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A B S T R A C T   

This paper reports the preparation and characterization of asymmetric membranes for direct air capture (DAC) in 
polysulfone membrane contactors. In the previous studies it was found that blending the polysulfone with 
modified Lupasol G20 improved the polysulfone membrane performance; however, the hydrophobicity and 
stability of the additive require improvement for the application in gas/liquid system. In order to achieve this 
objective, in the current study, Lupasol G20 was grafted with phenyl isocyanate via urea linkages in a solvent- 
free and eco-friendly method. Membranes with different amount of the additive were prepared by phase 
inversion and characterized by several techniques in terms of morphology, porosity, wettability, and stability in 
aqueous KOH solution. Finally, CO2 solubility and mass transfer coefficient were determined and correlated with 
membranes’ performance in the direct air capture device. In general, it was found that the presence of the ad
ditive greatly improved the characteristics of the membranes in terms of CO2 capture efficiency and robustness, 
outperforming the results obtained previously. The best results for were obtained with 5% additive content 
reaching 0.18 [mol/m2s].   

1. Introduction 

Fossil fuels are the most important source of energy with almost no 
alternatives. Power plants burn fossil fuels to produce electricity and 
energy. Therefore, post-combustion gases released are considered the 
main factor for emission increase. The energy industries based on fossil 
fuels, such as petroleum, coal, natural carbon dioxide gas and metal 
processing, are not only the centerpiece of economic development but 
also the main body of CO2 emissions, together with the transport section 
with special emphasis on thermal engines. Atmospheric CO2 concen
tration has become a subject of worldwide concern because it seriously 
contributed to global warming and climate change, which resulted in 
serious environmental problems [1,2]. The report of the International 
Panel on Climate Change (IPCC) showed that modelled pathways which 
aim at limiting global warming to 1.5 ◦C, involve fast and, in most cases, 
immediate greenhouse gas emissions reductions in all sectors this 
decade and that global net zero CO2 emissions must be reached in the 
early 2050s. Otherwise, human beings could face the most damaging 

effects emerging from climate change [3,4]. On the other hand, in 2050 
global energetic demand will rise about 15% versus 2021, with elec
tricity demand projected to grow between 62% and 185% in the same 
period, as recently pointed out by The International Energy Agency 
(IEA) [4]. Even with the rapid development of renewable energies, most 
of electricity would still come from fossil fuel for the next few decades, 
which makes the CO2 emission reduction a major challenge. Hence, it is 
necessary to explore low energy-consumption, cost-effective, available 
and efficient technologies for the capture and separation of CO2 pro
duced by the industrial sources. 

Emissions can be reduced by decreasing the energy consumption or 
using natural renewable energy sources; however, the carbon dioxide 
present in the atmosphere can be decreased by its capture. Several 
methods have been identified for the removal and capture of CO2 based 
on physical and chemical processes: absorption, adsorption, conversion, 
cryogenic separation, and membrane techniques [5–7]. However, 
membrane technology holds great promises for CO2 capture by 
gas-liquid absorption. It has several attractive advantages compared to 
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other CO2 capture methods: high energy efficiency, cost effective 
method, compact and portable systems that are simply operated [8]. 
Recently, new hybrid processes have been studied, they take advantage 
from advanced membrane technologies and CO2 absorption methods in 
a single device. In these devices, the membrane plays the role of a 
physical barrier that separates the two phases; this system is called a 
contactor [6,7]. In membrane contactors, CO2 absorption occurs when a 
gas stream enters the system through the membrane pores and gets in 
contact with the aqueous absorbing solution that flows in the opposite 
side of the membrane [8,9]. Therefore, the surface area for phase con
tact increases, which facilitates the mass exchange process [10]. On the 
other hand, membrane pores should be filled with gas to prevent any 
membrane wetting. Consequently, membrane mass transfer resistance 
decreases while CO2 flux increases [9,11,12]. 

Direct air capture is currently considered as an emerging technology 
for carbon dioxide removal, which includes geological storage of biotic 
carbon and the acceleration of geochemical weathering [13]. The cap
ture of carbon dioxide from the atmosphere was proposed as a possible 
cost-competitive climate mitigation technology [14]. Regarding this 
aspect, nature represents a great inspiration, since photosynthesis 
occurring in leaves represents an efficient and optimized process for air 
capture. In more details, photosynthesis takes place through stomata, 
which are the organs used to control the gas exchange in leaves. They are 
in charge of controlling the exchange of gases - especially water vapor 
and CO2 - between the interior of the leaf and the atmosphere [15]. 
Nogalska et al. reported a biomimetic contactor, a system that simulates 
the stomata, based on a polysulfone membrane and a potassium hy
droxide solution used as an absorbent, which is in direct contact with the 
bottom side on the membrane[16]. For this system, CO2 absorption was 
greatly improved with respect to the value of natural stomata 
(20 µmol/(m2 s)) [17]. 

The common materials for CO2 removal membranes are organic 
polymers. Polysulfone is widely employed as an asymmetric porous 
membrane in different gas separation and absorption processes [18,19], 
due to its relatively high CO2 permeability. Furthermore, polysulfone 
membranes have excellent mechanical strength, high thermal and 
chemical stability but also good hydrophobicity and low mass transfer 
resistance for CO2 [20]. All these properties above make this polymer a 
good choice for membrane gas absorption processes [21]. 

Amines are currently the most efficient and cost-effective materials 
for CO2 capture [22,23]. It is often mentioned that primary amines are 
more reactive towards CO2. However, in order to fully investigate the 
effects of amines on CO2, the electronic and steric effects of all sub
stituents attached to the nitrogen atoms should be considered. 
Furthermore, the basicity of amines is the most critical factor that affects 
CO2 capture performance due to the acid/base reaction between CO2 
and amines. The reaction between CO2 and a primary or secondary 
amine that are sterically unhindered forms a stable carbamate. Only half 
mole of CO2 is absorbed per mole of amine group (Scheme 1.a). How
ever, it was shown that the formation of some hydrogen carbonate could 
increase this sorption ratio (Scheme 1.b). Since the carbamate is fairly 
stable, the absorbent regeneration is difficult due to the high amount of 
heat energy needed to break the bonds [24]. In contrast, tertiary and 
hindered amines form an unstable carbamate and, due to a hydrolysis 
reaction, lead to the formation of hydrogen carbonate ions, which re
sults in a loading capacity of one mole CO2 per mole of amine group 
(Scheme 1.c) [25]. Aqueous amine solutions, such as mono-(MEA) and 

diethanolamine (DEA), have been used to capture CO2 and generate 
food-grade carbon dioxide in the natural gas industry since decades 
[26]. 

Aqueous amine absorption is practical to capture CO2 from gas 
streams with a low partial pressure of CO2. However, amine solutions 
are limited to be used with low concentrations for different processes in 
CO2 recovery plants, due to equipment corrosion and amine solvent 
degradation caused by oxygen present in aqueous solution [27]; how
ever, the biggest issue is the high heat capacity of the amine solution that 
occurs in the aqueous phase for CO2 capture, which causes a high energy 
consumption. Moreover, technical scalability limits its application to 
CO2 capture from flue gas emissions of electricity power plants that burn 
coal or natural gas. For that reason, CO2 capture by using solid adsor
bents, such as polyamines, is considered as a promising alternative to 
avoid all problems related to aqueous amine absorbents. Polyamines are 
being intensively investigated by loading and blending them with other 
support materials, such as membranes. Therefore, polyethyleneimine 
(PEI) is the most investigated because it is relatively cheap, easily syn
thesized and more thermostable compared with other amine-based ad
sorbents or amine oligomers [28]. Since PEI was introduced for CO2 
capture in space shuttle applications by Satyapal et al.[29], many re
searchers have studied PEI as an adsorbent for CO2 capture by loading it 
on many support materials. 

In a previous paper, we tried to improve the performance of poly
sulfone (PSF) membrane contactor used for CO2 capture from ambient 
air as reported by Nogalska et al. [16], by blending polysulfone with a 
commercial hyperbranched polyethylene imine, namely Lupasol G20, 
chemically modified with benzoyl chloride at partial extent (aromatic 
groups/nitrogen atoms content around 19%), to give mG20 additive 
[30]. The partial chemical modification of Lupasol G20 was carried out 
in order to decrease its water-solubility; in this way, the blended PSF 
membranes could be prepared by phase inversion precipitation in a 
water coagulation bath and a porous asymmetric membrane was pre
pared. We found that the addition of the polymer resulted a 4-fold in
crease of CO2 flux with respect to neat PSF membrane; on the other 
hand, increased absorbent (KOH solution) uptake and eventual K2CO3 
formation, from the reaction of CO2 with KOH, resulted in pore clogging 
and was evidenced when the additive amount was higher than 5 wt%. 
This determined worse performances in terms of CO2 assimilation in 
those cases. On the other hand, it must be also pointed out that the 
chemical modification reaction took place on primary and secondary 
amines of the Lupasol G20 structure, consequently forming hydrochloric 
acid (HCl) as a byproduct (Scheme 2) that could be trapped on the 
membrane matrix and affect both CO2 capture and membrane stability. 

For this reason, in the present paper we investigated a different 
approach for Lupasol G20 chemical modification to increase both, its 
hydrophobicity and stability of the final blended membrane. Here, 
Lupasol G20 was partially modified by a solvent-free, eco-friendly 
method [31], by phenyl isocyanate; in this way, we obtained UG20 
additive, with decreased water-solubility. Consequently, this converted 
the sterically unhindered nitrogen atoms into sterically hindered ones by 
forming urea groups; moreover, these groups are more basic compared 
to the amide formed in the previous modification by benzoyl chloride. 
Additionally, the stability of the membrane is expected to increase as 
well, since the reaction performed produces no side product that could 
be trapped in the polymer. PSF-based membranes with different 
amounts of the modified Lupasol G20 were studied (specifically 2, 5 and 
10 wt% with respect to PSF) and compared to pristine PSF membrane. 

2. Materials and methods 

2.1. Materials 

Polysulfone (PSF, MW 35000 Da) in transparent pellet form, phenyl 
isocyanate (98%) and 1-methyl-2-pyrrolidone (NMP, ACS) were pur
chased from Sigma-Aldrich (Sigma Aldrich Química, Madrid, Spain) and 

Scheme 1. Equations of: (a) Carbamate formation; (b) Hydrogen carbonate 
formation; (c) Carbamate reversion to hydrogen carbonate. 
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used as received. Polyethyleneimine (PEI) (Lupasol G20, 1300 g/mol) 
was kindly provided by BASF (Tarragona, Spain) and used as received. 
Its structure is reported in Fig. 1. 

Low conductance (Milli-Q®) water was used in a coagulation bath 
for membrane preparation. Extra pure potassium hydroxide in pellets 
(Scharlab, Barcelona, Spain) was dissolved in deionized water to prepare 
solutions for membrane swelling and to be used as absorbent in DAC 
system. Potassium hydrogen phthalate (>99.95% purity) was purchased 
from Aldrich and used as a standard in 1H NMR analysis. 

2.2. Additive preparation 

Lupasol G20 was partially chemically modified to decrease its water 
solubility. As seen for primary amines in Scheme 3, we used a solvent- 
free, eco-friendly method which did not require any organic solvent. 
The modification of PEI was performed with 25% of stoichiometric 
amount of phenyl isocyanate with respect to the cationic charge density 
of Lupasol G20 (17 meq/g) by adding 5.1 g drop-wise directly to 10 g of 
Lupasol G20 magnetically stirred for two hours at room temperature. 
The reaction was then left overnight. The resultant product was carefully 
washed three times by distilled water under stirring, to remove the 
water soluble residue, which resulted in UG20, an oily product that was 
left to dry for 24 h. The modified Lupasol G20 was finally analyzed by 1H 
NMR, as can be seen in Fig. S1 in Supplementary Information. The final 
modification degree was found to be around 17%. 

2.3. Membrane preparation 

All polysulfone-based membranes were prepared by phase inversion 
process, namely immersion-precipitation, in ambient conditions. N- 
Methylpyrrolidone (NMP) was used to dissolve 20 g of PSF/UG20 
blending so that the total polymer concentration would be fixed at 20 wt 
% with respect to total polymeric solution weight. Polymer blends were 
stirred for 48 h, then left for bubble removal. Subsequently, polymer 
solutions were cast on a glass using a 250 µm casting knife, and instantly 
put into a Milli-Q water coagulation bath. The membranes precipitated 

as a result of solvent and non-solvent exchange, NMP and water, 
respectively. The top surface of the prepared membranes is the one in 
contact with the coagulation bath, while the bottom is the one in contact 
with the glass in the first instances of the precipitation process. Resulting 
flat sheet membranes were removed from bath, washed for 24 h in Milli- 
Q water and left to dry on air after the washing process. In this article M0 
will be referring for neat PSF membrane, whereas M2, M5 and M10 will 
be referring for membranes containing 2, 5 and 10 wt% of UG20 relative 
to PSF (weight ratio basis), respectively. 

2.4. Characterizations 

1H NMR spectra of UG20 in deuterated methanol (CD3OD) were 
recorded at 400 MHz on a Varian Gemini 400 spectrometer. A pulse 
delay time of 5 s was used. The solvent peak was taken as the reference, 
and the chemical shifts were given in parts per million from TMS (Tet
ramethylsilane). Additionally the polysulfone membranes were char
acterized by the same technique. Membrane samples (10–20 mg) were 
dissolved in dimethylformamide-d6 (dmf-d6) together with a known 
amount of potassium hydrogenphthalate (5–10 mg) as the internal 
standard for the quantification of residual N-methylpyrrolidone (NMP). 
Dimethyl sulfoxide-d6 (dmso-d6), in a sealed co-axial capillary tube, 
was used as the deuterium reference external standard. The amounts of 
NMP were determined from the ratio of the NMP and potassium 
hydrogenphthalate signals (δ: 1.93 and 7.49 ppm, respectively) after 
baseline correction. 

The membrane surface morphology and roughness were determined 
by Atomic Force Microscopy (AFM) – Molecular imaging model Pico 
SPM II (Pico+) (scan size: 2 µm × 2 µm, WsxM software). 

Field Emission Scanning Electron Microscopy (FESEM) by means of 
Scios2 microscope (Thermo Fisher Scientific, Waltham, USA) was used 
to analyze the internal morphology of membranes. Electrons were 
accelerated at 5.00 kV, the working distance was comprised between 3 
and 7 mm and ETD or T2- high resolution secondary electrons detectors 
were used. Membranes were previously criofractured in liquid nitrogen 
in order to observe their cross sections. Elemental analysis was per
formed by means of Thermo Fisher Scientific EDX analyzer equipped 
with Pathfinder software on the aged samples. 

The glass transition temperatures (Tg) of M0-M10 membranes were 
determined by Differential Scanning Calorimetry (DSC) by means of 
Mettler DSC-821e device, calibrated using an In standard (heat flow 
calibration) and an In-Pb-Zn standard (temperature calibration). Sam
ples (≈ 5 mg) were tested in aluminium pans with a pierced lid in N2 
(50 mL/min) in dynamic mode at a heating rate of 10◦C/min from 0◦C to 
200◦C; Tg was determined as the inflection point in the heat flow signal 
step. 

Dielectric thermal analysis (DETA) was used to provide information 
on the molecular structure of the membranes and molecular mobility. 
Impedance measurements were conducted using a Novocontrol Broad
band Dielectric Impedance Spectrometer (BDIS), connected to a 

Scheme 2. Reaction of PEI (Lupasol G20) with benzoyl chloride.  

Fig. 1. Chemical structure of Lupasol.  
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Novocontrol Alfa-A Frequency Response Analyzer. The measurements 
were obtained under isothermal conditions in the frequency range of 
10− 2 to 107 Hz, increasing the temperature in steps of 10 ◦C between 
− 150º and 250ºC. 

Raman spectra of the blended membranes were recorded by means of 
inVia™ confocal Raman microscope Renishaw (Agilent) for UG20 ad
ditive, neat PSf and M10 membrane under 785 nm laser excitation (10% 
Power, diffraction grating: 1200 l/mm, exposure time: 50 s, objective 
x50). The analysis was performed at different depth layers for each 
sample, i.e. top surface, center (50 and 100 µm deep) and bottom 
surface. 

Fourier transform infrared spectroscopy (FTIR) analysis of as pre
pared or aged membranes (M0-M10) was performed using VERTEX 70 
(Bruker) to study the chemical composition as well as the possible hy
drolysis of urea groups in our membranes. Spectra of aged membranes 
were acquired after soaking in aqueous KOH (0.64 M) with software 
OPUS 7.0 (Bruker Optics Inc.). Subsequently, we studied the effect of 
UG20 content increase on the chemical composition of the membrane in 
both, treated and untreated cases. 

The overall membrane porosity (ε), defined as the volume of the 
pores divided by the total volume of the membrane, was determined by 
using a method based on the density measurements according to the 
following equation: 

ε (%) = (1 − ρm/ρp) × 100 (1)  

where ρp corresponds to the polymeric material density, which is a 
weighted average of polysulfone (1.24 g/cm3) and UG20 (1.08 g/cm3) 
density, and ρm to the membrane density. The membrane density is 
calculated by determining the relationship between mass and volume 
(thickness multiplied by area) of 1 cm2 of membrane. 

Specific surface areas and pore volumes were measured by N2 
physisorption at − 196 ◦C by QUADRASORB SI surface analyzer, 
Quantchrome Instruments, equipped with FloVac Degasser, FloVacTM. 
Samples were previously degassed in situ at 80 ◦C overnight under 
vacuum. Surface areas were calculated using the Brunauer-Emmet- 
Teller (BET) methods over a P/P0 range where a linear relationship 
was maintained. Pore size distribution was predicted from the desorp
tion wing of the isotherm by applying the Barrett-Joyner-Halenda (BJH) 
method. The membranes cross-sections obtained by cryofracture were 
examined by ESEM before and after degassing, in order to verify that 
degassification did not alter their inner structure. 

Mechanical properties of all membrane samples were analyzed using 
stress-strain measurement. Tensile measurements were performed via 
an Instron-5564 (Instron, MA, USA) instrument with a sample dimen
sion of 10 × 50 mm, and a gauge length of 28 mm, at ambient atmo
sphere (25 ºC, ~40% relative humidity), and a deformation rate of 
5 mm/min. 

Water and KOH uptake tests were performed on previously dried 
membranes (size: 1.5 ×3 cm2). The membranes were dried at 60 ◦C for 
72 h, weighed, soaked in Milli-Q water or KOH 0.64 M solution under 
stirring for 24 h at room temperature, and reweighed. The water or KOH 
uptake (Upt) was calculated as: 

Upt(%) =
Wwet − Wdry

Wdry
× 100 (2)  

Where Wwet is the weight after soaking and Wdry the initial weight after 
drying. 

Water contact angle of the membranes was determined by Data
physics PCA 15EC. A 3 µL droplet of Milli-Q water was placed on the 
surface of the membrane and the contact angle was calculated from a 
digital image by software composition analysis (SCA) (DataPhysics, 
Fildertstadt, Germany) included in the apparatus. Contact angle values 
were taken as the average of three measurements. 

2.5. CO2 permeability and solubility measurements 

A self-made, stainless-steel module, dead-end apparatus with an 
embedded membrane was used to measure the carbon dioxide per
meance (Fig. 2). Pure CO2 or N2 was injected into the module containing 
the membranes with an effective area of 16 cm2. Gas permeation tests 
were conducted at 1, 2, and 3 bar, respectively, by measuring pressure 
increase in the permeate compartment using a precision gas pressure 
sensor (stork solutions model: UPS-HSR-B02P5G). Mass transfer coeffi
cient k (mol/(s m2 bar)) was calculated following the Eq. (3):  

k = n/(A⋅ΔP)                                                                                  (3) 

Here, n stands for molar flow (mol/s), A is membrane area (m2), and 
ΔP is the pressure gradient (bar). 

The solubility of CO2 was investigated using the pressure decay 
method (Fig. 2), whereby membrane samples (≈ 150 mg) were placed in 
the bottom of the module and carbon dioxide was injected into the 
system to reach 2 bar. When the pressure reached 2 bar, the valve was 
closed, and the pressure decrease until equilibration was measured by a 
digital pressure sensor. The solubility of materials was calculated 
following the Eq. (4): 

nCO2 =

(
pi − pf

)
V

RT
(4)  

where nCO2 is the adsorbed moles of CO2, pi and pf are the initial and final 
pressures (Pa), respectively, V is the gas volume(m3), R is gas constant 
(8.314 J/(K⋅mol)), and T (K) is temperature. The solubility coefficient, 
SCO2 (m3 (STP)/(m3⋅atm)), which is used to indicate the solubility of 
gases, is calculated according to Eq. (5): 

Scheme 3. Reaction between Lupasol G20 and phenyl isocyanate.  

Fig. 2. Setup for solubility and permeability measurements: (1) N2 or CO2 gas 
tank, (2) Valve, (3) Steel module containing membrane, (4) Digital gas pressure 
sensor, (5) Computer, (6) Membrane. 
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SCO2 =
Vco2m (STP)
VmPestabilished

(5)  

where VCO2m (STP)(m3) is the volume of CO2 relating to nCO2 at STP 
conditions (1.013 × 105 Pa, 273.15 K, recalculated from eq. 4), Vm is the 
analyzed material volume (m3, taking into account the porosity), and 
Pestablished (atm) is the pressure measured at equilibrium conditions. 

2.6. Direct air capture measurements 

The direct air capture CO2 absorption test was carried out in a gas- 
liquid membrane contactor, with home-made module as described in  
Fig. 3 and [16]. The prepared membranes were placed in a module, 
where the top surface was exposed to ambient air (no pressure or flow 
applied) by holes in the cover of the module and the bottom surface 
(9 cm2 contact area) of the flat sheet membrane is in contact with 10 mL 
of the 0.64 M KOH solution as a liquid absorbent. The total of 100 mL of 
the absorbent was circulating between the reservoir and the module 
thanks to the pump in a different range of flow rate from 40 to 
340 mL/min at room conditions (25 ◦C and 1.013 × 105 Pa). The ex
periments were conducted for 1 h with continuous stirring, and each one 
was repeated three times with a new membrane to verify the repro
ducibility. After 1 h, samples were collected, and the absorbed CO2 
amount was determined by means of a carbon dioxide ion-selective 
electrode (Hanna HI4105 connected with Orion Dual Star pH/ISE 
Benchtop meter), according to the procedure reported next: 

Diluted samples (1 mL) were mixed with 43 Milli-Q water, 1 mL 
standard (0.1 NaHCO3) and CO2 buffer (5 mL, Orion Application Solu
tion 950210) to adjust the pH to the electrode working pH at 4.8–5.2. 
The concentration of total carbonic species (CO3

2-, HCO3
- and CO2) was 

determined after calibration with NaHCO3 standard (0.1 M), and buffer. 
The stable value of CO2 absorption flux (mol/m2⋅s), JCO2, according to 
Yeon and Lin [32,33] was calculated by the following Eq. (6): 

JCO2 =
Qi.MCO2

A
× 1000 (6)  

where Qi stays for the absorbent flow rate (m3/s), MCO2 is the CO2 
concentration in the absorbent (mol/L) obtained from the ISE mea
surements, and A is the area of the flat sheet membrane (m2). 

3. Results 

3.1. Additive synthesis, blended membrane preparation and 
morphological characterization 

1H NMR of the modified Lupasol (UG20) in deuterated methanol 
(Fig.S1) shows two groups of broad, partially overlapped signals, in the 
regions 6.5–7.8 ppm (aromatic protons) and 2.2–3.8 ppm (ethylenic 
protons adjacent to nitrogen atoms), proving that the chemical modifi
cation with phenyl isocyanate was successful [34]. According to Lupasol 
G20 structure (Fig. 1.), the ratio N:C is 1:2: therefore, approximately 

each ethylene group corresponds to one nitrogen atom. So, we could 
roughly estimate the ratio of bonded aromatic groups (i.e. reacted 
phenyl isocyanate) vs. ethylene groups, i.e. aromatic groups/nitrogen 
atoms content, based on the integration of the aforementioned signals. 
This is directly related to the achieved modification degree, which 
resulted around 17%. Taking into account that the phenyl isocyanate 
amount used in the reaction corresponded to 25% of the cationic charge 
density of Lupasol G20, one can conclude that the chemical modification 
of the hyperbranched PEI occurred at good extent. Actually, this degree 
of modification reduced Lupasol G20 solubility in water sufficiently so 
to allow blended membrane preparation by phase inversion precipita
tion in water as desired. In our previous paper [30], Lupasol G20 turned 
out to be modified by benzoyl chloride at around 19%, yelding mG20 
additive: therefore, UG20 and mG20 can be considered comparable in 
terms of grafting amounts. 

Unfortunately, the exact amount of additive finally contained in the 
obtained membranes could not be determined by 1H NMR, due to the 
presence of very broad and partially overlapped signals in both poly
meric components, which prevented an accurate integration. Therefore, 
the additive amount mentioned throughout the paper corresponded to 
the theoretical amount calculated based on the initial polymeric solu
tion, assuming that none of the additive was washed out in the precip
itation process. The importance of carefully washing the membranes 
after their precipitation should be also underlined. When membranes 
were washed with water just for 30 min, 7–8 wt% of residual NMP was 
detected by 1H NMR. Fig.S2 shows the 1H NMR spectrum of M0 mem
brane washed for 30 min as a matter of example. In this spectrum, the 
peaks relative to residual NMP can be clearly distinguished and allowed 
the quantification of residual NMP after washing, by means of potassium 
hydrogen phthalate as internal standard. NMP acts as a plasticizer, as it 
will be shown in Section 3.3. However, careful 1H NMR analyses of 
washed samples assured that 24 h were a sufficient to completely 
remove NMP from the prepared membranes. 

The composition and morphological characteristics of the mem
branes under study are shown in Table 1. 

Environmental scanning electron microscope (ESEM) was used to 
characterize the membrane morphology, in which membrane thick
nesses were obtained by ESEM micrographs analysis with ImageJ soft
ware. Thickness values presented in Table 1 correspond to the average of 
three measurements. 

Thickness values range around 140–150 µm. Fig. 4a-d show the 
cross-sectional images of M0, M2, M5 and M10 membranes. ESEM could 
not clearly evidence internal structure changes when UG20 additive 
content increases, i.e. a similar morphology can be noticed, which re
veals the same finger-like structure for pores with a spongy and denser 
layer on the bottom. The amount of macrovoids looks the same as we 
increased UG20 content. Macrovoids can be explained as a consequence 
of the instantaneous demixing that occurs when the casting solution and 
the coagulant get in contact and they are associated with instantaneous 
precipitation and lower viscosity of the polymeric solution [35]. This 
leads to a fast penetration of water, as a non-solvent, into the polymeric 
solution. This phenomenon determines highly asymmetric structures, 
with fingerlike macrovoids; on the other hand, slower coagulant pene
tration induces slower precipitation and finally forms sponge-like, more 
symmetric structures [36]. Furthermore, it has been also shown that the 
evolution from a spongy-like to a macrovoid morphology also depends 

Fig. 3. Direct air capture system for CO2 absorption: (1) KOH solution tank, (2) 
Pump, (3) Module containing membrane, (4) Membrane. 

Table 1 
Composition and morphological characteristics of studied membranes.  

Membrane UG20/PSF 
(wt%) 

Thickness (µm) Specific Surface Area (m2/g) 

M0  0 142 ± 1  27.4 
M2  2 146 ± 5  28.2 
M5  5 137 ± 4  12.5 
M10  10 150 ± 4  6.3  
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on the membrane thickness; a full development of a fingerlike structure 
can be observed when thickness is higher than a critical value, which 
varies according to the whole system composition [37]. In our case, 
membrane thicknesses all lie within 140 and 150 µm approximately 
(Table 1), which should lead to fingerlike morphologies. On the other 
hand, since UG20 is a hydrophilic polymer, it should contribute to 
slower the precipitation of PSF-based membranes, and therefore should 
lead to a less porous structure. Also, one should remember that the so
lution viscosity also plays a role in the phase inversion process, since it 
may alter the precipitation rate and, consequently, membrane 
morphology. Therefore, the higher the additive content, the higher the 
difference in the solution viscosity, which could slow down the misci
bility of polymeric solution and water. In our previous paper [30], when 
the used additive was Lupasol G20 modified with benzoyl chloride at 
similar extent (mG20), we could find a remarkable effect of the additive 
content on membrane morphology just in the case of 20 wt% additive 
amount; nevertheless, some evidence of a growing dense layer were 
already shown by the sample containing 10 wt% additive. However, for 
that system, in the absence of a more exhaustive analysis of porosity, a 
change in morphology with additive increase could not be ruled out. 

The overall porosity of M0-M10 membranes, as calculated by density 
measurements, did not show any significant difference within the 
experimental error, being approximately 72% in all cases. Therefore, in 
order to get further insight into membrane porosity of M0-M10 systems, 
nitrogen adsorption and desorption isotherms were determined and 
analyzed. Table 1 shows acquired cumulative BET surface area, while  
Fig. 5 depicts cumulative pore volume for M0-M10 membranes. 

The adsorption isotherms of these samples were mainly of type II 
corresponding to non-porous materials, with some hysteresis loop, 
which also envisages some macro- or mesoporosity [38]. Therefore, a 
wide range of size and shapes can be expected. As a matter of example, 
Fig.S3 shows the adsorption isotherms of M0 and M10. From phys
isorption data, a wide range of pore size could be evidenced, ranging 
between 15 and 4000 Å approximately. From Table 1 and Fig. 5, it can 
be noticed that the addition of 2% UG20 (M2 sample), does not signif
icantly alter neither the total pore volume and nor the surface area with 

respect to M0. On the other hand, as a general trend, the presence of 
increasing amounts of additive (M5 and M10 samples) determines a 
general decrease of porosity and porous surface area. As for the pore 
volume distribution in the final membranes, Fig.S4 shows the full range 
for the whole set of membranes, while Fig. 6 reports the zoom corre
sponding to pore radii between 0 and 150 Å, i.e. covering micro- and 
mesoporosity ranges, for M0, M5 and M10 samples. 

In general, one can see that increasing addition of UG20 (M5 and 
M10 samples), displaces the distribution of pore size towards lower 
values (Fig. 6 and Fig.S4). This can be attributed to a progressive 
delayed demixing which occurs when the concentration of UG20 in
creases, probably as a consequence of different affinity for the coagulant 
of the blended polymeric solution. 

PSF-based membranes were characterized in terms of surface 

Fig. 4. Environmental scanning electron microscope (ESEM) cross-sectional images of studied membranes: (a) M0; (b) M2; (c) M5; (d) M10.  

Fig. 5. Cumulative pore volume of M0-M10 membranes.  
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roughness and stability. Both water contact angle and swelling tests 
were performed in order to investigate the effect of UG20 content on the 
wettability of blended membranes compared to neat PSF. Root-mean- 
square (RMS) roughness was investigated on the bottom side of mem
branes, since in membrane contactors, the bottom side of membranes is 
in direct contact with the absorbent aqueous solution and the higher are 
the roughness parameters the higher is the contacting area. The RMS 
roughness parameters of bottom side of M0-M10 membranes were 
determined from three-dimensional topographic AFM images seen in 
Fig.S5a-d. Table 2 reports the bottom side RMS roughness, water contact 
angle values and water and KOH (0.64 M solution) uptake of the 
membranes. 

Membrane surface wettability was investigated by means of water 

contact angle measurements. When UG20 is present in the blended 
membranes (samples M2-M10), within the experimental error, the 
contact angle values slightly decrease on the top of the membrane with 
respect to neat PSF (sample M0), while they keep practically constant on 
the bottom side of the membrane. Initially, this could suggest that UG20 
is more prominent on the top side of the membrane due to more hy
drophilic character of the additive with respect to PSF. As for surface 
morphology, we determined the RMS roughness from AFM topographic 
images, shown in Fig.S5, of the membranes’ bottom side, which is 
directly in contact with the alkaline solution in the CO2 capture device. 
A slight increase in RMS roughness was observed for the membranes 
containing higher amounts of UG20, i.e. M5 and M10; nevertheless, it 
does not seem to affect significantly the CA values of the corresponding 
samples. 

As shown in Table 2, when UG20 content increases, both water up
take (WU) and KOH uptake of blended membranes tend to increase as 
well, as expected due to the more hydrophilic character of UG20 addi
tive. Higher WU and KOH uptake can be intrinsically related to a lower 
absorption flux. Indeed, pore wetting can negatively affect gas diffu
sivity and provoke pore clogging. This effect is visible when working in 
membrane contacting system with KOH solution as absorbent. Never
theless, WU and KOH uptake of M2-M10 samples are much lower 
compared to PSF membrane additivated with mG20 additive previously 
reported [30], which suggests better performances. Actually, WU of 
PSF/mG20 ranged between 6% and 274%, while KOH uptake after 24 h 
resulted as high as 22% even in the case of 2% additivated membrane. 
For higher mG20 amounts, it could not be determined: indeed, after 
soaking 24 h in 0.64 M KOH, PSF/mG20 samples exhibited weight loss, 
due to the basic hydrolysis of the ester bonds in the additive. 

Fig. 6. Pore volume distribution zoomed between 0 and 250 Å of: (a) M0; (b) M5; (c) M10.  

Table 2 
Root-mean-square (RMS) roughness of bottom side, water contact angle (CA), 
water uptake (WU) and KOH (0.64 M solution) uptake of the studied 
membranes.  

Membrane Bottom RMS 
roughness (nm) 

Top 
CA (◦) 

Bottom 
CA (◦) 

WU 
(%) 

KOH 
uptake 
(%) 

M0  10.8  76±3  69±3 0.6 

± 0.2 

1.5 ± 0.1 

M2  10.6  67±2  72±1 2.3 

± 0.3 

2.3 ± 0.2 

M5  11.4  68±3  67±2 7.4 

± 0.2 

4.4 ± 0.6 

M10  15.6  64±2  67±2 10.4 

± 0.6 

9.4 ± 0.4  
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3.2. Additive distribution and membranes’ chemical stability 

In order to get insight into the distribution of UG20 additive in PSF 
membranes, first we analyzed Raman spectra, obtained by a 785 nm 
excitation laser, across the section between 200 and 2000 cm− 1. Fig. S6 
(Supplementary material) shows the Raman spectra registered on top 
surface of M10 membrane, pure UG20 additive and neat PSF membrane 
(M0). Different bands can be attributed to the additive, without over
lapping those of neat PSF membrane. The 1030 cm− 1 band in Fig. S6(a) 
can be attributed to the C-N stretch for secondary and tertiary aliphatic 
amines that is suggested to be a shoulder in the M10 Raman spectrum 
[39,40]. On the other hand, the shoulder at 1651 cm− 1 is typical for urea 
compounds, and it is related to C––O stretching in urea (Amide-I region). 
Unfortunately, this shoulder found in UG20 spectrum (as seen in Fig.S6 
(a)) is not visible even in M10 spectrum (Fig.S6(b)), that is the mem
brane with the highest additive content. This is probably due to the low 
content of UG20 in the membrane compared to the polysulfone and the 
detection limits. Similarly, no differences could be detected when M10 
membrane was studied at different depth layers, namely top surface, 
center (50 and 100 µm) and bottom surface. Fig. S7 in Supplementary 
Information shows the Raman spectra of different layers (Top, center 
and bottom) in M10 membrane; all the peaks can be overlapped. 
Therefore, we could not determine the exact distribution of UG20 
throughout the blended membranes. 

Since the additivated membranes were prepared to be used in con
tact with 0.64 M KOH solution in the direct air capture device, it is 
convenient to study their stability to the alkaline environment. PSF is 
well known for its excellent chemical stability in alkaline environment 
[41]: therefore, the chemical stability and good performance of M2-M10 
membranes are essentially determined by the stability of the contained 
UG20 additive. 

Fig. 7 shows the FTIR spectra between 500 and 200 cm− 1 of M0-M10 
membranes. The broad band highlighted by an arrow around 1660 cm− 1 

in Fig. 7d can be attributed to the C––O stretching in urea. This band is 
more visible and prominent as UG20 additive content increases, i.e. in 
M10 which is the membrane with the highest UG20 content. Therefore, 
the study of stability was focused on M10 sample, where variations of 
band intensity could be more clearly evidenced. 

Fig. 8 depicts the FTIR spectra between 1000 and 2000 cm− 1 of (a) 
fresh M10, (b) M10 after soaking 24 h in 0.64 M KOH and (c) UG20 
additive. 

If we focus our attention on the broad band around 1660 cm− 1, 
characteristic of C––O stretching of urea in neat UG20 (c), and compare 
the M10 before (a) and after soaking in KOH solution (b), we cannot find 
a great difference, though one could guess a slight displacement of this 
band towards higher wavenumbers for the sample submitted to the 
alkaline environment. This could be indicative of some hydrolysis of 
urea bond in this strong alkaline conditions. However, no clear con
clusions could be drawn from this experiment. For this reason, we 
decided to check the stability of additivated M10 by 1H NMR. 

Fig. 9 shows the 1H NMR spectra of M10 samples, as-prepared (red 
trace), after treatment in 0.64 M KOH solution followed by washing in 
water (green trace), and after treatment in water for 24 h (blue trace). In 
more detail, the region between 6.8 and 8.6 ppm, corresponding to the 
aromatic protons, is shown. Thanks to the comparison with the 1H NMR 
spectra of UG20 additive alone and M0 sample, we could assign the 
regions 7.2–7.4, 7.5–7.65 and 8.05–8.35 to the signals from PSF protons, 
while the other ones were attributed to UG20 protons. No apparent 
changes in the additive signals could be evidenced after soaking in 
0.64 M KOH for 24 h, which qualitatively suggested UG20 stability 
under this treatment conditions. Indeed, upon hydrolysis of urea and 
subsequent membrane washing, the originally grafted groups as well as 
the hydrolized UG20 should be washed out of the membrane and the 
amount of UG20 protons versus PSF protons should decrease in the 1H 
NMR spectrum. In the three samples, quantification of the additive 
signals was performed by comparing the integration of the additive 
signals between 8.06 and 7.82 ppm with the integral of the singlet at 
1.88 ppm, characteristic of PSF methyl group (Fig. S8). The ratio be
tween the additive and the reference PSF areas gave the same value in all 
cases, within the experimental sensitivity: thus, no additive hydrolysis 
could be detected in the membrane under the tested conditions. In 
addition, one should take into account that stability was tested in such 
harsh conditions as completely soaking M10 in the capture solution 
while, in the CO2 capture device, only the membrane bottom surface is 
in contact with it. Therefore, we could reasonably conclude that the 
membranes containing the additive are expected to exhibit good sta
bility in service. 

3.3. Mechanical characterization 

Table 3 shows the tensile modulus, strain at break and ultimate 
strength of M0-M10 membranes; their glass transition temperatures 

Fig. 7. Infrared spectra between 500 and 2000 cm− 1 of: (a) M0; (b) M2; (c) 
M5; (d) M10. The band relative to C––O stretching of urea around 1660 cm− 1 is 
highlighted. 

Fig. 8. FTIR spectra between 1000 and 2000 cm− 1 of (a) fresh M10, (b) M10 
after soaking 24 h in 0.64 M KOH and (c) neat UG20 additive. The band relative 
to C––O stretching of urea around 1660 cm− 1 is highlighted. 
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after 24 h (Tgd) and 30 min (TgNMP) washing and subsequent drying are 
also reported. 

Table 3 shows that the presence of the additive has a plasticizing 
effect, as demonstrated by the 40% decrease of tensile modulus and 43% 
of tensile strength going from M0 to M10; moreover, the strain at break 
increased 28% with UG20 content, thus indicating a more plastic 
deformation. This suggested increased mobility of polymeric chains, 
which could be favorable to gas permeation. On the other hand, one 
should observe that the differences in porosity do not seem to affect the 
mechanical behavior, despite macrovoids and pores could act as weak 
points under an applied force [42]. Conversely, in our case the plasti
cizing effect of the additive seems to predominate over the porosity 
decrease going from M0 to M10. As a further evidence, as previously 
mentioned in Section3.1, if one compares the glass transition 

temperatures of the membranes after 30 min (TgNMP) and 24 h washing 
(Tgd), lower values are found in the former case (Table 3). This also 
confirms the presence of residual NMP which acts as a plasticizer: thus, 
prolonged washing is necessary in order to completely remove residual 
NMP after phase inversion precipitation. 

Fig. 10 displays the dielectric relaxation spectra of M0, M2 and M10 
samples in terms of the loss factor (ε’’) at 1 Hz of frequency in the 
temperature interval of − 150–250 ◦C. 

Three complex relaxation zones ϒ, β and α, with increasing tem
perature order are observed, corresponding to molecular motions of 
both polysulfone and the modified hyperbranched polyethylene imine 
UG20. The loss factor is higher for the M2 and M10 membranes than M0, 
which would indicate a greater mobility of the molecular chains of the 
mixed membranes. This suggests that the additive imposes fewer re
strictions on molecular movement by increasing the number of chains 
that can move, therefore facilitating the ability of the membrane to 
diffuse CO2 [43–45]. The relaxation zone γ appears at low temperatures 
between − 150 ◦C and 50 ◦C, and the loss factor is independent of the 
additive concentration. At higher temperatures, between 120 ◦C and 
250 ◦C, the most prominent relaxations are αPEI, αPSU, in increasing 
order of temperature: they arise from the motion of the main chains of 
PSU and PEI, respectively. The temperature of αPSU relaxation peak 
around 210 ◦C slightly decreases with the concentration of additive, 
whereas the most significant differences are observed in the αPEI 
relaxation. The temperature of this relaxation increases with the con
centration of additive, being equal to 120 ◦C and 150 ◦C for M2 and 
M10, respectively. These first results confirm the plasticizing effect of 
UG20 as determined by mechanical tests and DSC. However, a more 
detailed analysis of the dielectric spectra of these membranes has been 

Fig. 9. Stacked 1H NMR spectra (in DMF-d6, 400 MHz) between 6.8 and 8.7 ppm of M10 samples: as-prepared (red), after treatment 24 h in 0.64 M KOH solution 
and following washing (green) and after treatment in water (blue). Green- and yellow-shaded areas indicate the regions of additive (multiplets due to complex 
substitution patterns) and polysulfone (assigned) signals, respectively. 

Table 3 
Mechanical properties and glass transition temperatures of M0-M10 membranes.  

Membrane E 
(MPa) 

Ultimate 
strength (MPa) 

Strain at 
break (%) 

Tgd
a 

(◦C) 
Tg NMP

b 

(◦C) 

M0 372 
± 64 

3.0 ± 0.7 5.0 ± 1.3 178 
± 1 

112 ± 2 

M2 304 
± 30 

2.8 ± 1.4 5.8 ± 2.0 171 
± 1 

105 ± 1 

M5 261 
± 27 

2.0 ± 0.5 5.8 ± 1.2 139 
± 2 

116 ± 1 

M10 221 
± 31 

1.7 ± 0.3 6.4 ± 1.4 133 
± 2 

120 ± 3  

a After 24 h washing in water and drying; 
b after 30 min washing in water and drying. 
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performed and it is the object of a forthcoming paper [46]. 

3.4. CO2 capture performance 

Fig. 11 shows the solubility of CO2 in M0-M10 membranes. As ex
pected, CO2 solubility increases with UG20 content, according to the 
high affinity of the additive to carbon dioxide due to the presence of 
basic nitrogen atoms which can favorably interact with this molecule. 
The grafting reaction performed on Lupasol G20 partially reduces the 

amount of amine nitrogen atoms available for carbon dioxide capture. 
Nevertheless, UG20 additive is expected to exhibit higher CO2 solubility 
with respect to the previously reported mG20 additive [30]: indeed, the 
reaction between Lupasol G20 and phenyl isocyanate (Scheme 3) leads 
to the formation of urea groups, while amides are formed in the case of 
reaction with benzoyl chloride (mG20). This means that, as regards the 
grafted groups, UG20 contains double amount of nitrogen atoms than 
mG20; in addition, urea nitrogen atoms are expected to have more af
finity to CO2 than the amide ones. Therefore, higher carbon dioxide 
solubility can be expected in the UG20 containing membranes when 
comparable amounts of additive are considered. 

We performed permeability tests to calculate the mass transfer co
efficients k, for the M0-M10 membranes series. The selectivity of CO2 
transfer was determined versus N2. The results are shown in Fig. 12. The 
inset in Fig. 12 depicts carbon dioxide selectivity, calculated as the ratio 
of their respective mass transfer coefficients. 

As shown in Fig. 12, in general k for carbon dioxide increases after 
addition of UG20, while no clear trend can be found in the case of ni
trogen. Selectivity to carbon dioxide versus nitrogen (Inset of Fig. 12) is 
approximately 1 in the case of M0 and its increasing with the increase of 
the UG20 content. This suggests that the permeation of these gases does 
not only depend on the relationship between membrane pores and 
molecular size of gases, but also on the chemical composition and the 
capability of the compounds to physically adsorb the gas and increase its 
local concentration. In particular, it must be noticed that the mass 
transfer coefficient for CO2 ratio reaches a maximum in correspondence 
to M5 sample and then decreases for M10, though, it still exhibits a 
higher value than M2. However, CO2 selectivity exhibits the highest 
value for M10 sample. In order to explain this behavior, we should 
consider that different factors are involved in the gas transport of these 
systems. 

In general, when polymeric membranes are non-porous the gas 
permeation through them can be described by the solution-diffusion 
mechanism [47]. The membranes under investigation are asymmetric 
and present several ranges of pore size (Fig. 6 and Fig.S4), lying in 
macro-, meso- and microporosity range. Selectivity will be therefore 
determined mainly by the denser layer, whose thickness, in the case of 

Fig. 10. Loss factor (ε’’) versus temperature at 1 Hz of frequency for M0, M2 
and M10 membranes. 

Fig. 11. CO2 solubility in M0-M10 membranes determined by the pressure decay method at 2 bar.  
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M0-M10 membranes, could not be clearly determined. The selectivity 
can be split into a solubility selectivity and a diffusivity selectivity: 
therefore, it can be ascribed to a difference in both properties [48]. 
When we consider these two factors, the former depends on the gas 
affinity to the membrane material and its condensability, while the latter 
can be ascribed to the free volume and random motion of the polymeric 
chains. Typically, diffusivity increases with decreasing the gaseous 
molecule kinetic diameter and increasing the polymer free volume. 
Since the CO2 and N2 kinetic diameters are 0.330 nm and 0.364 nm, 
respectively, the former is favored as regards diffusivity selectivity; 
moreover, gas condensability increases with its critical temperature, 
which is 304.1 K in the case of CO2 and 126.2 K for N2 [49]. Summing 
up, in general permeability of CO2 is favored over N2. On the other hand, 
we found that the mass transfer coefficient of CO2 increases considerably 
upon addition of UG20 as expected, since CO2 solubility increases 
(Fig. 11); nevertheless, it reaches a maximum in correspondence to M5 
and then slightly decreases. This trend suggests that two factors, acting 
in opposite directions, contribute to CO2 permeation and reach the best 
balance in M5 sample. As for solubility, it increases with UG20 amount: 
so, it should contribute to increasing permeability of M10 over M5. This 
suggests that the explanation of the observed experimental trend of the 
mass transfer coefficients needs to be sought in the diffusivity factor. A 
plasticizing effect of UG20 additive has been demonstrated by both DSC 
and Dielectric data, which would indicate a greater mobility of the 
molecular chains of the additivated membranes. This, in turn, is ex
pected to improve diffusivity. Nevertheless, BET analysis showed that 
porosity is strongly reduced on UG20 addition and exhibits the lowest 
value in the case of M10. As a final remark, we should also take into 
account that, given the strong asymmetry of these membranes, the 
thickness of the dense layer could not be exactly determined and could 
be much higher in the case of M10, thus improving membrane resistance 
to permeant diffusion. 

Obtained membranes were further used in a cross-flow contactor 
where the direct air capture was studied with use of potassium hy
droxide aqueous solution as absorbent. Fig. 13 shows the results in terms 
of carbon dioxide flux versus absorbent flow rate. 

From Fig. 13, one can see that CO2 absorption from ambient air 
exhibits similar values for all the membranes under investigation at 

35 mL/min that is the lowest absorbent flow rate. The mass transfer 
process in the gas/liquid membrane contactors is rules by three re
sistances: liquid side, gas side and membrane mass transfer resistances 
[50,51]. In our case, the effect of gas side resistance was neglected, since 
ambient air we used as CO2 source: as a consequence, CO2 concentration 
was stable and no pressure was applied in all our experiments. So, the 
total mass transfer resistance at low liquid flow rate is mainly affected by 
the liquid side resistance. This can explain very similar gas absorption 
flux at low liquid absorbent flow rate for M0-M10 membranes, as shown 
in Fig. 13. However, when the absorbent flow rate was increased 
(120–340 mL/min), we found remarkable differences that can be 
explained in terms of the different UG20 additive content; in more 
detail, the behavior of the membrane with 5% additive amount (M5) is 
the most efficient: that is, UG20 amount higher than 5% does not 

Fig. 12. Mass transfer coefficient k as calculated from CO2 (red bar) and N2 (green bar) permeation through M0-M10 membranes. In the inset the corresponding 
selectivities calculated as kCO2/kN2 are shown. 

Fig. 13. CO2 absorption flux into M0–M10 membranes in direct air capture 
tests as a function of liquid absorbent (0.64 M KOH) flow rate: (a) M0; (b) M2; 
(c) M10; (d) M5. 
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improve the membrane performance any more, though it gives better 
CO2 capture than neat PSF (M0) in all cases, and then M2 at high liquid 
absorbent flow rate. In general, by increasing the liquid flow rate on can 
decrease the liquid side mass transfer resistance and at a certain flow 
rate, the mass flux will be mainly affected by the membrane resistance. 
At this point, absorption flux will reach plateau with further increase if 
the liquid flow rate. In the present flow ranges, this is applies to mem
brane M0. As for the additivated membranes, the trend of CO2 absorp
tion flux is the same as the one we found for mass transfer coefficient, i.e. 
M5 exhibits the best performance; in all cases, M2-M10 outperform the 
results of the PSF membranes previously reported, which contained less 
stable amide-functionalized additive, namely mG20 [30]. Indeed, on 
comparing the performance of M2-M10 membranes in the contactor, 
with the analogous ones additivated with mG20 [30], in general higher 
values of the flux were found. The optimum CO2 absorption flux ach
ieved with M5 was above 150 mmol(CO2)/(m2⋅s), largely surpassing 
previous results obtained for mG20, which maximum reached value was 
4.5 mmol(CO2)/(m2⋅s). These very promising results can be ascribed to 
higher values of CO2 permeability, in combination with lower water and 
KOH uptake, which can determine lower pore clogging, and higher 
stability of the additive to the alkaline environment. 

On the other hand, we should also consider the increase in mem
branes’ wettability and water uptake as a consequence of higher content 
of UG20, which can favor the penetration of KOH solution into the 
membrane, thus provoking pores obstruction and negatively affecting 
gas diffusivity during extended hours of use. At the bottom side of the 
membranes in the contactor, where CO2 as a permeant gets in touch with 
the aqueous solution of KOH, the absorption reaction produces an 
aqueous solution of K2CO3; on the other hand, when CO2 is in excess, the 
undesired production of more insoluble KHCO3 can occur. Conse
quently, pores may be clogged and the pore volume decreases. Indeed,  
Fig. 14a shows the ESEM image of bottom surface of M10 after CO2 
absorption test, which puts into evidence very nice hexagonal crystals 
layered onto the polymeric surface. By means of XRD and EDX analyses 

(Figs. 14b and 14c, respectively), these crystals could be identified as 
KHCO3. 

Furthermore, it is of fundamental importance to compare the per
formance of M2-M10 systems to stomatal CO2 assimilation efficiency. In 
order to do this, the results of CO2 flux generated in the laboratory need 
to be recalculated from Eq. 6 according to the Eq. (7). 

J =
n

A⋅t
(7)  

where n is moles of CO2, A is the membrane area in m2 and t is experi
mental time in s. 

The calculated CO2 assimilation rates versus absorbent flow rate are 
reported in Fig. S9. The assimilation rates of all prepared membranes 
range between 67 and 938 μmol/(m2⋅s) (Fig. S9), which remarkably 
overcome the assimilation rate reported for natural stomata, which is 
typically in the range 15–40 μmol/(m2⋅s) depending on the plant species 
used for investigation [15,52,53]. These values also demonstrate that 
the presence of UG20 additive can improve the performance with 
respect to the previously reported artificial membrane contactors based 
on PSF [16], which CO2 uptake ranged between 27.7 and 284.2 
μmol/(m2⋅s). In addition, the trend demonstrated in Fig. S9 suggests 
that, while in M0 and M2 membranes the assimilation rate vs. absorbent 
flow rate reaches a plateau, in the case of M5 and M10 membranes, the 
increase of absorbent flow rate could even further improve CO2 uptake. 

For sake of comparison, we also considered the estimation of carbon 
dioxide capture from air in an industrial module described by Holmes 
et al. [54,55]. These authors reported the design of an industrial module 
based on a slab and at least one liquid source, designed as multiple 
packed towers. In this case, CO2 uptake was predicted in the range 
14–19 mmol/(m2⋅s); however, one should remember that this result is 
an estimation based on the use of commercial packings with 1 or 2 M 
NaOH or KOH aqueous solutions in laboratory-scale tests. 

Fig. 14. (a) ESEM image of M10 bottom surface; (b) EDX analysis of bottom surface observed by ESEM; (c) XRD pattern of M10 bottom surface; the arrows evidence 
the crystalline peaks which overlap with the pattern of crystalline KHCO3. 
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4. Conclusions 

We investigated the behavior of asymmetric Polysulfone membranes 
prepared via phase-inversion precipitation with the addition of UG20 
additive, based on hyperbranched Lupasol G20 grafted with phenyl 
isocyanate. This modification strategy rendered the additive more hy
drophobic and hence more resistant to leaching and degradation in 
contact with aqueous alkaline sorbents. Membranes were prepared by 
blending PSF with UG20 amount between 2 and 10 wt.10%, with the 
aim to increase their ability for carbon dioxide capture at ambient 
pressure. In all cases the resulting morphology showed finger-like 
macropores together with meso- and micropores as well as a dense 
layer. However, porosity decreased on increasing the additive content, 
probably as a consequence of delayed demixing during phase inversion 
precipitation. The presence of the additive determined an increase of 
water and KOH uptake with respect to neat PSF. However, no degra
dation upon 24 h soaking in KOH solution could be detected neither by 
FTIR nor 1H NMR. Mechanical, thermal and dielectric analysis showed a 
plasticizing effect of the additive, which could favor gas permeation. On 
the other hand, CO2 solubility was remarkably increased as a conse
quence of UG20 addition. Nevertheless, the CO2 mass transfer coeffi
cient improved up to 5% additive, while was reduced in 10% UG20 
sample, probably due to the porosity decrease which acted in reverse to 
the increased solubility. Finally, when we evaluated the performance of 
obtained membranes in the direct air capturing device, we found a 
remarkable improvement in comparison with neat PSF; the capture 
behavior showed the same trend as the mass transfer coefficient, i.e. the 
best performance was obtained with use of 5% UG20. In general, the use 
of UG20 as an additive determined better characteristics in terms of CO2 
permeability and capture when compared with the additive mG20 
previously reported. The enhancement in hydrophobicity and chemical 
stability of the urea-modified additive UG20 as compared to the amide- 
functionalized analogue mG20, are key for the high direct air capture 
efficiency and robustness observed. CO2 assimilation rate was found 
remarkably higher than in the natural stomata of plant leaves and in the 
PSF-based module previously reported in the literature. 
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