c (1)
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where ηsp/c is reduced viscosity and c is concentration.

Headspace gas chromatography (GCMS)

Headspace analysis  was conducted on a Shimadzu GCMS-QP2010 Ultra device equipped 
with a mass detector. Rxi-5Sil M column (30 m×0.25 mm×0.25 µm, Restek) was used for 
separation. Helium was applied as the carrier gas at a column flow rate of 1.0 mL min-1. The 
injection volume equaled 500 µL, the injection temperature was 300°C, and the splitless mode 
was used.  The temperature  program applied  was as  follows:  3  min  at  50°C followed by 
temperature rise of 25°C min-1 up to 300°C held for 5 min (total time 18 min). 

Samples weighing 200 mg were put into the 20 mL headspace vials.  The GCMS settings 
comprised  an  incubation  temperature  of  40°C,  a  syringe  temperature  of  60°C,  and  an 
incubation  time  of  60  minutes.  The mass  detector  conditions  were EI  with  an ionization 
voltage of 70 eV, interface temperature of 320°C, ion source temperature of 230°C, and mass 
range  of  50–350 m/z.  The resultant  spectra  were  compared  with  the  NIST library.  Each 
sample was measured at least twice to confirm the results.

2.2.5 Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis was performed in a tension mode across a temperature range of 
80-205°C and a heating rate of 3°C min-1  utilizing a dynamic mechanical analyzer (DMA 1, 
Mettler  Toledo,  USA). Measurements  run at  a frequency of 1 Hz. Before each frequency 
sweep measurement, an amplitude sweep scan was applied to obtain strain within the linear 
viscoelastic region, which was subsequently used for frequency sweep measurement.

2.2.6 Gas permeation measurements

A  VAC-V1  OX2/230  (Labthink,  China)  equipment  was  used  to  determine  the  gas 
transmission rate through the thin films. The measurements were carried out using the time-
lag method. The test conditions were: temperature 25°C, relative humidity 20%, and the gases 
used were carbon dioxide (CO2), nitrogen (N2) and oxygen (O2). The evacuation of the test 
cell  lasted  4  h  (before  each  test).  Thin  films  in  the  form of  circular  samples  of  97  mm 
diameter deposited on filter paper circles of the same diameter were used for testing. Such 
samples sealed by vacuum grease were clamped between the two parts of the permeation cell. 
Each measurement was repeated three times. The result was obtained in the form of the gas 
transmission rate (GTR) of each gas used, which indicates the volume of gas in cm3 that, 
under steady-state conditions, passed through a unit area of the sample (m2) in a unit time (a 
day) at a unit pressure difference (0.1 MPa) and constant temperature.

Based on the known thickness of the films, the permeability for each gas was determined 
(Kluge et al., 2024, 2022): 

P=GTR ∙l=
V (STP ) ∙ l
A ∙ t ∙∆ p

(2)

where V(STP) is the gas volume in cm3 passing through the film at standard temperature and 
pressure (STP), A and l are the membrane area (cm2) and thickness (cm), respectively, ∆p is 
the pressure difference between the feed and permeate side of the film in cmHg and t  is the 
time in seconds.
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The  values  of  permeability  obtained  from  measurements  can  be  easily  converted  to  the 
commonly used Barrer unit according to the relation: 

1Barrer=10−10 ∙
cm3(STP)∙cm
cm2 ∙ s ∙cmHg

(3)

3. Results and discussion

Figure 2  presents  SEM  images  of  fractures  of  two  series  of  membranes,  i.e.  PSU  films 
prepared from solutions in MNP or MDMO.

The  fractures  in  the  SEM  images  indicate  a  homogeneous,  non-porous  structure  for  all 
polymer concentrations and both solvents. The thicknesses of the membranes prepared from 
PSU solutions with the MDMO solvent ranged from 4 µm to 19 µm. The dimension strongly 
depended on the polymer concentration in the solution. The thicknesses of the PSU samples 
dissolved in NMP were also dependent on the polymer concentration and ranged from 7 µm 
to 15 µm. As can be seen from the graph in Figure 3B, the dependence of thickness  on 
concentration is almost linear for PSU films prepared from solutions in NMP. Films prepared 
from MDMO show a sharp increase in thickness at solution concentrations above 13%. The 
dependence of viscosity on solution concentration shows a similar trend, as seen from the 
graph in Figure 3A.  Thus, viscosity, just like concentration, is another parameter affecting the 
film thickness after the solvent evaporation.

Figure 2 SEM images of the fractures of membranes prepared from polymer solutions in 
solvents MDMO and MNP
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Figure 3 A) Dynamic viscosity of the PSU solutions prepared from the MDMO and MNP 
solvents, concentrations of PSU 10–18%; B) Dependence of thickness on concentration for 

PSU films prepared from solutions in NMP and MDMO

Viscosity,  a  property  dependent  on  several  factors  such  as  temperature,  polymer 
concentration, molecular weight, etc., also indicates the behavior of the polymer in solution. 
By determining the viscosities of dilute solutions, a concentration limit can be found below 
which entanglements are no longer formed. In other words, a limit between dilute and semi-
dilute regimes can be found. It may be helpful to consider further processing of polymer, 
including casting. The first limit is defined as a critical chain overlap concentration, c*, which 
is defined as  c* = 1/[η] and physically represents the point when the concentration inside a 
macromolecular  chain equals the solution concentration  (Gupta et  al.,  2005). Moreover,  a 
second critical concentration c** can be defined, representing the point between a semi-dilute 
unentangled regime (or hydrodynamic screening regime) and a semi-dilute entangled regime. 
The critical concentration  c** differs according to literature between 1 < [η]c < 3  (Gupta et 
al., 2005) or 1 < [η]c < 4 (Hong et al., 2001). In the hydrodynamic screening region (c* < c < 
c**),  the  intermolecular  interactions  between  adjacent  polymer  chains  begin  to  overlap 
slightly, influencing the dynamic behavior of polymer chains in solution. If the concentration 
of the polymer solution exceeds the second critical  point  c** the overlapping of polymer 
chains in the solution is noticeable, resulting in significant change of rheological behavior of 
the  polymer  solution  (Hong  et  al.,  2001).  Based  on  the  viscosity  measurements,  the 
dependence  of  reduced  viscosity  on  concentration  permits  the  determination  of  intrinsic 
viscosity (by extrapolation to zero concentration) as well as the Huggins constant (KH), which 
can provide information whether the chosen solvent is a good solvent for the polymer. The 
Huggins constant values are around 0.3 for good solvents and in the range from 0.5 to 1 for 
theta solvent. Of course, it must be noted these values are invalid in both extremely diluted 
and highly overlapped solutions (Schoff, 1999). The results of the viscosity measurements are 
summarized in Table 2,  including the calculated  c* and  c** ([η]c ~ 4).  According to the 
Huggins constant (see Table 2), both solvents can be evaluated as good solvents for PSU. It  
can also be stated that both critical concentrations  c* and  c** are higher for MDMO-based 
membranes.

Table  2  Characteristics  of  both  types  of  polymer  solutions,  as  obtained  from  viscosity 
measurements

7



Samples
Intrinsic viscosity

(L g-1)
Huggins 

constant KH

c*
(wt%)

c** 
(wt%)

PSU in NMP 0.0794 0.159 1.29 5.18

PSU in MDMO 0.0586 0.262 1.70 6.81

To support the conclusion from viscosity measurements of dilute polymer solutions that both 
solvents are good solvents for PSU, the relative energy difference (RED) was also calculated. 
The RED expresses the affinity between the polymer and the solvent based on the Hansen 
solubility parameters (HSP) theory. The polymer and the solvent used can be characterized by 
three HSPs, which represent three types of intermolecular interactions: dispersion forces (𝛿d), 
polar forces (𝛿p) and hydrogen bonding forces (𝛿h). In addition, each polymer possesses an 
interaction radius R0. This radius defines a 3D solubility sphere which center is defined by the 
three polymer solubility parameters (𝛿dp, 𝛿pp, 𝛿hp). Each polymer/solvent pair is then assigned 
a distance Ra; the value of Ra can be calculated according to Equation 4. 

Ra=√4 (δds−δdp )
2+(δ ps−δ pp)

2+(δhs−δhp)
2 (4)

where 𝛿d,  𝛿p,  𝛿h, represent the hydrogen bonding parameter, polar parameter, and dispersion 
parameter, and subscripts s and p refer to solvent and polymer, respectively. 

The relative energy difference (RED), defined by Equation 5, allows to quickly determine 
whether the Ra of a given solvent lies inside or outside the solubility sphere of the polymer.

RED=Ra /R0 (5)

When  RED is  around  1  or  less,  the  solvent  can  be  identified  as  a  good solvent  for  the 
polymer. The smaller the RED value, the higher the polymer solubility in the solvent. The 
RED greater than 1 indicates nonsolvents (AlQasas et al., 2023; Dong et al., 2018b; Matveev 
et al., 2024). The Hansen solubility parameters and RED for PSU and both used solvents are 
summarized in Table 3. The RED values for both solvents are less than 1; therefore, both 
NMP and MDMO can be evaluated as good solvents for PSU.

Table 3 HPSs and RED values for Ultrason S 6010 PSU and NMP and MDMO solvents 
(Dong et al., 2018b; Hansen, 2007; Matveev et al., 2024)

δd (MPa1/2) δp (MPa1/2) δh (MPa1/2) R0 (MPa1/2)
PSU 18.76 4.65 5.84 9.4

δd (MPa1/2) δp (MPa1/2) δh (MPa1/2) Ra (MPa1/2) RED
NMP 18.00 12.30 7.20 7.92 0.84
MDMO 15.80 10.70 9.20 9.11 0.97

An important aspect of the proper membrane function is awareness of whether any residual 
solvent  remains  in  the structure,  as  it  can act  as  a  plasticizer  under operating conditions, 
modifying the permeability of the membrane to certain gases (Sow Mun Lock et al., 2019). 
Figure 4 shows FTIR spectra  for the virgin polysulfone and all  films prepared,  the latter 
reproduces  the  spectrum  of  the  pure  polymer  well.  The  spectra  contain  aromatic  C-H 
stretching  at  1585,  1015,  and  835  cm-1.  Characteristic  absorption  bands  for  symmetric 
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stretching of the sulfone group were observed at 1151 cm-1, while asymmetric stretching was 
evident  at  1322  and  1294  cm-1  in  the  spectra  for  PSU.  Asymmetric  C-O stretching  was 
observed at 1240 and 1012 cm-1 (Bhattacharya et al., 2015; Singh et al., 2014; Sow Mun Lock 
et al., 2019). 

Functional groups of MDMO and NMP are also identified in the IR spectra plotted in Figure 
4. It is possible to distinctly identify a weak band at 1730 cm−1 corresponding to the stretching 
of C=O bond in the ester fragment and the region at 1640 cm−1 assigned to the second C=O 
bond as a part of the tertiary amide fragment for MDMO. This strong band appeared in all 
prepared membranes, indicating the presence of residual solvent. A slight coupled mode of 
stretching  of  the  C-O ester  bond  fragment  at  1060  cm-1 is  also  evident  for  all  samples. 
Membranes  prepared  from NMP-based solutions  also  contain  minute  solvent  residues,  as 
confirmed by FTIR spectra in the region of the carbonyl stretch at  1675 cm-1 (Yau et  al., 
2015). 

Figure 4 FTIR spectra of the virgin polymer, solvents (MDMO and NMP), and prepared 
solutions with concentrations of 12%, 15% and 18%

Thermogravimetric analysis (TGA) was performed to assess the amount of residual solvent in 
the samples and the thermal properties of the prepared membranes. The results are presented 
in Table 4 and graphs in Figure 5. They detail that the virgin PSU  (measured on a pellet) 
exhibited a one-step degradation with a weight loss of 67 wt%. The polymer degradation 
started at around 499°C (determined as an onset temperature), and a maximum decomposition 
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rate was observed at 516°C (peak maximum on DTG curve). The polymer residue was almost 
33 wt% upon completion of decomposition.

Based on observed data, it can be noted that both kinds of prepared membranes (based on 
either MDMO or NMP as the solvent) showed a two-step degradation.  The first degradation 
step was observed in a temperature range from room temperature to 300°C. It can be assigned 
to the evaporation and degradation of residual solvent, which is in agreement with the results 
of the FTIR analysis. Moreover, this degradation step (temperature range) was also confirmed 
by TGA analysis of pure solvents. It can be noted that pure MDMO solvent showed higher 
thermal  stability  than  NMP,  although  both  solvents  degraded  almost  fully  before  300°C, 
resulting in a total weight loss of 99.6 wt% (outside the displayed data). For the MDMO-
based systems, the onset of degradation was located between 136°C and 154°C, depending on 
the decreasing concentration of the polymer in the solution used. The NMP-based membranes 
exhibited a degradation onset between 118°C and 124°C for different concentrations of the 
polymer in the solution. As summarized in Table 4, the percentage of residual solvent in the 
prepared membranes is around 10–14 wt% for samples prepared from solutions in MDMO 
and around 8.5–12 wt% for NMP-based samples. Moreover, the weight loss corresponding to 
the degradation of PSU was very similar in both prepared systems (from 59 wt% to 64 wt%), 
which is in good agreement with the literature (Jusoh et al., 2014).

Table 4 TGA analysis of the PSU (pellet) and membranes prepared from solutions based on 
MDMO and NMP as the solvent at concentrations of polymer 12%, 15% and 18%

1st decomposition 2nd decomposition

Sample
Weight loss

Temperature 
onset

Weight loss
Temperature 

onset
wt% °C wt% °C

PSU - - 67.03 498.46
NMP 99.56 119.65 - -
PSU 12% 11.66 123.17 60.80 482.83
PSU 15% 8.66 118.57 61.78 488.33
PSU 18% 10.41 119.10 59.30 491.17
MDMO 99.52 179.55 - -
PSU 12% 10.95 157.56 62.45 493.68
PSU 15% 10.51 151.13 63.11 492.96
PSU 18% 14.09 136.93 63.75 488.21
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Figure 5 TGA of PSU membranes prepared from solution based on MDMO and NMP as 
solvents

PSU is one of the most thermally stable polymers due to its chemical structure based on a 
sulfonic group incorporated into a resonantly stable conjugated system with aromatic rings. 
The TGA results revealed that the thermal stabilities of PSU membranes containing residual 
solvent were almost identical to those of the virgin polymer (Molnár et al., 2005; Olmos et al., 
2014). 

The glass transition temperature,  Tg is  also an important  indicator  concerning the thermal 
properties of the membranes. Polymer-solvent interactions can significantly affect the value 
of Tg because the solvent acts as a plasticizer. It can lower Tg by several degrees, even at low 
concentrations. Changes in Tg were studied using dynamic mechanical analysis (DMA), and 
the results are expressed as a dependence of the loss factor tanδ on temperature (Figure 6). 
Membranes  prepared  from solutions  with  a  PSU concentration  of  18% were  chosen  for 
testing. A proportion of the samples were analyzed without further treatment, while the other 
samples were removed from the residual solvent by evaporating the solvents in a vacuum 
oven at 160°C. 
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Figure 6 Dependence of tanδ on temperature as a result of DMA for untreated PSU 
membranes (PSU 18% MDMO and PSU 18% NMP) and vacuum oven treated membranes 

(PSU 18% MDMO – evap. and PSU 18% NMP - evap.)

A comparison of the DMA results revealed several interesting observations. The Tg of the 
NMP-based membranes  remained essentially  unchanged,  with values  of  193.4 °C for  the 
vacuum-treated  membrane  and  192.6  °C  for  the  untreated  sample.  However,  noticeable 
differences  were  identified  in  the  sub-Tg relaxation  behavior.  Specifically,  the  sub-Tg 

transition shifted from approximately 150 °C in the untreated membrane to around 170 °C 
after  vacuum treatment.  The  observed  increase  in  the  sub-Tg transition  temperature  after 
solvent removal may be associated with reduced plasticization and a more constrained local 
chain organization. Indicating that residual NMP can affect the microstructural arrangement 
and local molecular dynamics of PSU, even when no significant changes are observed in the 
primary glass transition region.  

As shown in Figure 6, the MDMO-based system exhibited a significant decrease in Tg. The 
sample from which the residual solvent had been removed by vacuum evaporation showed a 
Tg of 164.6 °C, while the untreated film exhibited a substantially lower Tg of 115.3 °C. As 
reflected  by  the  Huggins  constant,  MDMO  can  penetrate  between  PSU  chains,  weaken 
intermolecular interactions, and enhance chain mobility, thereby significantly lowering the Tg. 
After vacuum treatment, the removal of residual MDMO reduced the plasticization effect and 
partially  restored  intermolecular  cohesive  forces  between  polymer  chains,  resulting  in  an 
increase in Tg.

Since solvent residues were identified and confirmed in the membranes, it was necessary to 
demonstrate their safety concerning their future use in real industrial conditions. All samples 
were subjected to GCMS analysis to evaluate the potential  for evaporation of the residual 
solvent over time, i.e., during application. The results are presented in graphs in Figure 7. The 
dependence of absolute intensity on retention time (RT) for the pure MDMO solvent showed 
a dominant peak at RT 7.8 min and two smaller peaks at RT 7.26 and 7.6 min. As detailed in 
Figure 7,  none  of  the  graphs  for  the  MDMO-based  PSU  samples  contained  peaks 
corresponding  to  the  solvent,  demonstrating  the  stability  and  safety  of  the  prepared 
membranes during their application. These results are in agreement with the work of Levent 
Cseri et al.  (Cseri and Szekely, 2019). In contrast, GCMS analysis of the NMP-based PSU 
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membranes  revealed  a  peak corresponding  to  NMP release  at  RT of  5.1  min  for  all  the 
samples. This could indicate a gradual release of the NMP solvent from the membrane during 
its use, which may represent a potential risk to the user.

 
Figure 7 GCMS analysis of the pure solvents (MDMO and NMP) and membranes prepared 

from solutions based on these solvents

The solution-diffusion mechanism has been utilized to evaluate gas transport through PSU 
membranes prepared using NMP and MDMO. According to this model, the permeability (P) 
can be expressed as the product of the solubility (S) and the diffusivity (D) as defined by the 
following equation

                                       P=S ∙D (6)

 Figure 8 (A) shows the permeability of three different gases, where carbon dioxide (CO )₂  
exhibited higher permeability than oxygen (O ) and nitrogen (N ) for both membranes. The₂ ₂  
NMP-based membranes showed higher permeability, particularly for CO . This behavior can₂  
be attributed to the higher condensability of CO  and its stronger interactions with the polar₂  
sulfone  groups  within  the  polymer  matrix.  In  contrast,  O  and  N  exhibited  lower₂ ₂  
permeability due to their nonpolar nature and weaker interactions with the membrane material 
(Lin and Freeman, 2005).
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It is worth noting that CO  permeability values reported for dense polysulfone membranes are₂  
typically in the range of 6–9 Barrer. The lower permeability observed in the present study, 
~3.5 Barrer,  may be related to incomplete  solvent  removal  from the membrane matrix,  as 
indicated by TGA. 

As shown in Figure 8 (A), the MDMO-based membrane exhibited lower permeability for all 
tested gases compared with the NMP-based membrane, despite exhibiting lower Tg  values. 
Lower Tg generally corresponds to increased polymer segmental mobility, which enhances 
free-volume fluctuations and facilitates higher gas diffusivity and permeability  in polymer 
membranes.  However,  in  glassy  polymers  such  as  PSU,  this  approach  is  not  always 
straightforward. Gas transport can be influenced not only by chain mobility but also by the 
properties of free-volume elements and the microstructural organization of the polymer matrix 
(37,38,39). Therefore, the lower permeability observed in the MDMO-based membrane can 
be correlated with solvent-induced changes in free-volume distribution and the presence of a 
densely  packed  region,  which  plays  a  pivotal  role  in  reducing  the  accessibility  and 
interconnectivity  of diffusion pathways for all  gases. This behavior suggests that  MDMO 
substantially modifies the phase organization and packing structure of PSU during solvent 
evaporation, leading to a membrane morphology less favorable for gas transport.

While  the  permeability  measurement  describes  the  gas  transport  rate,  the  permselectivity 
provides an insight into the membrane’s ability to discriminate  between  gases of different 
sizes of their molecules and interaction characteristics. The permselectivity αAB, is defined by 
the relationship (Freeman, 1999):

α AB=PA /PB (7)

where  PA is  the  membrane  permeability  for  the  more  permeable  gas  and  PB for  the  less 
permeable gas.

Based  on  Equation  6,  permselectivity  can  also  be  expressed  as  the  product  of  diffusion 
selectivity (DA/DB) and solubility (SA/SB) selectivity:

α AB=
SA
SB
∙
DA

DB

(8)

Figure 8  (B)  shows  that  the  NMP-based membrane  exhibited  higher  selectivity  for  CO2-
containing gas pairs, suggesting more effective free-volume organization than the MDMO-
based membrane. In contrast, the relatively low selectivity observed for the O /N  gas pair,₂ ₂  
with  values  approaching  unity,  indicates  limited  molecular  sieving  capability  for  both 
membranes. The obtained results, therefore, imply that the prepared membranes exhibited a 
barrier property rather than a highly selective network.
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Figure 8 A) Permeability through PSU membranes based on NMP and MDMO for molecules 
of CO2, N2, and O2, B) Solubility diffusivity permselectivity of tested PSU membranes based 

on NMP and MDMO

4. Conclusion

MDMO is an environmentally-friendly,  non-toxic,  low-volatile  solvent considered a green 
alternative  to  polar  aprotic  solvents.  In  this  study,  MDMO was used as  an  alternative  to 
N-methylpyrrolidone in PSU solutions for doctor blade cast membranes. A comparison was 
made of the properties of solutions of 10-18% concentration and the membranes prepared 
from them to investigate the effect of solvent change on the properties associated with gas 
separation.

The intrinsic viscosities of the solutions were measured, determining that MDMO was a good 
solvent  for  polysulfone,  hence  a  potential  alternative  to  NMP.  However,  the  dynamic 
viscosities of the solutions with MDMO were significantly higher, indicating differences in 
processability and intersegmental mobility, as confirmed by values for Tg obtained by DMA. 
FTIR analysis revealed that both sets of membranes (based on NMP or MDMO) contained a 
residual  solvent.  TGA  showed  that  approximately  the  same  amount  of  residual  solvent 
remained in both types of tested films,  although only NMP would release gradually upon 
application  of  the  membranes,  as  confirmed  by  GCMS  analysis.  Determining  the  gas 
transmission  rates  for  CO2,  N2 and  O2 demonstrated  that  the  membranes  prepared  from 
MDMO-based solutions exhibited barrier properties.

It can be concluded that although MDMO proved to be a good solvent for PSU, the functional 
properties of the non-porous cast membranes made from MDMO-based solutions were rather 
lagging behind those where NMP was used. However, the environmentally benign solvent 
provides better stability to the prepared thin films, ensuring that the solvent is not released 
from the membrane during application. Nevertheless, it  is necessary to address the lack of 
functional properties, which requires additivities or functionalization to maintain stability and 
promote the permeability and selectivity of such membranes.
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