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Summary  

The increasing of the anthropogenic CO2 emissions has brought, in the last 
century, to an unacceptable climate change due to the rise of the global temperature. 
The reduction of CO2 concentration in the atmosphere has become a crucial aspect 
to contrast the global warming. In this context, different carbon capture (CC) 
technologies have been developed to directly absorb and separate CO2 at the source. 
This thesis describes the study carried out on smart materials able to be processed 
through DLP 3D printing for CO2 capture and management. In particular, photo-
curable formulations, composed of a photo-crosslinkable monomer and different 
functional additives, will be described from the preparation to the characterization 
and application.  

 The first study describes the work carried out on the preparation of photo-
curable resins containing light responsive azo-benzene-based dyes for the control 
of CO2 permeability in 3D printed structures. CO2 Permeability analysis related to 
light irradiation of membranes containing Poly (ethylene glycol) diacrylate 
(PEGDA) and two azobenzene dyes, namely Methyl Red (MR) and Disperse Red 
1 Methacrylate (DR1M), will be shown. Analysis with oxygen, to evaluate CO2/O2 
permselectivity, will be also described. Finally, the successful 3D printing of a 
specific designed device for the control of CO2 flow by an external laser source will 
be presented.  

  The second study aims to investigate the influence of different ionic liquids 
(ILs) on the printability of photo-curable resins for 3D printing. The goal was to 
introduce CO2-philic species (ILs) as additives in liquid formulations and 
demonstrate the possibility to create solid structures through digital light processing 
(DLP) technology. The polymerization ability and the comparison of physical and 
chemical properties of formulations containing PEGDA and ILs with different 
cations and anions, bearing reactive groups will be presented. Moreover, the 
successful 3D printing of high complexity structures will be shown.  
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 In the last study, the synthesis of specifically functionalized imidazolium-
based ILs able to be integrated in 3D printable photo-curable formulations and 
absorb CO2 will be described. Chemical and physical properties of the liquid and 
photo-cured formulations containing PEGDA and ILs with CO2-philic anions and 
cations will be shown. Finally, high pressure CO2 absorption analysis of the 3D 
printed structures containing the active ILs will be presented. 
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Chapter 1 

Introduction 

1.1 Global warming: causes, expectations and solutions 

One of the main issues regarding the threatening of the life on earth is the 
increase of the global temperature, the so-called global warming. Since the 
beginning of the industrialization era, about two centuries ago, the world’s 

population has increased exponentially and the technological advances have 
improved substantially (1). The earth system entered in a new epoch, the 
Anthropocene, in which human activities affected significantly the global 
environment (2). As a result of human industrial and agricultural activities, climate 
change has become an aspect of primary importance, leading to serious economic 
and social effects. The increase of earth temperature is mainly due to the so-called 

greenhouse effect. The Irish scientist John Tyndall first used this term, after his 
experiments regarding the properties of some gases and vapours, present in the 
atmosphere, to absorb light radiation. Tyndall established that these particular 
gases, later known as greenhouse gases (GHG), do absorb more energy than oxygen 
and nitrogen when radiant heat passes through them (3). Between these gases, 
carbon dioxide is believed to be responsible for approximately three-quarters of the 
total greenhouse gases emissions (4), 90% of which are generated by fossil fuel 

Figure 1.1 Historical trend of world sectorial CO2 emissions in billion tons from 
1971 to 2011 (7). 
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combustion (5). Ten countries, which includes United States, China, India, Russia, 
Japan, Germany, Korea, Canada, Iran and UK are the major GHG emitters in the 
world. They are responsible of almost two-third of the total world emissions, 
proving their direct negative effect on the global environment (6). In the last four 
decades, CO2 emissions growth annually more than 100%, surpassing 30 billion 
tons in 2011 (7). Figure 1.1 (7) shows the amount of CO2 emitted in the atmosphere 
divided in sectors of energy consumption. This uncontrolled increase of the CO2 
emissions inevitably caused the increase of the global temperature. The global mean 
surface temperature (GMST), defined as the annually averaged near surface (2 m) 
air temperature anomaly, is constantly increasing from the beginning of XX 

century, and has nowadays reached 1°C raise since 1850 (8). Figure 1.2 (8) shows 
the historical temperature anomaly from 1860 to 2005 and the projections up to 
2090, following the Paris Agreement of limiting the global warming to 1.5 °C 
(hereafter 1.5 °C target) and to limiting warming to 2 °C (hereafter 2 °C target). 
Nevertheless, measures to mitigate the CO2 emissions are of vital importance 
because if no precautions and effective actions will be undertaken, the GMTS could 
increase by 4 °C (under the scenario obtained from Intergovernmental Panel on 
Climate Change’s fourth assessment report (9)), with devastating consequences. In 

Figure 1.2 Global mean surface temperature (GMST). Historical values for the 
period 1850–2005 (gray lines), and RCP2.6 (orange lines) and RCP4.5 (red lines) 
simulation for the period 2006–2099. The black dashed lines show the periods of 
sampling for each warming level and the standard deviation of GMST from the 
long-term warming levels for pre-industrial and warming targets of 1.5 °C and 2 
°C (8). 
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March 31, 2014, the Intergovernmental Panel on Climate Change (IPCC) released 
its latest report on impacts, vulnerability and adaptation to climate change (10). It 
states that human health is very sensitive to shifts in weather patterns and these 
effects occur directly due to change in temperature and its consequences. In 
particular, it creates three scenarios (present, near future and long term) in which 
the increase of ill-health is related to climate change occurring through 
undernutrition, vector-borne diseases, occupational health, mental health and 
violence, extreme weather events, air quality, food and water-born infections. 
Figure 1.3 (10) summarizes the health outcomes caused by climate change and their 
exacerbations in three different eras: present, 2030-40 and 2080-2100 with an 
expected temperature increase of 4 °C.   

As already mentioned, CO2 is the gas with the highest concentration in the 

atmosphere among the other GHGs, such as methane, nitrous oxide and 
chlorofluorocarbons (CFCs). The concentration of CO2 in the atmosphere, due to 
the anthropogenic emissions, is constantly increasing and it is now attested over 

Figure 1.3 Conceptual presentation of the health outcomes from climate change 
and the potential for reduction through adaptation (10). 
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400 ppm. Figure 1.4 (11) shows the observed CO2 concentration from the end of 
the 19th century to nowadays and scenarios for the 21th century. Extreme scenarios 
predict carbon dioxide concentration over 700 ppm before 2100 (12) with no 
regulations and uncontrolled emissions, but also an “alternative “ and “2 °C” 

scenarios (13) for more controlled emissions and efficient methods for CO2 
mitigation. There are two main C O2 generation sources: combustion CO2 and 
process CO2. The first is generated by the combustion of carbonaceous fuels such 
as natural gas, petroleum and coal, while process emissions are generated from 
chemical reactions required to produce desired products such as iron and steel 
production, petrochemical production, ethylene, ethanol (fermentation), cement 
production, etc (14). The decrease of CO2 emissions is becoming an urgent demand 
and, in particular, the possibility to capture and store it is of prime importance. 

 In this context, carbon capture and storage (CCS) is considered a critical part 
of many climate change mitigation plans, as it connects our current economy based 
on the use of fossil fuels and the future where only renewable energy will be used 
(15, 16). Different technologies may be adopted for CO2 capture, and, among the 
most used, there are gas phase separation, absorption and adsorption (17-21). In the 
absorption process, CO2 is absorbed by creating a chemical bond with the absorbing 
material; it usually requires a lot of energy to be broken (e.g. heating at high 
temperatures). The sorbents are often liquids and among the most used can be found 
amines (22-25), lithium based materials (22-25) and ionic liquids (26-29). 
Adsorption process, on the other hand, involves the selective uptake of CO2 on a 
solid surface and it requires a lot less energy to release it, due to the weaker bonds. 
Among the most common used materials, there are zeolites, activated carbons, 
metal organic frameworks (MOFs (30-33)), and poly ionic liquids (PILs), which 
will be analyzed more in details in the section 1.3. For what regards membrane 
separation technology, which will be better explained in section 1.2.3, CO2 is 
selectively separated from a stream of mixed gases through a membrane.  

These CO2 capture processes can be achieved in three main different ways: 
post-combustion, pre-combustion, and oxy-fuel capture (26, 34-37). The post-
combustion capture regards essentially the CO2 sequestration from the emission 

Figure 1.4 Observed CO2 gas amount and scenarios for the 21st century. Colored 
area delineates extreme IPCC (2001) scenarios. Forcings on right hand scales are 
adjusted forcings, Fa, relative to values in 2000 (11). 
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stage of a combustion process, before the emissions are vented in the atmosphere. 
The most used method, because of its economical convenience, is the CO2 
separation by aqueous amine solution scrubbing (38). In the pre-combustion, 
instead, the CO2 is captured before the combustion process. Fossil fuels are gasified 
with sub-stoichiometric amounts of oxygen and steam at high pressure to produce 
a mixture of mostly CO and H2 (39), subsequently, this “synthetic gas” is mixed 
with water vapor to form CO2 and H2, through a catalytic reaction, following the 
reaction showed in Eq.1 (40). CO2 is then separated to leave a hydrogen rich fuel 
gas ready to be combusted.  

CO + H2O ↔ 3CO2 + H2                                          (1) 
Finally, the oxyfuel combustion process consist in supplying only oxygen 

during the combustion. Differently from other forms of combustion in which air is 
used as combustion agent, in this case the side products are mainly CO2 and water 
vapor that can be easily condensed, leaving only CO2 to be stored (41).  

1.2 Carbon capture technology 

As already mentioned, the main Carbon capture (CC) technologies are based 
on absorption, adsorption and membrane separation processes. This kind of 
processes are mostly applied to post combustion CC technique because of its more 
easily implementation in the existing power plants, compared to pre-combustion 
and oxyfuel (42). Figure 1.5 (43) shows the subcategories of processes applied to 
post-combustion CO2 capture and the materials used for each sorption process. In 
the next subsections, the main materials employed in the absorption, adsorption and 
membrane separation will be discussed.  

 
 

 

 

Figure 1.5 Diagram of main carbon separation/capture methods in the post-
combustion category. [MOFs: metal-organic frameworks; PDMS: 
polydimethylsiloxane; PPO: polyphenyleneoxide; PP: polypropylene] (43). 
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1.2.1 Absorption processes 

The adsorption mechanism is a technical option that can be used both in pre-
combustion and post-combustion processes and has been already commercialized. 
This process is divided in two categories: physical absorption and chemical 
absorption.  

In the physical absorption, where high pressures and low temperatures are 
applied (44), the separation occurs by physical methods with mass transfer at the 
gas-liquid interface. It is dependent on the solubility of the gas, interface surface 
area and operating conditions (45). Although it requires a high gas pressure to be 
competitive, the energy involved in the regeneration of the solvent is low (46). The 
main materials employed in this kind of process are Selexol, Rectisol and ionic 
liquids (ILs). Selexol process uses dimethylether of poly(ethylene glycol) 
(DMPEG) as a solvent and it is able to reduce the CO2 levels by 85% (47). It is 
usually employed in pre-combustion processes because of its ability to absorb CO2 
and other acid gases from syngas. The typical operating temperature range is 5-40 
°C and the pressure is usually maintained at 2 MPa and 12 MPa (48). Rectisol 
process uses cold methanol as solvent. The typical operating temperature range is 
between -29 °C and -60 °C (48), at a partial pressure of about 1 MPa (49). It is used 
in pre-combustion process for its optimal ability to remove acid gases such as 
hydrogen sulfide, carbonyl sulfide, and carbon dioxide from syngas, and for its high 
selectivity (50). Ionic liquids (ILs), which will be further discussed in section 1.3, 
have gained a lot of attention as applications in CCS technologies (26-29), due to 
their outstanding chemical and physical properties, such as low melting point and 
very low vapor pressure. Moreover, their chemical composition can be tuned by 
interchanging different anionic and cationic species, with the possibility to obtain a 
remarkably high number of combinations. In particular, they can be manipulated in 
such a way that their CO2 solubility can be optimized. ILs have been widely 
employed in form of absorbing liquid blends, nevertheless, this method caused 
problems related to their high viscosity and instability of the systems (51).  

Since the concentration levels of CO2 in flue gases of coal-fired power plants 
are not more than 15% of the total flue gas (52, 53), chemical absorption is preferred 
because it requires lower working pressures compared to physical absorption. This 
allows chemical absorption to possess higher CO2 uptake capacity at low CO2 
partial pressure (54). Chemical absorption requires three components i.e. solvent, 
absorber and stripper. The flue gas from a coal-fired plant, containing CO2, come 
in contact with the lean solvent in counter-current mode. CO2 is absorbed by the 
solution leaving a mix of gas poor in CO2. The CO2 rich solvent is then regenerated 
by the stripper (45). Between the most used materials employed in chemical 
absorption, there are aqueous alkanolamines, which are the most commercially 
successful nowadays (45). Monoethanolamine (MEA) was one of the earliest 
amine-based materials used in carbon dioxide capture, because of its low cost, high 



 

17 
 

absorption capacity and good reaction rate. Unfortunately, it has major drawbacks 
characterized by degradation in oxidizing environments, high corrosion rate and 
high regeneration energy (20, 55-57). Diethanolamine (DEA) was also used as 
chemical absorber in CO2 capture but with the same limitations. Combinations of 
MEA and DEA, like methyldiethanolamine (MDEA), were studied with successful 
results, improving loading capacity, corrosion resistance and reduction of 
regeneration energy (58-60). Sterically hindered amines, like 2-amino-2-methyl-
1propanol (AMP), were employed with good CO2 absorption results, high 
selectivity and low regeneration energy (61-63). Piperazine (PZ) cyclic diamines 
were also used for their good CO2 uptake, corrosion resistance and low energy cost 
for regeneration (64). Ionic liquids with functional groups like amino acids, were 
studied for CO2 capture, exhibiting good CO2 absorption ability, lower energy 
penalties for regeneration, higher selectivity and higher thermal and chemical 
stabilities (65, 66).   

The absorption of CO2 on amine sorbents consists mainly in three mechanisms 
(67):  
Zwitterion mechanism: CO2 and solvent form a zwitterion (Eq. 2), which is then 
deprotonated by a base to form carbamate (68) (Eq. 3). The main reaction occurs, 
applied to primary, secondary and sterically hindered amines, as follow. 
 
CO2 + R1R2NH ↔ R1R2NH+COO-                                              (2)                                                                                                     
R1R2NH+COO- + B (R1R2NH2OH- + H2O) ↔ R1R2NCOO- + BH+              (3) 
                                                     
Ter-molecular mechanism: the formation of the zwitterion and deprotonation occur 
at the same time (Eq. 4). 
 
CO2 + R1R2NH ↔ R1R2NCOO- + BH+                                     (4)  
                                                                                              
Base-catalyzed hydration mechanism: tertiary alkalonamines have a base-catalytic 
effect on the process of hydration of CO2, leading to amine dissociation (see Eq. 5). 
 
CO2 + R1R2R3N + H2O ↔ R1R2R3N + HCO3

-                                                 (5)  
                                                        
Other research proposed that the O- and OH groups of promoters, used to enhance 
the performance of the absorbent, could act as Lewis bases with CO2 (69, 70). 
Besides the utilization of alkanolamines, use of aqueous potassium carbonate 
(K2CO3) promoted with inorganic salts was reported as effective CO2 absorber due 
to reduced enthalpy, degradation and cost (70-74). An additional material used as a 
chemical absorber is aqueous ammonia, characterized by a high CO2 capture 
efficiency and ability to remove SO2, NOx as well as easy availability and low 
regeneration costs (68, 75-77). 
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1.2.2 Adsorption processes 

In adsorption processes, differently as described in absorption processes, one 
or more components of a mixture of gases (containing CO2) are removed with the 
help of a solid surface. In fact, in this case the uptake is achieved exploiting the 
intermolecular forces between the gas and the surface of the solid sorbent. Usually, 
an adsorption process requires the use of a packed column filled with spherical 
adsorbent and a stream of mixed gases flowing through the column. The CO2 
contained in the gas is adsorbed on the beads surface until the thermodynamic 
equilibrium is reached. Once the process has reached the equilibrium, the solid 
sorbent can be regenerated by stopping the feed mixture flow, reducing the pressure 
and cleaning the sorbent by fluxing a low adsorptivity gas (78). The adsorption 
process can be achieved by exploiting three main technologies i.e. pressure swing 
adsorption (PSA), temperature swing adsorption (TSA) and electrical swing 
adsorption (ESA). In PSA, the feed gas is pressurized in the bead column at a 
pressure of about 6 bar and temperature of 35°C. Water vapor is preventively 
removed from flue gas by molecular sieves. After the adsorption process, the 
sorbent is regenerated by depressurization at 1 bar (79). For the temperature swing 
adsorption process, the selective adsorption of CO2 takes place on the adsorbent 
until the equilibrium is reached. The desorption is carried out, in this case, by 
supplying additional heat by purging the bed with a preheated gas. This heating 
process makes this technology less cost effective than PSA (80). In the electrical 
swing adsorption method, the process is similar to TSA process with the difference 
that instead of heating the beads, a low voltage electric current is applied through 
the column to regenerate it (81).  

In addition, also for what regards adsorption processes, a distinction between 
physical adsorption and chemical adsorption is made. In physical adsorption, the 
most important characteristic of the sorbents is their high porosity that enables the 
gas to highly interact with the material. The physical characteristics that play a role 
in the process are the pore volume, pore size distribution and surface area. Between 
the most employed sorbent materials used in physical adsorption there are activated 
carbon, zeolites, and MOFs. Activated carbon is a material base on carbonaceous 
matter that is activated by carbonization at 400°C – 500°C and gasified at 800°C – 
1000 °C to develop the porosity and high surface area. It is characterized by a 
slightly polar surface that gives the following advantages: hinders the absorption of 
water, avoiding separation and purification processes, make it adsorbing more 
nonpolar and weakly polar organic molecules than other adsorbents and lowers its 
heat of adsorption, resulting in lower energy requirements for sorbent regeneration. 
Zeolites, on the other hand, are crystalline aluminosilicates of alkali earth elements 
such as sodium, potassium and calcium, represented by the stoichiometry: 

 
Mx/n[(AlO2)x(SiO2)y]zH2O                                                                                (6) 
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Where x and y are integers with y/x ≥ 1, n is the valence of cation and z is the 

number of water molecules in each unit cell. Zeolites are divided in types, from 1 
to 5 depending on their aperture size. Different gases can be adsorbed in the zeolites 
pores according to their molecular dimensions. Zeolites applied in CO2 adsorption 
are in form of pellets and are typically of type 4A with a normal aperture size of 4 
Å (80). Nevertheless, zeolite 13X is widely used as adsorbent for CO2, with an 
uptake capacity of 4.7 mmolg-1 at 1 bar and 298 K (82).  For what regards metal-
organic frameworks (MOFs), they are a class of crystalline nanoporous materials 
that combine metal organic centres with organic ligands to create large three 
dimensional crystals with permanent porosity. MOFs have potential applications in 
gas storage, ion exchange, molecular separation and heterogeneous catalysis (83-
85). They are characterized by a remarkably high surface area, greater than 4000 
m2g-1, pore diameters typically in the range 3 to 20 Å (86-89), high void volumes 
and low densities (from 0.21 to 1 g cm-3), which can be maintained upon CO2 
evacuation (90). The high surface-to-volume ratio of MOFs allows to obtain 
enhanced CO2 adsorption capacity compared to zeolites (91). They also possess 
great gas selectivity with application in CO2/N2 (post-combustion), CO2/H2 (pre-
combustion) or CO2/CH4 (natural gas sweetening) separations. Outstanding results 
in CO2 capture were reported in MOFs with high surface areas and pore diameters 
greater than 15 Å. The framework [Zn4O(btb)2] (MOF-177, btb3 = 1,3,5-
benzenetribenzoate) with a surface area of 4500 m2 g-1 exhibited the highest 
capacity for CO2, with an uptake of 33.5 mmol g-1 at 32 bar (92).  

 As already mentioned, adsorption process can be chemically based. The 
incorporation of organic amines into a porous support was studied as promising 
approach for CO2 chemical adsorption, combining good uptake capacity and 
selectivity at a moderate temperature. Studies were done on porous supports 
impregnated with liquid amines, however, loss of amine components due to 
evaporation was a major drawback (93-96). Grafting the amine functional groups 
directly on the physical sorbents eliminated the problem and improved the overall 
thermal stability of the system. For instance, amine-modified silica gels (e.g. 
alkylamine on silica (97, 98) or amino-silane liquids (99)) and polymers (e.g. 
polystyrene-based copolymers with covalently bonded diamine functional groups 
(100)), were demonstrated to reversibly chemically adsorb CO2 (101). Another 
class of materials employed in CO2 capture is lithium based oxide materials, like 
lithium based zirconate (Li2ZrO3) and lithium based silicate (Li4SiO4) (102). The 
absorption mechanisms of both sorbents are reported in Eq. 7 and Eq. 8 
respectively.  

 
Li2ZrO3(s) + CO2(g) ↔ Li2CO3(s) + ZrO2(s)                                                             (7) 
 
The reaction in Eq.7 is reversible at 450-590 °C and forms eutectics carbonate 
compounds that can accelerate the adsorption reaction (103). Lithium silicate, 
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instead, possesses higher CO2 adsorption capacity (104) and is reversible at 720 °C 
(105). The adsorption mechanism is shown in Eq. 8. 
Li4SiO3(s) + CO2(g) ↔ Li2SiO2(s) + Li2CO3(s)                                                            (8) 
 

1.2.3 Membrane technology  

Membrane technology has been explored for CO2 capture from flue gas 
emissions because of its fundamental engineering and economic advantages over 
other separation technologies (106). Membranes for CO2 capture are often listed as 
good candidates in applications in post-combustion processes for their low cost. 
However, the main issues related to these processes can be the reduced pressure and 
the low CO2 concentration in the flue gas, which require membranes with high 
CO2selectivity (107). Furthermore, a membrane, to be suitable for CO2 capture, 
should possess some properties, reported below (108) : 
• High CO2 permeability 
• High CO2/N2 selectivity 
• Thermal and chemical resistance 
• Aging resistance 
• Cost effective 
The main engineering considerations on membranes for CO2 capture are the 
operating flexibility, which depends on the CO2 concentration in the flue gas stream 
(it must be high as possible); the good turndown, which is the capability of the 
system to operate at reduced capacity; the high reliability, which accounts the good 
response to unscheduled shutdowns; and the ease of expansion, which contemplate 
the future expansion possibilities after the design phase (106).  

Membrane technology for carbon capture is mainly classified in two types: gas 
separation and gas adsorption membranes. For what regards gas separation 
membranes (see Figure 1.6a (109)), the process consists in applying the stream of 
mixed gases at a high pressure into the membrane separator and selectively 
permeate the CO2 through the membrane on the other side at reduced pressure. The 
main parameters that play a role in the separation process are the permeability and 
permselectivity of the membrane. In fact, in order to have a high flow rate of the 
permeating CO2 through the membrane, permeability must be sufficiently high; 
moreover, permselectivity, defined as the ratio between the permeant gas and the 
not permeant one, must be as high as possible to have a good efficiency of 
separation (78, 106). The most used materials in gas separation membrane include 
polymeric, ceramic, a combination of both or mixed matrix membranes (110). Poly 
ionic liquids (PILs)-based membrane, which will be further discussed in section 
1.3.2, were studied and fabricated. For example, PILs membranes were prepared 
with 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide ([C2mim] 
[Tf2N]) giving high CO2/N2 and CO2/CH4 permselectivity of 39 and 27 
respectively, the addition of 20 mol% of free [C2mim][Tf2N] into the polymer 
enlarged the effects on CO2 permeability with an increase of 400% (111). 



 

21 
 

Commercially available Pebax® MH 1657 and its blends with low molecular weight 
poly(ethylene glycol) PEG membranes where produced showing CO2/H2 and 
CO2/N2 selectivity of ~ 11 and ~ 47 respectively (112). Fluorinated poly (ether 
imide) membranes were also created displaying good CO2/CH4 permselectivity 
between 28.59 and 38.86 (113). PDMS coated hollow fiber membranes with 27 or 
30 wt.% PVDF in DMAc (N,N-Dimethylacetamide) or NMP (Nimethyl-2-
pyrrolidone) were fabricated showing CO2/N2 permselectivity of ~ 24.11 (114). 
Further studies were conducted on polymeric and organic/inorganic hybrid 
membranes (postcombustion: CO2/N2 separation), ceramic microporous 
membranes (pre-combustion: H2/CO2 separation) and dense ceramic mixed oxygen 
ionic-electronic conducting membranes (oxyfuel combustion: O2/N2 separation). 
These studies resulted in an improvement in CO2 separation compared to 
conventional physical absorption techniques in pre-combustion process and an 

innovative use of polymer membranes as competitive technology for CO2/N2 
separation (115).  

Gas adsorption membranes, on the other hand, consists of micro porous solid 
membrane that is used as contacting medium between the gas and a liquid 
adsorbent, as shown in Figure 1.6b (109). The CO2 from the flue gas diffuses 
through the membrane and is recovered from the adsorbent. This process gives high 
separation rates due to the continuous re-change of the adsorbent liquid (116). This 
process is considered highly flexible for concentration higher than 20%, 
concentrations lower than 20% can produce reduction of the driving force leading 
to a decreasing of the CO2 recovery (106). Examples of materials used for this kind 
of membranes and the liquids employed as adsorbent are reported here. 
Polypropylene (PP) hollow fiber membranes with a pore size of 0.05 µm and 60% 
of porosity, in parallel with single amino-acid salt solution (glycin salt) and 
composite amino-acid-based solution (glycin salt + piperazine) were produced, 
showing a good mass transfer (117). Asymmetric hollow polyvinylidene fluoride 
(PVDF) membranes with pore size: 2.33 ± 0.51 nm and porosity (%) 0.83 ± 2.49 
with water and NaOH-water solution as adsorption liquids were created, displaying 
high CO2 flux, given by the high CO2 solubility (118). PP, polytetrafluoroethylene 

a b 

Figure 1.6 Working principle of (a) gas separation membrane process and (b) gas 
adsorption membrane process (109). 
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(PTFE), polymethylpentene (PMP) and a Teflon AF dense skin coated on a PP 
hollow fiber were also tested with MEA-water solution in CO2/N2 mixture (15% 
vol CO2), showing high CO2 flux and mass transfer (119). 

1.2.3.1 Azobenzene compounds 

An important class of materials employed in gas transport control and 
separation, are azobenzene derivatives. Azobenzene compounds are aromatic 
molecules characterized by two benzene rings connected by an N-N double bond 
(C6H5N=NC6H5) that can be opened by an external source of energy such as 
photons or heat. In this way, the molecule can isomerize, passing from a 
thermodynamically stable trans state (E) to a metastable excited cis state (Z) (120), 
both by in plane and out of plane transition pathways (121) (see Figure 1.7 (121)). 

The isomerization process can be investigated by means of UV-visible 
spectroscopy, since the molecule, switching from one state to the other, changes its 
absorption band due electronic transitions at different energies (120). Figure 1.8 
(120) depicts a representative absorption spectrum of an azobenzene compound in 
the trans and cis states.  

Figure 1.7 schematic diagram rotation and inversion pathways of the trans to cis 
isomerization of azobenzenes (121). 

Figure 1.8 representative UV-visible absorption spectra associated to an 
azobenzene compound in the trans-isomer state (blue line) and cis-isomer state 
(120). 
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The ability of the derivatives of azobenzene compounds to isomerize under 
light irradiation has attracted a lot of researchers to use them as efficient molecular 
photo-switches, that allow to control an extended number of properties of the 
material (122, 123). Because of the conformational transitions of the azobenzene 
molecules between an extended (trans) and a compact (cis) geometrical 
conformation (124, 125), the research have been mainly focused on opto-
mechanical transducers based on azo-benzene materials (126). In 2006, Henzl et al. 
(127) directly saw through scanning tunneling microscopy (STM) a single molecule 
of azobenzene (Disperse Orange 3) on Au(111), triggered by tunneling electrons. 
They could see the molecule successfully switching more than 70 times, by 
transferring electrons energy, between three configurations: two bent forms and one 
elongated form.  Furthermore, many studies have been carried out in the use of 
polymeric membranes containing azobenzene derivatives for gas transport control 
(128-131). In fact, the photo-induced change in the bulk characteristic of the 
azopolymers, such as the increase of the free volume in the polymer matrix brought 
by the cyclic photo-isomerization of the azobenzene chromophores, can be reflected 
in the change of the intrinsic permeability (128). In this context, Kameda et al.(128) 
conducted a study on thin films of a copolymer of methyl methacrylate and 2-(ethyl-
[4-(4-nitrophenylazo)phenyl]amino)ethyl methacrylate (PMD77) in the glassy 
state. They irradiated the membranes with blue light and recorded the change in 
helium permeability due to the photo-isomerization of the azo-chromophores. 
Recently, Bujak et al.(129) produced membranes based on polyimides containing 
azo-benzene chromophores linked to the main chain and recorded an increase of 
the permeability to different gases (i.e. N2, O2, He and CO2) upon light irradiation 
in relation to the reference neat polyimide.  In 2018, Prasetya et al. (130) 

synthesized a light-responsive MOF with an azo-UiO-66 topology, using zirconium 
as the metal source and 2-phenyldiazenyl -terephthalic acid as the light-responsive 
ligand. The Azo-UiO-66 was found to have a satisfactory performance for CO2/N2 
separation and exhibited a very efficient CO2 dynamic photoswitching, which was 
beneficial for low-energy CO2 capture. Azo-UiO-66 was also robust and could 
maintain its porosity and photoresponsivity even after two cycles of immersion in 

Figure 1.9 (a) Hypothetical building unit of the Azo-DMOF-1 and (b) CO2 
adsorption of freshly activated Azo-DMOF-1 and its dynamic photo-switching at 
298 K (131). 

a b 
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water. This study confirmed these kinds of materials to be good candidates for low 
energy post combustion CO2 capture that utilizes UV light to trigger the CO2 

release. They also did a similar work using Zn as the metal source and both 2-
phenyldiazenyl terephthalic acid and 1,4-diazabicyclo[2.2.2]octane (DABCO) as 
the ligands (131). Figure 1.9 (131) shows the structure of the Azo-DMOF-1 and a 
CO2 adsorption/desorption in dynamic UV irradiation photoswitching. In Chapter2, 
a study on light-controlled permeability in polymeric membranes containing 
azobenzene chromophores will be presented. 

1.3 Ionic liquids and poly ionic liquids 

In recent years, ionic liquids (ILs) have gained a lot of attention as alternative 
solution to amine based adsorbents in CO2 capture processes (132). ILs are 
essentially salts characterized by a strong ion-ion interaction, compared to other 
intermolecular forces such as London forces in inorganic solvents, leading to a 
negligible volatility at ambient pressure (133). Furthermore, they possess high 
thermal stability, large electrochemical range and the ability to dissolve compounds 
with different polarities (134). From the environmental point of view, ILs are non-
flammable, non-volatile and recyclable compared to other solvents (135, 136). 
Moreover, their physical and chemical properties can be modified by choosing the 
cation and anion, becoming suitable for specific applications (137). ILs have been 
largely employed in gas capture and particularly in carbon capture technology, due 
to their elevated CO2 solubility (135, 138, 139). The major drawback of ILs used 
for CO2 capture, is their elevated viscosity due to their complex synthesis and 
purification processes (140). Nevertheless, their viscosity can be tuned by using a 
proper combination of cation and anion, for example, by increasing the alkyl chain 
length in the cation. Furthermore, also the CO2 solubility can be enhanced by 
modifying efficiently the cation and the anion, even if, compared to commercially 
available technologies such as amine-based systems, their CO2 capture capacity is 
still lower (141). ILs can also be functionalized by adding a reactive group able to 
polymerize or co-polymerize to form chains with high repetitive order and to 
produce a polymer structure, the so-called poly ionic liquids (PILs) (142-146). This 
kind of materials are usually synthesized from ILs monomers, showing improved 
processability, enhanced stability, durability and better control over their meso- to 
nano-structures (142). PILs based compounds have been exploited to produce 
materials as novel promising solutions in the area of electrochemistry, analytical 
chemistry, bioscience, catalysis, sensors and energy environment (147-150). 
Moreover, studies have been conducted to explore the CO2 uptake capacity of these 
materials, thanks to their superior CO2 solubility (151, 152). 
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1.3.1 Ionic liquids characteristics 

Physical and chemical properties of ionic liquids vary on the types of anions 
and cations present in the molecule. Ionic liquids structures and, therefore, the 
variety of their ions is in constant expansion, since the possible combinations are 
nearly infinite. Nevertheless, a little part of cations and anions mostly employed in 
research and commercial applications exists. Figure 1.10 (153) shows the structure 
of some of the representative cations and anions used in protic, aprotic, dicatonic, 
polymeric, magnetic and solvate ionic liquids (153). From left to right, the cations 
(top row) include: ammonium, pyrrolidinium, 1-methyl-3-alkylimidazolium, 1,3-
bis[3-methylimidazolium-1-yl]alkane; (second row) phosphonium, pyridinium, 
poly(diallyldimethylammonium), metal (M+) tetraglyme. The anions include (third 
row) halides, formate, nitrate, hydrogen sulfate, heptafluorobutyrate, 
bis(perfluoromethylsulfonyl)imide, tetrafluoroborate, (bottom row) thiocyanate, 
hexafluorophosphate, tris(pentafluoroethyl)trifluorophosphate, dicyanamide, 
poly(phosphonic acid), and tetrachloroferrate. Common physical properties 
considered to evaluate ILs for CO2 capture and the design of the absorption process 
are density, viscosity, surface tension, vapor pressure, criticalities and all the 
thermodynamic properties like interfacial tension of liquid-vapor, conductivity and 
specific heat capacity. The density of ionic liquids is higher than water, except for 
pyrrolidinium dicyano-diamide and guanidinium. Moreover, ILs density declines 
with the increase of carbons in the alky chain, differently from viscosity that 
increases with increasing of the number of carbons in the alky group (134). High 
viscosity is an issue in ionic liquids used for CO2 adsorption, due to problems 

Figure 1.10 Chemical structure of some representative cations and anions used in 
ionic liquids (153).  
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related to liquid flux and reduced solubility. Nevertheless, temperature and 
chemical additives strongly affect the viscosity. In fact, increasing temperature 
and/or adding organic solvents lead to a reduction of the viscosity (43). Surface 
tension of ILs is rarely found in literature, but it has been reported that ionic liquids 
surface tension is higher than in other conventional solvents. Vapor pressure of 
chemical components is a requirement in applications such as gas separation and, 
according to the literature, many ILs possess negligible vapor pressure (43), which 
is an extremely appealing property for what regards, for example, membrane 

Table 1.1 Physical properties: Tm: melting temperature; Tb: boiling temperature; 
ρ: density; μ: viscosity; Psat: vapor pressure; D: diffusion coefficient; γLV: 
interfacial tension of liquid-vapor; κ: conductivity; and Cp: specific heat capacity 
at constant pressure (153). 
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impregnation for CO2 separation. In Table 1.1 (153) a comparison of the physical 
properties between four different solvents and IL 1-butyl-3-methylimidazolium 
hexafluorophosphate ([C4mim] [PF6]) and PIL ethylammonium 
nitrate([CH3CH2NH3] [NO3]) is reported (153).  

 
1.3.2 Ionic liquids and poly ionic liquids for CO2 capture 

As already mentioned before, ILs have been employed as materials for CO2 
capture, mainly in post-combustion and pre-combustion technology. They have 
been used mostly in physical processes, for conventional ILs, and in chemical 
absorption processes, for functionalized ILs. It was found that ILs possess a high 
CO2 solubility and, in particular, that anions have a higher impact on it compared 
to cations (154). Aki et al. (155) conducted a study on ten different imidazolium-
based ILs and calculated the CO2 solubility changing the anions. They discovered 
that between the fluorinated anions, the one with the highest solubility was 
bis(trifluoromethanesulfonyl)imide [TFSI]-, while for the non-fluorinated anions, 
was [NO3]-. The cation also plays a role in CO2 capture, in fact, it was demonstrated 
that CO2 solubility can be affected by modifying the cation alkyl chain. In 
particular, an increase of the number of carbon of the alkyl groups corresponds to 
an increase of CO2 solubility (155). Moreover, it was reported that imidazolium-
based ionic liquids have better performances in CO2 capture than ILs with different 
cations, such as phosphonium-based ILs (156). 

Ionic liquids can also be functionalized to add particular chemical reactive 
groups to the molecules and increase their solubility, the so-called task-specific 
ionic liquids [TSIL]. These kind of ionic liquids usually possess greater capture 
capacity than conventional ionic liquids, due to their specific modifications to 
absorb more CO2 (43). Most of the studies refers to the use of amino-acid groups 
as functionalities attached both to the cation and to the anion. Goodrich et al. 
measured the CO2 solubility of phosphonium-based ILs with different amino-acids 
functionalizations on the anion, such as trihexyl(tetradecyl)phosphonium glycinate 
([P66614][Gly]), alanate ([P66614][Ala]), sarcosinate ([P66614][Sar]), valinate 
([P66614][Val]), leucinate ([P66614][Leu]), and isoleucinate ([P66614][Ile]) with 
solubilities of about 0.5 mol/mol at 1.5 bar. ILs with amine functionalizations on 
the cations were studied as well on imidazolium based ILs. CO2 solubility was 
calculated on 1-aminopropyl-3-methylimidazolium-based ILs with dicyanamide 
[DCA]- , tetrafluoroborate [BF4]- and bis(trifluoromethanesulfonyl)imide [TFSI]- 
anions, with solubility values around 0.2 - 0.3 mol/mol at 10 bar (43). Another 
important aspect to take into account in CO2 capture is the selectivity of ILs towards 
the gas. In fact, in most of the CO2 capture processes (e.g. post combustion) the 
flue-gas contains a lot of impurities and other gases (157). Conventional ILs have 
higher CO2 selectivity than to other gases, such as CO, H2 and O2, thanks to the 
large quadrupole moment of CO2 (158). Nevertheless, ILs anions and cations can 
be modified to further increase this value. The promising ILs in terms of selectivity 
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of CO2 over other gases (e.g., methane) include BF4, NO3, and CH3SO4 anions and 
cations such as Tetrabutylammonium (N4111), Pentamethylguanidinium (pmg), 
and Tetramethylguanidinium (tmg) (159).  

As already mentioned, the use of ILs can have problems related to their high 
viscosity in systems in which the solvent must flow in pipes. For that reason, 
supported ionic liquids membranes (SILM) were studied to obtain better absorption 
efficiency. SILMs are made using liquid phase ILs on a solid membrane. Properties 
like high viscosity and low vapor pressure, are in this kind of technology an 
advantage because can stop the membrane solvent flowing out or evaporate, 
prolonging the SILM’s life. Key properties of these membranes are the permeability 

and selectivity to CO2. Porous hydrophilic polyethersulfone (PES) membranes 
containing ILs with bis(trifluoromethanesulfonyl) imide [Tf2N] , 
trifluoromethanesulfone [CF3SO3−, chloride [Cl]− , and dicyanamide [Dca]− anions 
(160), 1-butyl-3-methylimidazolium [TFSI]- fixed to porous Al2O3 (161), 1-butyl-
3-methylimidazolium [PF6] to a porous (ceramic or zeolite) membrane (162) and 
1-butyl-3-methylimidazolium [BF4] supported on the PVDF (poly-vinylidene 
fluorolide) membrane (163) are few examples of SILMs applications, which gave 
good results in CO2 permeability and selectivity. Other research affirmed that 
CO2/CH4 selectivity can be further increased by increase the gas pressure, leaving 
mechanical stability unchanged (164). Many studies were carried out also on 
SILMs with functionalized ILs by adding amine groups to the anion or cation (165-
167).  

One of the main problems related to SILM technology is the leakage of the IL 
from the membrane, when the pressure drop surpasses the liquid stabilizing forces 
within the matrix (164). To overcome this issue, PILs were used for CO2 capture 
purposes, showing a significant increase of the CO2 uptake capacity compared to 
the analogue conventional ILs (145, 168). Moreover, PILs showed reduced time of 
absorption/desorption and selective CO2 absorption in mixed atmosphere of 
N2/O2/CO2 (143, 168). Further studies were conducted on grafting of polyethylene 
glycol (PEG) onto PILs to create CO2 selective membranes with improved thermal, 
chemical and mechanical properties (169). Bara et al. (145) reported a study on 
synthesized photo-curable room temperature ionic liquids (RTILs) that could be 
converted into PILs films. They tested the membranes for their performance in 
separation, involving CO2, N2 and CH4 with good results both in selectivity and 
CO2 absorption capacity. 

1.4 3D printing  

1.4.1 Introduction to 3D printing 

3D printing founds its bases in what is called additive manufactory (AM), 
which definition is the “process of joining materials to make object from three-
dimensional (3D) model data, usually layer upon layer, as opposed to subtractive 
manufacturing methodologies” (170).  One of the earliest AM processes, firstly 
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developed in the 1980’s, is rapid prototyping, which is the first form of creating 

layer by layer a 3D object starting from a computer-aided design (CAD) (171). 
Rapid prototyping technology was developed to have the possibility to create 
models faster, saving a lot of time with the possibility to test different prototypes, 
the same technology that today is called 3D printing (172). Additive manufactory 
processes can be divided in three categories that depends on the state of the material 
that is employed: it can be liquid, solid or powder based (173). From these three 
categories of the type of material used in the process, there are other sub-categories 
of 3D printing technologies (see Figure 1.11 (173)).  These 3D printing 
technologies can be divided in fused deposition moldeling (FDM), 
stereolithography (SL), polyjet, digital light processing (DLP), laminated object 
manufacturing (LOM), selective laser sintering (SLS), electron beam melting 
(EBM) and laminate engineering net shaping (LENS). The 3D printing process for 
almost all the cited technologies starts with a model in a CAD software, which is 
translated to a STL file, then the object is “cut in slices” containing the information 

for each layer. The thickness of each layer as well as the resolution and printing 
times depend on the equipment used. 

Fused deposition modelling (FDM), is a liquid-based additive manufacturing 
process in which a thin polymeric filament is melted through a print head and 
extruded, on a building platform, with a thickness typically of 250 µm. The most 
common used materials for this kind of technology are thermoplastic polymer such 
as polycarbonate (PC), acrylonitrile butadiene styrene (ABS), polyphenylsulfone 
(PPSF), PC-ABS blends, and PC-ISO (171). The main advantages are that no post-
processing is required and the low cost of machines and materials (172, 174). 
Drawbacks are the poor definition along the z axis (250 µm) and the long times 
required to print complex structures (175).  

 Stereolithography (SL), is a liquid-based process that consists in the photo-
curing of a photosensible resin by means of a scanning laser. The laser can be in the 
UV or visible range depending on the type of photoinitiator used in the 
photosensible resin. The resin is loaded in a tray containing a moving platform, then 
the laser scans the resin solidifying specific locations each layer. When a layer is 
done, the platform is lowered and a new layer is scanned until the last one (172-
174). The basic principle of this process is photo-polymerization, which is the 

Figure 1.11 Existing 3D printing process and technologies (173).  
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process where a monomer containing reactive groups can react through a 
polymerization process when irradiated with a light with a specific wavelength 
(176). This process will be explained in detail in the next section.  

 Polyjet, is an AM technique that uses an inkjet head moving in the x-y 
direction and depositing a photopolymer that is cured by an ultraviolet lamp. The z 
resolution of this technique is around 16 µm, which allows the production of parts 
with a good quality (177).  

 Digital light processing (DLP) technology, which will be discussed more in 
detail in section 1.4.3, uses a process that is similar to SL, with the main difference 
that, instead of using a laser with a galvanometric head to cure point-by-point the 
resin, it projects the x-y section of the object on the resin layer by layer. This method 
allows a faster printing because of the simultaneous polymerization of the resin on 
each layer. Moreover, the building platform and the growing object are moving 
upwards, out of the resin bath, resulting in a cleaner process and allowing for the 
building of larger objects (178).  

 Laminated object manufacturing (LOM), is a process in which the starting 
material is a laminated solid that is cut by a laser that is able to move in three 
dimensions. The advantages are the low cost, no post processing, no deformation 
or phase change during the process and the possibility to build large parts. The 
disadvantages are that the excess material is wasted, the low surface definition, the 
material is directional and complex internal cavities are very difficult to be built. 
This process can be used for models with papers, composites, and metals (179). 

 Selective laser sintering (SLS), is a technology that employs a powder that 
is sintered or fused by a laser beam. The chamber is heated at a temperature close 
to the melting point of the powder to increase the efficiency of the process and 
reduce the printing times. This technique is very similar to SL for what regards the 
equipment, but in this case, instead of polymerizing the resin, the laser partly melts 
few powder particles point-by-point attaching them to form a solid structure. This 
process offers a great variety of materials that could be used: plastics, metals, 
combination of metals, combinations of metals and polymers, and combinations of 
metals and ceramics. The disadvantages of this process are that the accuracy is 
limited by the size of the powder’s particles, the process is executed in an inert gas 

atmosphere to avoid particle oxidation and continue heating is required, with high 
energy expenditure (180).  

 Electro-beam melting (EBM), is a technology similar to SLS, but in this 
case, the powder is melted by a high voltage electron beam, usually 30 to 60 kV. 
The process is very complex since it needs high vacuum to actually allow having 
an electron beam path of the order of tens of cm (181) .  

 Laser engineered net shaping (LENS), is an additive manufacturing process 
where a metal powder is injected in a desirable location and is melted by a high-
power laser beam. The process is carried out in an inert atmosphere to avoid 
oxidation processes. A high variety of metals and combination of them can be used 
with this technique, such as stainless steel, nickel based alloys, titanium-6 
aluminium-4 vanadium, tooling steel and copper alloys (182). 
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1.4.2 Introduction to photopolymerization 

In the following chapters, DLP technology will be employed for the 3D printing 
processes. For this kind of technique, photosensitive-polymer-based liquid 
formulations that respond to an external light stimulus by changing their physical, 
chemical and mechanical properties are studied. Photopolymerization is exploited 
to create covalently crosslinked solid structures by exposing a photosensitive 
system composed of a monomer, a photoinitiator and other additives like dyes or 
functional reagents to ultraviolet, visible or even infrared radiation (183, 184). 
Photopolymerization takes place when the radiation interacts with the light-
sensitive photoinitiator that generates free radicals, highly reactive species, able to 
promote polymerization of reactive monomers to form crosslinked networks (185). 
Photopolymerization has several advantages, which include spatial and temporal 
control over polymerization, fast curing rates (few seconds) and minimal heat 
production (186). Disadvantages include relatively poor control over the 
crosslinking kinetic, oxygen inhibition, presence of unreacted monomer in the final 
polymer and generation of heterogeneities within the polymer network, due to 
random chain polymerization (187-189). Figure 1.12 (190) represent schematically 
the free radical reaction, starting from two unreacted monomers that bind together 
through a chain reaction with the free radical species generated by the 
photoinitiator. Different types of photoinitiators exist depending on the mechanism 

involved in photolysis, including radical photopolymerization through 
photocleavage, hydrogen abstraction and cationic photopolimerization (185, 186, 
191). Radical photopolymerization by photocleavage is a process in which the 
photoinitiator undergoes cleavage at C-C, C-Cl, C-O or C-S bonds to form radicals 
when irradiated with light. These photoinitiators include aromatic carbonyl 
compounds such as benzoin derivatives, benziketals, acetophenone derivatives, and 

Figure 1.12 Scheme of the free radical polymerization mechanism (190).  
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hydroxyalkylphenones (192-194). Radical photopolymerization by hydrogen 
abstraction, instead, uses photoinitiators that undergo hydrogen abstraction from an 
H-donor molecule, generating a ketyl radical and a donor radical (195).  

1.4.3 Digital light processing technology 

Digital light processing (DLP) technology, as mentioned in section 1.4.1, is a 
type of additive manufacturing that uses photosensible liquid formulations as 
starting materials to build three-dimensional solid structure through 
photopolymerization. Figure 1.13 (196) shows the sketch of the section of the DLP 
apparatus. The most important features of the machine, which characterize this 

technology, are the projector, the vat, the moving stage and the photosensible resin. 
In fact, the printing is carried out by irradiating the resin with a projector that 
photopolymerize it layer by layer, through a transparent vat on an upwards-moving 
platform, until the total construction of the object is done.  

The whole process consists of three phases: CAD and STL files creation, 
printing and post printing. First, the ideal object is designed with a specific CAD 
software to give the desired 3D shapes, then the CAD is converted in a STL file, 
that is sent to the 3D printer. Now, the 3D printer software slices the STL three-
dimensional file in a number of layers that is equal to the total height of the object 
divided by the desired thickness of each layer. At this moment, the user can enter 
the values of the printing parameters that usually are the time of exposure of the 
first layers, the time of exposure of the remaining layers and the velocity of 
approaching and leaving of the building platform. Once the process parameters are 
set, the printing can start and the lamp projects the exact image of the cross-section 
of the object at each layer. The bottom of the vat is transparent so that the light can 
pass through and polymerizes the resin only where is illuminated. The projector 
illuminates the resin for the time set and, subsequently, the platform moves up ready 
to polymerize the next layer. The process continues until all the layers of the object 
are polymerized. When the printing process is finished, the object is usually washed 
with a solvent, which is compatible with the material used for the printing and a 
post-curing is performed to further polymerize the object if needed.   

Figure 1.13 DLP 3D printing technology working principle (196).  
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The photosensitive resin is one of the most important part of this process, it is 
made of different ingredients that play a role in the printing process. A monomer is 
used to generate the body of the formulation and it consists in a simple molecule 
provided with functional groups able to create a crosslinked polymer. A 
photoinitiator is added to react with the light and start the free-radical reaction. A 
dye is mixed in the formulation to confine the light penetration, reducing light 
scattering, over-polymerization of the resin and increasing the x-y printing 
resolution. Finally, different additives can be inserted in the resin to give it specific 
functionalities, paying attention to choose the materials to be compatible with the 
other elements present in the formulation.  

This technique has many advantages compared to other technologies that uses 
photopolymerization, such as SL and polyjet. In fact, the process is simple and 
clean, it gives high resolution objects, the printing is very fast due to the 
simultaneous polymerization of each layer and the cost of the equipment is 
contained. The drawback is the necessity of a post-processing of the final object.  

1.4.4 DLP 3D printing with smart dyes 

DLP 3D printing technology, as already mentioned, uses polymer-based resins 
that usually contain a dye to improve the light spatial confinement and avoid 
undesired over-curing effects during the printing process (197). The dye has the 
principal role to give a final coloring to the resin and, generally, no additional 
features are required. Nevertheless, some studies proposed an alternative approach, 
where functionalities (in most of the cases, light-responsive) are provided to the 
dye. With this method the dye assumes a bivalent role, it is still useful for the light 
confinement, but also acts as a functional filler for specific applications.  

Figure 1.14 3D printed microcantilevers containing light triggered azobenzene 
moieties able to modify the mechanical properties. In the plots on the right, 
variation of the resonance frequency under laser illumination (178). 
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To this regard, Roppolo et al. (178) provided a study on photo-curable polymers 
for 3D printing containing azobenzene moieties providing photo-mechanical 
responsivity. In particular two monomers were chosen as bulk material, such as 
Bisphenol A ethoxylate diacrylate (BEDA) and Bisphenol A ethoxylate 
dimethacrylate (BEMA), consisting mainly in a rigid and more rubbery materials 
respectively, while Methly Red and disperse red methacrylate were used as 
azobenzene moieties. Flat specimens were 3D printed and their mechanical 
properties were analyzed by means of tensile stress tests during light irradiation 
exposure. The results showed an expansion of the sample and the decrease of the 
elastic constant under laser irradiation and a recovery of both properties as the laser 
was switched off. Moreover, microcantilevers were 3D printed and their resonance 
frequency calculated under laser irradiation. Results showed a reversible 
adjustment of the peak of resonance frequency as the cantilevers were irradiated, 
brought by modified the mechanical properties (see Figure 1.14). 

Another study was conducted by Frascella et al. (198) on DLP 3D printing of 
formulations containing smart dyes. In particular, they 3D printed a photo-curable 

polymer containing a photoluminescent dye enabling the creation of waveguides. 
Bisphenol A ethoxylate (2 EO/phenol) diacrylate (Mw 572, BEDA) was used as 
constitutive monomer, while the dye employed was an amino derivative of 7-
nitrobenz-2-oxa-1,3-diazole (NBD), which has been functionalized with a 
methacrylic double bond. The dye possesses very adequate absorption and emission 
properties, with a charge transfer (CT) intense absorption band in the red region 
(λabs = 440−475 nm) and an intense fluorescence emission in the yellow-green 
region (λem = 497−526 nm). Furthermore, it was used for its methacrylic group, 
which is fundamental as it can copolymerize with the bulk monomer becoming a 
perfect material for DLP 3D printing process. They successfully 3D printed 

Figure 1.15 (a) Transmittance through a branch of the Y-shaped waveguide 
versus aperture angle α. (b, c) Fluorescence pictures of the 3D printed waveguides 
illuminated at one end of the waveguide (198).   
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different waveguide-like structures and tested them to the fluorescence microscope 
to characterize the optical performances. Results showed that the 3D printed optical 
devices were able to guide the luminescence of the dye up to an angle of 40° (see 
Figure 1.15).   

In this context, Chapter 2 will describe in detail the study published in Gillono 
et al. on CO2 permeability control in light-triggered 3D printable structures, where 
azobenzene moieties were incorporated in photo-curable resins to create a 3D 
printed device able to photo-control the CO2 transmission rate. 

1.4.5 Ionic liquids and poly ionic liquids in DLP 3D printing 

PILs have been employed in numerous research as additive or primary functional 
active material in 3D printing. Due to the near-infinite choice of anion and cation, 
the reciprocal behaviour between PILs and other additives can be tuned. In fact, the 
high potential of PILs in 3D printing is the possibility to incorporate a wide 
spectrum of different physical and chemical properties in a solid structure that can 
be previously designed. PILs can be synthetically created and the incorporation of 
the cationic and ionic species in the polymer backbones results in the construction 
of different polyionic structures. Furthermore, DLP 3D printing offers the 

possibility to start from a liquid formulation as a blend of monomers and additives 
and create a crosslinked polymer, which incorporates specific functionalities. The 
first example of 3D printed PILs comes in 2014 from Schultz et al (199), where 
they 3D printed phosphonium-based PILs with poly(ethylene glycol) 
dimethacrylate (PEGDMA) as crosslinker by mask projection micro-
stereolithography (see Figure 1.16). They obtained object with high resolution 
possessing high thermal stability, tunable glass transition temperature (by 
modifying the ILs contents ratio), optical clarity and ion conductivity.  

Figure 1.16 3D printed poly(PEGDMA-coTOPTf2N) objects by mask projection 
micro-stereolithography (199). 
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In another study, Lee et al (200). reported the successful 3D printing of 
IL/polymer (1-ethyl-3-methyl-imidazolium tetrafluoroborate, [emim][BF4]/2-
[[(butylamino)carbonyl]oxy]ethyl acrylate, BACOEA) composites with different 
degrees of crosslinking and polymerization as materials fort piezoresistive tactile 
sensors. The degree of crosslinking and polymerization was controlled by the 

acrylic-based crosslinking agent concentration and the UV exposure time. Figure 
1.17 shows the printing process and the sensors architecture.  

 Recently, Wales et al (201). conducted a study on vinyl-substituted 
imidazolium-based PILs used to stabilize novel photoactive hybrids organic-
inorganic polyoxometalates (POMs). The POM/PIL mixtures were then 3D printed 
by DLP technique. Two IL monomers were employed in the study based on 1-butyl-
3-methylimidazolium cation (C4vim) and bis(trifluoromethane sulfonil)imide 

Figure 1.17 (a) Sensor fabrication and (b) sensor’s architecture made by 3D 

printing of [emim][BF4]/BACOEA composites (200). 

Figure 1.18 (a) Formulation composition and photo-curing process. (b) Examples 
of PIL-based 3D printed complex geometry. (c) Multifunctional printing of 
hydrophilic and hydrophobic PILs (201). 
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(TFSI) and dicyanamide (N(CN)2) to give hydrophobic and hydrophilic nature to 
the PILs. A complex 3D hollow cube composed by repeating Schwarz P minimal 
surfaces was successfully 3D printed (see figure 1.18), demonstrating the high 
potential of DLP 3D printing with this kind of materials.  

 
 

1.5 Goals of the research 

Considering the importance of CO2 management (as introduced in the previous 
paragraphs) and of the materials able to interact with CO2 for the world of the future, 
this thesis aims to develop polymeric materials for this specific purpose. 
Furthermore, the goal is to synthesize materials which could be processable with 
3D printing, since this technology allows for a high degree of complexity and 
automatization.  

In this context, we explored different type of material for CO2 interaction, in 
particular: 

➢ The stimuli-controlled permeability of polymeric membranes (chapter 2). 
➢ The development of materials for CO2 capture (Chapter 3 and 4). 

To achieve our goals, different strategies were followed, in detail: 

➢ The examination of a possible and interesting stimulus for permeability 
control (in our case light). 

➢ The study of light-sensitive molecules which can lead to photo-triggered 
permeability. 

➢ The development of 3D printable materials with these features and 
characterize them 

➢ The realization and fabrication of a suitable device which can exploit 
photocontrollable CO2 permeation. 

Regarding CO2 capture: 

➢ The investigation of suitable strategies for CO2 capture (in our case 
introduction of ionic liquids). 

➢ The study and optimization of the 3D printing process in presence of 
commercially available ionic liquids and polymerizable ionic liquids. 

➢ The study of the interaction of CO2 with these materials. 
➢ The synthesis of more efficient ionic liquids for CO2 capture. 
➢ The 3D printing and characterization of these materials. 
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Chapter 2 

CO2 permeability control in 3D 
printed light responsive structures 

1.1 Introduction  

Stimuli-responsive materials have become of great interest due to their multiple 
possible applications. These materials can change their intrinsic properties 
reversibly or irreversibly by an external excitation. The stimulus can come from a 
special chemical environment, like a different pH (202, 203) , the presence of a 
solvent (204, 205), guest molecules (206) or from a change in temperature (207, 
208), pressure (209), magnetic field (210) and light excitation (211). In the view of 
gas separation’s technology, smart membranes with controllable permeability are 

among the most demanding technology in many fields (212-215) and light-
responsive polymer membranes are of increasing importance (130, 216). In this 
background, as already described in Chapter 1, polymers functionalized with azo-
benzene chromophores are among the most considered in many research related to 
photo-functional materials, due to their adaptable applications in many fields such 
as biotechnology (217, 218), optics (219) and nanotechnology (178, 220).  

This chapter, that in part describes the work early published in Gillono et al. 
(221),  presents a study on polymeric materials containing light-triggered azo-
chromophores, allowing the control of CO2 permeability, following the work 
carried out by Kameda et al.(128) and Bujak et al.(129), attempting to respond the 
increasing request of technologies for carbon capture and storage (CCS). 
Poly(ethylene glycol)diacrylate (PEGDA) was chosen as constituent bulk monomer 
as it is a well-known material for DLP 3D printing technology. Furthermore, it is a 
good material related to the use of carbon dioxide gas, because of its affinity to the 
CO2 molecule due to the presence of polar backbones (222, 223). Formulations 
containing PEGDA, a photo-initiator (BAPO) and two different azo-benzene 
chromophores, acting as well as a dye, were prepared and photo-crosslinked to 
create a thin membrane. The chromophore chosen are a typical azo-benzene dye 
with a monocarboxylic acid with a tertiary amine substitution (Methly Red, MR) 
and an azo-benzene with a methacrylate group (Disperse Red 1 Methacrylate, 
DR1M) capable of participating in the polymerization reaction and linking to the 
polymer matrix. These formulations containing chromophores, able to respond to 
external light excitation, were prepared precisely to be photo-curable and 3D 
printable. Thus, it was possible to extend the application not only to the fabrication 
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of simple membranes by casting, but also to more complex structures with a precise 
design that can be exploited to achieve specific targets. In fact, with 3D printing 
technology it is possible to obtain object with a customized design starting from a 
computer aid design (CAD) file. This cost-effective and timesaving approach, 
merged with the use of smart materials, can be a powerful tool that allows the direct 
production of devices for specific applications(224, 225). For this work, a DLP 3D 
printer was used because of its suitable technology, which was already described in 
Chapter 1, which allows to create solid structures starting from a liquid formulation 
that can contain basic ingredients like the photoinitiator and a dye, but also specific 
functional additives. Nevertheless, in this case, the photochromic azo molecules 
have a double purpose, acting as a dye due to their light absorption capability and 
as a functional additive due to their photo-switching properties. In fact, it will be 
shown how the azo chromophores were exploited as photo-functional agent to 
control the intrinsic permeability of the polymer membranes. Furthermore, a series 
of characterizations were done in order to study the materials in their multiple 
aspects. First, a polymerization study on the prepared formulations will be 
presented, to fully understand their reactivity upon irradiation. Secondly, it will be 
shown the chemical/physical characterization, aiming to investigate mainly the 
optical and thermal properties of the photo-cured formulations. Then, results on 
CO2 permeability tests will be given to analyze the effect of the nanoscale-photo-
switching on the macroscale, by investigating the gas transmission rate through the 
photo-polymerized membranes during irradiation. Finally, a 3D printed working 
device for the photo-control of pH in a water solution will be shown, as a proof of 
concept of the described effect, to demonstrate the integration of those materials in 
smart devices. 

1.2 Experimental and methods 

1.2.1 Materials 

The monomer used as bulk material for the membranes and the 3D printed 
structures was Poly(ethylene glycol) diacrylate (PEGDA) with average molecular 
weight 575. Phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (OMNIRAD 819) 
powder with 97% purity was used as photo-initiator. Two chromophores were 
adopted in the experiments, 2-[[4-(dimethylamino)phenyl]diazenyl]benzoic acid 
(Methyl Red, MR), 2-[N-ethyl-4-[(4-nitrophenyl)diazenyl]anilino]ethyl 2-
methylprop-2-enoate (Disperse Red 1 Methacrylate, DR1M). PEGDA, MR and 
DR1M were purchased from Merck. The photoinitiator OMNIRAD 819 was 
purchased from IGM Resin. Brilliant green, dye content ~ 90% was purchased from 
Sigma Aldrich. 
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1.2.2 Formulations and sample preparation 

The formulations were prepared with the aim to be processed in a DLP 3D 
printer; therefore, mixtures containing PEGDA, the photo-initiator and a 
chromophore dye were created. The different additives were added per hundred 
resin (%wt) with respect the total amount of PEGDA used, with the following ratio:  
• MR and DR1M: 0.2 %wt 
• Photo-initiator: 2 %wt 

The photoinitiator was solubilized in acetone ~2.5 ml/g and sonicated for 5 minutes. 
In the meantime, the photochromic dye was mixed with PEGDA in a dark coated 
vial and sonicated for 30 minutes. Subsequently, the solubilized photoinitiator was 
poured in the vial and sonicated for further 15 minutes. The first analysis on the 
photo-cured formulations were carried out on polymerized membranes directly 
produced by 3D printing. The 3D printer used was a 3DLPrinterHD 2.0 (Robot 
Factory) (see Figure 2.1a), equipped with a projector with a resolution of 50 μm 

(1920 × 480 1080 pixels). The building area of the moving platform is 100 x 56.25 

 3DLPrinter-HD 
2.0 

Pico Plus 39 

  

Brand  Robot Factory Asiga 

Wavelength 400-780 nm 405 nm 

Intensity 12 mW/cm2 22 mW/cm2 

Resolution 50 μm 39 μm 

Layers thickness 100-10 μm 100-1 μm 

Building tray Fluorurated 
polymer 

Siligel 

Figure 2.1 DLP 3D printers employed for the samples printing, (a) Robot Factory 
and (b) Asiga and their main working parameters. 

a b 
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x 150 mm with a vertical resolution of 10 μm, the layer thickness can be adjustable 

up to a maximum of 100 μm. In this case, it was decided to set it to 25 μm and 

multiple print tests were done in order to find the right exposure times. The 
parameters were chosen in order to have a good tradeoff between fragility and 
complete polymerization of the membrane. In the end, the optimal exposure times 
for the formulations containing MR and DR1M were 7 s and 5 s respectively. It was 
found out that membranes were self-standing and suitable to handle with a thickness 
greater than 150 μm, that means more than six layers of printing. The obtained 

membranes were carefully washed in ethanol and a post curing process was 
performed with an ultraviolet medium-pressure mercury lamp also provided by 
Robot Factory. The post curing process was carried out for a time duration of 1 
minute in order to reduce the photo bleaching of the chromophore. In the next 
subsection it will be explained the methods and instrumentations used for the 
membrane’s characterizations. 

 The second part related to 3D printing, was the creation of a prototype 
integrating the photo-functional azobenzene-based polymer in form of a membrane 
for the control of CO2 permeability. The prototype’s structure was 3D printed, with 
a DLP Asiga Freeform 3D printer with native XY pixel resolutions down to 27 µm 
and 250 nm Z-axis servo resolution (see figure 2.1 b), using two different 
formulations: one containing the photo-sensible dye (MR) and the other containing 
a semi laser-transparent green dye (Brilliant Green), which at 532 nm has an 
absorbance of 8.8% of the maximum peak of absorbance at 625 nm. In order to 
build the structure in one single shot using simultaneously the two formulations, the 
3D printing process was made in two stages by pausing the printing and changing 
formulation. The final object was a structure made by two different functional 
resins, 3D printed in one process. 

1.2.3 Material characterization  

Real-time rheological measurements were performed using an Anton Paar 
rheometer (Physica MCR 302) in parallel plate mode with a Hamamatsu LC8 
visible lamp with power intensity of 10 mW/cm2 (10% of maximum) and a cut-off 
filter below 400 nm equipped with 8 mm light guide. The gap between the rotating 
plates was set to 100 μm; for all the measurements, the temperature was fixed at 25 
°C, at constant shear frequency of 3.18 rad/s at 1% of amplitude, which was set 
based on the amplitude sweep test indicating, at a certain frequency, the linear 
viscoelastic region. The lamp was turned on after a waiting time of one minute in 
order to leave enough time to have a stable signal. The outcome data consist in a 
plot of the elastic (G’) and loss (G’’) modulus and their ratio versus time. Another 
method used to study the reactivity of a photo-curable formulations is infrared 
spectroscopy. This technique allows to follow the conversion of the reactive groups 
of the monomer, in this case the acrylic group of PEGDA, by evaluating the extent 
of decrease of the peak relative to C=C bond due to the free radical polymerization 
reaction. For these measurements, ATR spectra were generated using a Tensor 27 
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FTIR Spectrometer (Bruker) equipped with ATR tool, 32 scans were collected with 
a resolution of 4 cm−1 from 4000 to 400 cm−1. Light absorption of the samples was 
evaluated by means of UV-visible spectroscopy. The UV-visible spectra were 
collected with a Varian Cary-500 spectrophotometer in the range between 300 nm 
and 800 nm, with a resolution of 1 nm, monitored with a scan rate of 480 nm/min. 
Afterwards, DMTA analysis were performed on a Triton Technology TTDMA to 
investigate the thermo-mechanical properties of the polymerized formulations 
containing the two azo chromophores. With this analysis it was possible to follow 
the elastic modulus and the loss modulus of the sample at different temperatures in 
order to identify phase transitions of the material, in this case the glass transition 
temperature (Tg). The samples were 3D printed in a rectangular shape (30 x 5 x 0.15 
mm). The oscillation was set with a displacement of 20 µm at a constant frequency 
of 1 Hz. For the same purpose, DSC analysis were executed with a Netzsch DSC 
204 F1 Phoenix instrument on the polymerized samples to investigate the 
thermodynamic transition of the materials by varying the temperature. In this case, 
rather than mechanically, the phase transitions are identified by measuring the 
calorimetric profile of the samples. As final characterization, contact angle 
measurements were carried out on the 3D printed membranes containing the two 
azo molecules. Contact angle measurements were performed with a Krüss DSA10 
instrument, equipped with a video camera. After the physical/chemical 
characterizations, the membranes were tested to analyze their barrier properties to 
CO2 and other gases (O2). This was done to verify what was the permeability 
behavior of the membranes using different gases having different properties, such 
as kinetic diameter and polarity. The transmission rate of CO2 through the 
membranes containing the two different chromophores in dark condition (with 
LASER turned off) and different temperatures and relative humidity will be 
presented. The measurements were carried out with a Multiperm Extrasolution 
analyzer. The instrument is composed of an upper chamber where the CO2 is 
injected and a lower chamber where a gas carrier (nitrogen) flows and transports 
the permeated gas to an infrared sensor, the two chambers are separated by the 
membrane sample. Both in the upper chamber and lower chamber the two gases 
flow at a constant rate and, throughout all the process, their concentrations are 100% 
CO2 in the upper chamber and 100% N2 in the lower chamber. The concentration 
gradient of CO2 between the two chambers leads to an osmotic pressure and a 
diffusion flow from the upper to the lower chamber. The permeability of the 
membrane, which is an intrinsic property of the material, is proportional to the 
transmission rate of the gas in the lower chamber, which is strictly linked to the 
membrane thickness. The calculation of the gas transport parameters is reported 
below. 

Moreover, the same instrument was used to perform dynamic permeability 
analyses under illumination, to investigate the effect of chromophore photo 
switching on the gas transport properties of the printed membranes. Together with 
these measurements, analysis on the influence of LASER beam on the increase of 
the membrane temperature were carried out. In particular, photo-DSC and infrared 
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thermometer measurements during LASER irradiation were performed. 
Furthermore, a study on the permeability variation related to different LASER 
intensities was done to better understand the permeability behavior of the 
membrane in response of a lower or higher excitation of the chromophores. The 
measurements performed under illumination required a LASER apparatus able to 
focalize the light beam on the sample, through the lid, inside the measurement 
chamber. Figure 2.2 shows the permeability analyzer and the laser apparatus used 
to measure the gas permeability during illumination. The laser used was a 
collimated, CW doubled Nd:Yag laser (λ = 532 nm) with tunable power from 0 to 
250 mW. The optic equipment consists of two lenses to defocus and collimate the 
LASER beam and a mirror to deflect it by 90° onto the membrane.  The laser path 
irradiates the sample crossing the chamber lid through a quartz window with a 
consequent attenuation of about 25% of the initial power. The membranes, before 
the measurement, were tightly inserted in an aluminum reduction mask in order to 
easily adapt them to the dimension of the measurement chamber. The area of the 
final membrane exposed to the gas was 2.01 cm2 and the lenses were adjusted in 
order to have the LASER spot at that exact dimension. The instrument, during the 
measurement, generates a transmission rate plot, and finally stops when the curve 
reaches a plateau, indicating the value of maximum transmission rate. From the 
transmission rate curve, it is possible to obtain three more relevant gas transport 
parameters, such as permeability, diffusivity and solubility. In gas and vapor 
systems, the rate of diffusing molecule transfer indicates the quantity of gas that 
crosses the membrane per unit area and time and it is expressed in terms of vapor 
pressures, 𝜌1 and 𝜌2, at steady state, by the following equation:  

 
𝐽𝑠𝑠 =

𝑃(𝜌1−𝜌2)

𝑙
                           ( 1 ) 

 
Where 𝑃 is the permeability and 𝑙 the membrane thickness. 
The permeability can therefore be evaluated as follows: 

Figure 2.2 Permeability measurement apparatus with LASER and optical setup. 
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𝑃 =

𝐽𝑠𝑠𝑙

∆𝑝
                                                      ( 2 ) 

 
The diffusion coefficient were calculated with the time lag method assuming a 
constant diffusion coefficient. From second Fick’s law of diffusion it is possible to 

extrapolate the amount of diffusing molecules (𝑄𝑡) which passes through the 
membrane at time t, as shown in the following equation: 
 
𝑄𝑡

𝑙𝐶1
=

𝐷𝑡

𝑙2 −
1

6
−

2

𝜋2
∑

(−1)𝑛

𝑛2 𝑒𝑥𝑝 (
−𝐷𝑛2𝜋2𝑡

𝑙2 )∞
1                  ( 3 ) 

Where 𝐶1 is the concentration of gas in the upstream chamber and 𝐷 is the diffusion 
coefficient. 
As steady state is approached (𝑡 → ∞), the exponential term becomes negligibly 
small, allowing for extrapolating  𝑄𝑡 versus t: 
 

𝑄𝑡 =
𝐷𝐶1

𝑙
∙ (𝑡 −

𝑙2

6𝐷
)                                                                                                     ( 4 ) 

 
The intercept 𝜏 on the t-axis is given by: 
 

𝜏 =
𝑙2

6𝐷
                                                                   ( 5 ) 

 

Thus, the diffusion coefficient can be calculated from equation (5): 
 

𝐷 =
𝑙2

6𝜏
                   ( 6 ) 

 

The solubility of the gas in the membrane can be finally evaluated, from P and D, 
as follow: 
 
𝑆 =

𝑃

𝐷
                                                                          ( 7 ) 

 

Once the transport parameters were calculated in each condition of temperature, 
relative humidity and light excitation, it was decided to find an application, 
involving 3D printing, by creating a working device (equipment and process 
description can be find in section 1.2.2) based on the effect explained in this chapter, 
as a proof of concept.  

1.3 Results and discussion 

1.3.1 Polymerization study 
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The first characterization of the prepared formulations regards the study of their 
photo-polymerization properties. In particular, reaction time and kinetic of 
polymerization were investigated. The formulations, as already mentioned, are 
composed by a reactive monomer, which constitute the bulk of the mixture, the 
photo-initiator and the chromophore dye (either MR or DR1M). The amount of the 
photo-initiator (2 %wt) was chosen based upon past studies on photo-
polymerization (226), whereas, for what regards the dyes, the right concentration 
was found to obtain the formulation with the optimal polymerization properties. In 
fact, in a 3D printing process, the dye is necessary in the formulation to achieve 
good resolution along the x-y axis due to reduced light scattering and along z-axis 
as well to reduced light penetration during illumination (and so the extent of 
polymerization) (178). Nevertheless, the amount of dye present in the formulation 
must be smartly decided, because high concentrations might increase too much the 
light adsorption reducing to critical limits the polymerization performances. To 
overcome this problem, formulations with four different concentrations of 

photochromic dyes from 0.1 %wt to 0.4 %wt were tested to observe their different 
behaviors. Photo-rheology measurements were carried out on the different 
formulations to both understand the curing process and optimize the printing 
parameters. The expectations of the results are the following: an initial phase, when 
the formulation is liquid, where G’’ is higher than G’, followed by an increase of 

the elastic modulus until it equals G’’, the so called gel point, and a continuous 

increase of G’ until a plateau is reached, when the polymerization reaction finishes. 
The time elapsed from the start of the reaction until the formation of a plateau is 
related to the reaction kinetic of the formulations.  Figure 2.3 shows the photo-
rheology curves for MR and DR1M with concentrations from 0.1 to 0.4 %wt%wt. 
As expected, for both the dyes, the polymerization process slows down as the 
concentration increases. This can be explained by the fact that the dye absorbs light, 
competing with the photo-initiator and, as the dye concentration increases, less light 
is absorbed from the photo-initiator, slowing down the reaction (197). This effect 

a b 

Figure 2.3 Photo rheology analysis of formulation containing 0.1, 0.2, 0.3 and 0.4 
%wt of (a) MR and (b) DR1M. 
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can be seen by looking at the curves related to 0.2 and 0.3 %wt, where the abrupt 
increase of G’ is delayed and the overall reaction is slower. On  

the other hand, low concentrations of the dyes (0.1 %wt) bring to a very fast  
reaction, which can cause an over-polymerization of the resin and a consequent low 
printing definition. Therefore, a good tradeoff concentration value of 0.2 %wt was 
chosen for both dyes. In the rest of the chapter the samples containing both dyes 
with an amount of 0.2 %wt will be referred to as PEGDA/MR and PEGDA/DR1M. 
Once the right amount of the dye to be added to the formulations was decided, 
preliminary 3D printing tests were performed to find the optimal process 
parameters. Membranes with thickness ranging from 100 µm to 200 µm made of 
PEGDA/MR and PEGDA/DR1M were 3D printed using a DLP equipment. The 
printing parameters were adjusted to obtain self-standing and easy to handle 
samples (see process and printing parameters in figure 2.4). 

Although photo-rheological measurement already gave a clear view of the 
kinetic of the polymerization reaction, it was decided to carry out further analysis 
on the reactivity of the two formulations. Fourier transform infrared (FTIR) 
spectroscopy analysis in attenuated total reflection (ATR) mode were performed on 
the liquid formulations and on the 3D printed membranes containing both dyes. 

 PEGDA/MR PEGDA/ DR1M 

Layer 
thickness 

25 µm 25 µm 

Layer 
irradiation 
time 

7s 5s 

Figure 2.4 Scheme of the DLP equipment used and printing parameters adopted for 
the membranes containing the two different dyes. 
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Particular attention was given to the C=C carbon double bond conversion of the 
acrylate group after photo-polymerization. Figure 2.5 shows the spectra of 
PEGDA/MR, PEGDA/DR1M and neat PEGDA before and after photo-
polymerization. As shown in the figure, the peak in the band of 810 cm-1, 
corresponding to the C=C carbon double bond of the acrylic group, was followed. 
In all the three cases, the peaks are still present in the liquid formulations, instead, 
the peaks lower down in the polymerized samples, indicating the conversion of the 
double bond in a single bond and the creation of covalent bonds in the polymer 
network. The full IR spectra from 4000 cm-1 to 600 cm-1 are reported in Figure A1 
in Appendix A. The degree of conversion of the acrylic double bonds was calculated 
by evaluating the absorbance increment of the peak at 810 cm-1 normalized on the 
ester band at 1722 cm-1 of the samples before and after photopolymerization, using 
the following equation (227):  

 
Degree of conversion = 𝐴(810)0− 𝐴(810)𝑡

𝐴(810)0
 ∙ 100                                                                 (8) 

 
Where 𝐴(810)0 is the area of the peak at 810 cm-1 at time zero and 𝐴(810)𝑡 is the area 
of the peak at 810 cm-1 at time t. The degree of conversion of PEGDA/MR, 
PEGDA/DR1M and neat PEGDA was 91%, 92% and 97% respectively (All the 
main material properties are summarized in Table 2.1). From these results, it is 
possible to say that the presence of the dyes, still competing with the photo-

Figure 2.5 ATR FT-IR spectra of (a) PEGDA/MR, (b) of PEGDA/DR1M and (c) of 
neat PEGDA both in liquid and solid form, following the evolution of the peak at 
810 cm-1. 

a b 

c 
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initiator, allows for a high double bond conversion, even if lower than the neat 
PEGDA. 

1.3.2 Chemical and physical characterizations 

The 3D printed samples of PEGDA/MR and PEGDA/DR1M where further 
characterized by means of UV-visible, DMTA, DSC and contact angle. UV-visible 
analysis was performed to check the photo-stability of the azo membranes after 
photo-polymerization. In fact, the dyes present in the formulations, during the 
printing process, are subject to direct light and can undergo photo bleaching.  Figure 
2.6 shows the absorption spectra of the sample PEGDA/MR and PEGDA/DR1M 

in liquid and solid form from 350 nm to 650 nm. As shown in the spectra, both 
samples in liquid form present a peak centered at 475 nm, while, for the 
polymerized samples, the peaks broaden and slightly shift to higher wavelength. 
This effect can be due to the changing of the surrounding polymer chain structure 
after the photo-curing process. In case of DR1M, the shift is more remarked because 
the azo molecules are chemically bonded to the polymer chains, enhancing the 
effect. Besides that, the photochromic dyes did not experience degradation during 
light exposure. Finally, the shoulder around 400 nm was imputable to the presence 
of the photo-initiator. This analysis was also useful to know the absorption spectra 
of the polymerized samples in order to choose the proper emission wavelength of 
the laser that will be used to irradiate the membranes. For this reason, a laser with 
λ = 532 nm was adopted, that lies in the absorption peak of both dyes. After the 
study on the photo-stability of the membranes DMTA analysis were performed to 
investigate their thermo-mechanical properties. The 3D printed rectangular samples 
were tested in a temperature range from -70 °C to 10 °C with a heating rate of 3 
°C/min. The curves of the elastic modulus (E’), loss modulus (E’’) and tan delta for 

PEGDA/MR and PEGDA/DR1M and neat PEGDA samples are shown in Figure 

 

a b 

Figure 2.6 UV-visible spectra of (a) PEGDA/MR and (b) PEGDA/DR1M both in 
solid and liquid form. 
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2.7.  The value of Tg was calculated by taking the temperature at the maximum of 
the tan delta, corresponding to the ratio between E’’ and E’. As it can be seen from 

the curves, the Tg values for polymerized PEGDA/MR and PEGDA/DR1M lye 
around -28 °C and -26 °C respectively, while the value of Tg of neat PEGDA is 
about -18 °C. All the main material properties are summarized in Table 2.1. This 
could be related to the lower double bond conversion with respect neat PEGDA, 
which induces a reduction of its glass transition temperature (228). This effect is 
more evident in PEGDA/MR rather than in PEGDA/DR1M, as expected, because 
the formation of a looser network leads to a lower crosslinking density. This result 
can be exploited, since the gas permeability is strictly linked to these properties, 
tending to increase as the crosslinking density decreases (229) (see Table 2.1). DSC 
analysis were also performed on the membranes containing both dyes, with heating 
rate of 10°C/min from -70°C to 30°C. From the curves (see fig. 2.8), Tg values were 
extrapolated as midpoint of the flexing point at around -41.5°C and -40°C for 
PEGDA/MR and PEGDA/DR1M respectively. These values are different with 
respect the ones obtained with DMTA because of the different measuring method, 
however the sample containing DR1M has a higher Tg than the one with MR, which 
is in accordance with the DMTA results. As last analysis, contact angle 

Figure 2.7 DMTA analysis displaying the elastic modulus, the loss modulus and 
the tan delta of the 3D printed samples containing (a) PEGDA/MR and (b) 
PEGDA/DR1M and (c) neat PEGDA. 

a b 

c 
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measurements on the 3D printed membranes containing PEGDA/MR and 
PEGDA/DR1M were carried out to investigate their hydrophilicity. Membranes 
containing DR1M chromophore resulted more hydrophobic (θc = 110°) than the 

membrane containing MR (θc = 57°), this behavior could have implications when 
water is present in the CO2 stream, affecting the membrane permeability. 

 

 
1.3.3 Permeability characterization 

In this section, the membranes containing both the chromophore dyes were 
characterized in the permeometer to study their barrier properties to CO2 in different 
condition of temperature, relative humidity and light irradiation, in comparison with 
membrane containing only PEGDA. Firstly, the permeability of the membranes was 
measured by varying the temperature and the relative humidity without light 
exposure. This was done to analyze how the gas transport trough the polymer 
membranes containing the chromophore dyes could be modified by external factors 
such as temperature or the presence of a variable amount of water in the gas stream. 
Figure 2.9 shows the CO2 transmission rate of the membranes containing 
PEGDA/MR and PEGDA/DR1M tested at 10°C, 25°C and 50°C at zero relative 
humidity (a) and (b) and at constant temperature (T= 25°C) and under different 
relative humidity (0%, 50% and 100%), (c) and (d), in dark conditions. In the first 
case, where the relative humidity was kept at zero and the temperature was varied 
from 10°C to 50°C, for both dyes, as expected permeability remarkably increased 
as the temperature was raised The increase in permeability with temperature was 
due to the increase in CO2 diffusivity and solubility in the polymer membrane. 
Transport of gas molecules depends on the available free volume in the polymer 
matrix, as well as sufficient energy of the molecules to overcome attractive forces 

a b 

Figure 2.8 DSC analysis of (a) PEGDA/DR1M and (b) PEGDA/MR samples. 
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between chains. The thermal fluctuations generated by heat treatment, lead to a 
change in the polymer structure and an excess space that permits the passage of the 
gas molecules (230). At low temperatures, gas molecules in an amorphous polymer 
tend to spend most of their time bouncing inside the free volume pocket and only 

rarely jumps to an adjacent pocket. At higher temperatures, random walk 
trajectories occur due to increased polymer dynamics and an increase in 

c d 

b a 

Figure 2.9 Permeability analysis (curves normalized on thickness) in dark condition 
of PEGDA membrane containing (a) MR 0% relative humidity at 10, 25, 50°C, (b) 
DR1M 0% relative humidity at 10, 25, 50°C, (c) MR at 25°C and 0%, 50%, 100% 
relative humidity, (d) DR1M at 25°C and 0%, 50%, 100% relative humidity and (e) 
neat PEGDA 0% relative humidity at 25 °C 

e 
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permeability can be measured (231). In the second case, the temperature was kept 
at 25 °C and the relative humidity was varied from 0% to 100%. As it can be seen 
from the transmission rate outcomes, the presence of water molecules tends to 
decrease the CO2 permeability through the membranes. This can be explained by 
the competition between the water and CO2 molecules inside the polymer matrix; 
in fact, water seems to hinder the passage of the gas through the membrane. This 
behaviour is more evident in the PEGDA/MR membrane than in PEGDA/DR1M 
membrane, in accordance with the contact angle measurements, where DR1M 
containing membranes resulted being more hydrophobic than MR containing ones. 
The values of permeability in dark conditions are summarized in Table 2.1. After 
the complete evaluation of the transmission properties of PEGDA/MR and 
PEGDA/DR1M membranes in different conditions of temperature and relative 
humidity, CO2 permeability analysis were performed on the azo-benzene 
membranes by laser irradiation, as described in section 1.2.3. The dynamic 
measurement in light condition was performed by irradiating the membrane when 
the transmission rate plateau was reached, that is when a steady state of the gas 
diffusion flux through the membrane was achieved. Figure 2.10 shows the 
transmission rate curve of CO2 through PEGDA/MR (a) and PEGDA/DR1M (b) 
membranes (160 µm) at 25 °C and 0% relative humidity at saturation value. As it 

a b 

c 

Figure 2.10 Transmission rate curves at plateau during LASER illumination of 
membranes containing (a) MR and (b) DR1M, (c) calculated permeability, 
diffusivity and solubility of neat PEGDA, PEGDA/MR and PEGDA/DR1M. 
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can be seen in the resulting plots, as the light is turned on, the transmission rate, 
together with the permeability, increases quickly, proportional to the diffusivity of 
the gas, to a saturation value. As the laser was turned off, the transmission rate 
decreased smoothly to the initial value, indicating that the chromophores thermally 
relaxed to the low energy state (trans) as no more light excitation was provided. 
Moreover, a delay of the response of the permeability change after laser switching 
on and off was noticeable, imputable to the time required to the gas molecules to 
permeate through the membrane, proportional to the membrane thickness. The 
measurement was run several times and the behaviour remained stable during the 
repetitions. Analysing the results, the membrane containing PEGDA/MR 
experienced an increase of permeability of around 15% during irradiation, with 
respect the initial value. Whereas for PEGDA/DR1M, the step of transmission rate 
after light excitation was wider than the one of PEGDA/MR, corresponding of a 
much greater increase of permeability (70%). In Figure 2.10c a table reports the 
calculated CO2 transport parameters of PEGDA, PEGDA/MR and PEGDA/DR1M 
membranes. As can be seen, CO2 permeability and diffusivity of PEGDA/MR have 
a greater value than the ones related to PEGDA/DR1M membrane, both in ON and 
OFF states. This tendency was already observed in the experiments carried out in 
dark conditions and explained with the lower crosslinking density calculated for the 
membranes containing MR. Moreover, in the ON state, the increase in permeability 
triggered by the light was less evident in the PEGDA/MR membrane than in the 
PEGDA/DR1M one. This effect could be due to the more rubbery polymer network 
structure surrounding the groups undergoing isomerization and to their distribution 
in the polymer matrix. The isomerization behavior of polymers containing cross-
linked azo-moieties network (like PEGDA/DR1M) and that of unlinked azo-dyes 
added (like PEGDA/MR) was studied for several polymer matrices (232-235). In 
all cases, the chromophore photo-activity resulted being dependent on the viscous 
properties and on the free volume distribution of the surrounding network. Many 
studies also reported that the dispersion of non-covalently bonded chromophores in 

Figure 2.11 Permeability increase vs LASER intensity of membrane containing 
MR anDR1M.  
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a matrix can exhibit instabilities because of their mobility and tendency of the 
dipolar azo units to form aggregates(236) that could lead to a slower isomerization 
mechanism. Whilst the covalent bonding of side chains, bearing azo-benzene 
groups, can facilitate the cooperative movement of chain segments (232). 
Accordingly, the more evident PEGDA/DR1M permeability increase due to light 
irradiation could be the result of a better dispersion of the DR1M dye molecules 
together with the formation of a different network that could influence the free 
volume distribution and the chain mobility. In addition, it was demonstrated that 
the increase of the laser intensity is proportional to the increase of gas permeability 
(see Figure 2.11). In fact, an enlarged photon flow can trigger a greater number of 
azo-benzene chromophore with a consequent increase of the free volume in the 
polymer matrix. Besides, increasing the laser power has not only implication on the 
increment in the permeability, but also on the kinetic of the process because, by 
looking at the trend of the curve, the permeability increase gets slower. This could 
be explained by the fact that at a certain threshold, corresponding to a very high 
laser intensity, the permeability increase is expected to saturate to a constant value, 
since no more chromophore can be further isomerized (237). To completely 
characterize the membranes, a study was conducted on the influence of the laser on 
the temperature variation of the membrane surface. Since a lot of power is supplied 
from the laser, it was decided to investigate how much the temperature of the 
membranes could be affected by the laser beam. The temperature increase of the 
membranes containing PEGDA/MR, PEGDA/DR1M was measured with an 

infrared thermometer in three ranges of temperatures: 5 °C, 25 °C and 50 °C (see 
figure 2.12). Since the LASER radiation that hits the membrane is almost 
completely absorbed by the azo molecules contained inside the polymer matrix. 

Figure 2.12 Temperature variation during LASER illumination at 5, 25, 50°C 
initial temperatures of membrane containing MR and DR1M. 
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The absorbed energy can be than converted in movement of the molecules caused 
by isomerization that thermalize (i.e. dispersed as heat) to the low energy state. The 
riorganization of the azo molecules inside the polymer matrix combined with the 

thermalization process, produces heat that can be measured during the LASER 
illumination. The temperature variation during irradiation was measured as 
described in section 1.2.3. The starting temperatures were chosen close to the ones 
used for the permeability measurements at different temperatures.  Figure 2.12 
shows the temperature variation during laser illumination for MR and DR1M at 
three different temperatures. The greatest temperature increase was registered at 
room temperature with a ΔT of about 15°C for MR and DR1M.  At 5°C and 50°C 

the temperature increase was lower than at room temperature and the ΔT ranged 

from 2°C to 10°C at starting temperature of 5°C and 50°C respectively. The lower 
temperature increase at 5°C can be explained because the polymer chains are less 
mobile and there is less transfer of energy between them and dye molecules.  

As the azo membranes were completely characterized in different conditions, 
to deeply understand the CO2 permeability behavior, it was decided to test them 
towards oxygen, to further enhance the study of the permeability control of this 
photo-switching molecules to other gases. In fact, azo molecules could even be used 
for gas separation, exploiting the different permeability of gases with different 
properties. For instance, it was recently demonstrated that by coupling azobenzene 
molecules with MOFs, selective permeability between N2 and CO2  was 
achievable(130, 131). For that reason the azo containing membranes were tested 
with oxygen both in dark and light conditions. Figure 2.13a shows the O2 
transmission rate curves of the PEGDA/MR membrane at 25 °C and 0% relative 
humidity in dark condition, compared to the one related to CO2. Results show that 
the O2 permeability was remarkably lower than CO2 permeability (almost of a 
factor 30), in line with literature data(222). Furthermore, the measure was repeated 
during laser irradiation and the photo-switching of the chromophore molecules did 

Figure 2.13 (a) Logarithmic plot of transmission rate of carbon dioxide and oxygen 
for membrane containing PEGDA/MR, in dark condition, (b) linear plot of oxygen 
transmission rate in the same membrane, during laser irradiation. 
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not remarkably affect the oxygen permeability (figure 2.13b). This behavior was 
interpreted by considering the larger kinetic diameters of oxygen with respect 
carbon dioxide (O2 3.46 Å vs CO2 3.3 Å)(238), bringing to have a path with more 
obstacles for the O2 molecule that for CO2 one. This can explain the non-switching 
ability of the azo molecules in case of oxygen gas is used, since the increase of free 
volume due to the new polymer matrix arrangement could not be enough for the 
oxygen atoms to pass more freely. Additionally, PEGDA is a polar matrix thanks 
to the high number of polar ether oxygen atoms in its polymer backbone, so the 
polar CO2 sees more affinity with it than the non-polar O2 (239, 240), explaining 
the higher CO2 permeability in dark conditions.  

 
 

1.3.4 3D printed device for pH control 

Once it was able to control the permeability properties of the azo-containing 
membranes, it was decided to exploit the double functionality of the photo-
switching chromophores acting also as a dye, to produce a photo-controllable 3D 
printed smart device. An object with a specific structure geometry was designed 
with a CAD software and produced by 3D printing using DLP technology (see 
figure 2.14). The design of the object was conceived as a joint where a flux of CO2 
could be controlled by an external light source. In detail, a photo-controllable 
membrane was printed in the bulk of the structure and controlled through a laser 
transparent window created on the opposite side of the structure. The whole object 
was built using PEGDA 575 as a constitutive monomer, while for the transparent 
window and the photo-functional membrane was added brilliant green (BG) dye 
(transparent at = 532 nm) and MR respectively. The 3D printing process was 
performed in such a way that it was possible to build the entire device in one single 

 % 
Conversion 

Tg 
(°C) 

G’ 

@10°C 
(°C) 

Cross-
linking 
point 

density 
(mmol/cm3) 

Permeability 
[(cm3cm)/ 

(s cm2 bar)] 

Neat PEGDA 97 -18 2.24*107 9.8 4.50*10-7 

PEGDA/MR 
 

91 -28 4.08*106 1.7 1.76*10-6 

PEGDA/DR1M 92 -26 8.4 *106 3.7 7.80*10-7 

Table 2.1 Properties of the membranes containing MR and DR1M azo dye 
compared to the properties of neat PEGDA (Mw575). 
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shot. In fact, two different formulations, one containing the photo-chromic dye 
(MR) and the one with the laser transparent dye (BG), were employed in the 
printing process. Firstly, the part of the object containing the azo membrane was 
printed, then, the process was paused and the resin changed to complete the whole 
structure. The working principle of the device, visually explained in figure 2.15a, 
consists in the control of the CO2 flow by the azo membrane, which permeability 
was made vary by a laser beam (λ = 532 nm) at different power intensities. The 
device was connected to an argon inlet acting as gas carrier and to the gas outlet 
bringing the permeated CO2 to a water solution. The intrinsic permeability change 
of the azo membrane was used to control the transmission rate of CO2 in the argon 
stream and finally in the solution. The mixture of gases was let bubble in the water 

solution and the pH was monitored during the OFF/ON/OFF laser states (see 
experimental setup in Figure B1 in Appendix B). Figure 2.15b shows the pH 
variation in the solution due to carbonic acid formation as CO2 solubilizes in the 
water. When the laser was ON, the CO2 concentration started to increase, changing 
the pH from a value of 6.6 down to a value of 6.2, due to acidification of the 

LASER 

To solution 
a ON OFF OFF 

Figure 2.15 (a) prototype CAD and working principle and (b) solution pH variation 

in light and dark condition. 

b 

Figure 2.14 (a) CAD file of the prototype top and bottom view, (b) exploded vision 
of the prototype, (c) 3D printed prototype top and bottom view. 
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solution. As the laser was turned off, the CO2 in the solution started to decrease and 
the pH returned back to its equilibrium value. This light-controlled valve is a proof 
of concept of the application of the azobenzene dyes in 3D printing giving smart 
functionalities. In particular, the azobenzene molecules can be used in the field of 
CO2 separation by exploiting the infinite possibility in terms of shape and design 
that 3D printing can give. 

1.4 Conclusion  

In conclusion, formulations containing PEGDA and azo-chromophores (MR, 
DR1M) showed excellent polymerization reactivity and chemical stability after 
photo-polymerization, making them highly suitable for 3D printing. The 3D printed 
membranes were fully characterized to analyze how the materials properties 
behaved to the addition of the azo-dyes. As expected, both dyes brought to a 
decreasing of the Tg and of the crosslinking density making it more rubbery and 
suitable for gas interaction. Subsequently, the membranes, in which MR and DR1M 
were used both as dye and functional agent, were tested to permeability experiments 
and showed an increase of 70% of CO2 permeability under laser irradiation due to 
the photo-isomerization of the azo molecules that brings a consequent free volume 
formation in the polymer matrix. Furthermore, laser intensity was found to directly 
influence the permeability variation, becoming an important parameter to take into 
account. 3D printing and permeability control were finally merged to build a 3D 
printed connector prototype able to control the CO2 flow by a laser source. The 
variation in the concentration of CO2 was monitored by measuring the pH variation 
of a water solution where the gas was let bubble. The results showed a decrease of 
the pH during the laser irradiation, caused by the formation of carbonic acid 
becoming more concentrated and an increase of the pH in dark condition. This gave 
the proof of concept of the possibility to apply specifically designed smart materials 
to produce customized 3D working devices. Furthermore, an interesting aspect was 
pointed out during the permeability experiments where remarkably different 
behaviors was noticed using different gases. In fact, oxygen displayed lower 
permeability values than CO2 in dark conditions and no remarkably changes during 
laser irradiation. This peculiarity could be exploited in future studies on azo 
embedded polymeric membranes for CO2 separation and release. The application 
of such 3D printable materials can be envisaged for the development of devices for 
detection and for small scale experiments (i.e. microfluidics for reaction testing, 
application for biology and microbial fuel cells) in which the three dimensional 
design can improve performances and possibilities. 
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Chapter 3 

Study on the printability through 
DLP technique of ionic liquids for 
CO2 capture 

1.1 Introduction 

 
As explained in Chapter 1, the problems related to uncontrolled CO2 emissions 

and global warming, brought to find and study effective methods for carbon capture 
(CC). Ionic liquids (ILs) and poly ionic liquids (PILs) have been employed for this 
purpose in many forms and seem to have the right capability to be implemented in 
CC technology for both research and industry. In 2007 Bara et al. (145) presented 
a study on the use of polymerized room temperature ionic liquids (poly(RTILs)) 
membranes for CO2 capture, obtaining outstanding results, way better than their 
liquid analogues. These astonishing results on the ability of the polymerized ionic 
liquids to capture CO2 makes this kind of materials extremely attractive for the 
development of devices for CCS (241). Moreover, it is possible to produce smart 
filters by shaping the materials with complex geometries. In this context, 3D 
printing could be a great solution (242). In fact, 3D printing (see Chapter 1 section 
1.4) enables the direct creation of three-dimensional object starting from a digital 
model (243).  

This chapter, that in part describes the work early published in Gillono et al. 
(244), presents the study of DLP 3D printable polymeric formulation containing 
different ILs. The formulations were prepared in such a way that they can undergo 
photo-polymerization by visible light, to be suitable for DLP technology, and they 
can be cross-linked, with ILs species inside, avoiding separation and leakage. 
Finally, the DLP technique allows to create structures with high shape freedom and 
superior precision, which is necessary for more complex devices (245). In this work 
the 3D printed structures incorporate different ILs, that in some cases are just 
trapped in the polymer matrix, whereas, in other cases, are co-polymerized in the 
polymer network. The formulations were firstly characterized for what concern 
their ability to photo-polymerize. To do so, a polymerization study, similar to the 
one shown in chapter 2, was carried out by means of photo-rheology, to analyze 
their behavior when irradiated and see their reaction kinetic. In this case, the 
formulations contain a greater amount of fillers, with respect the formulation 
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studied in chapter 2, which can largely affect the 3D printing results. Secondly, the 
formulations were loaded in the DLP apparatus and 3D printed to create filter-like 
hollow cubic structures. Since some of the studied ILs present reactive groups, 
FTIR-ATR analyses were carried out on the 3D printed samples to investigate the 
typology of bond present in the polymer between the ILs and the matrix. 
Afterwards, thermomechanical measurements were performed to investigate the 
materials properties of the 3D printed samples containing ILs. Finally, CO2 
permeability analysis were performed on polymerized membranes to study their gas 
transport properties for a possible application in SLM and CO2, as well as CO2 
uptake measurements on the 3D printed cubic structure containing different IL 
species and concentrations.  

 
 
 
 
 
 
 
 
 
 
 
 

 

1.2 Experimental and methods 

1.2.1 Materials 

Poly(ethyleneglycol)diacrylate (Mn. 575) (PEGDA) was used as constitutive 
monomer, for the same reasons described in chapter 2, (Bis(2,4,6-
trimethylbenzoyl)-phenylphosphineoxide (BAPO) was chosen as photo-initiator 
because it suits perfectly for the lamp used in DLP 3D printing, reactive orange 16 
was employed as a dye to have a good printing resolution. Finally, six different 
ionic liquids were chosen to be added to the formulations: 1-Butyl-3-
Methylimidazolium tetrafluoroborate, 1-Butyl-3-Methylimidazolium bis 
(trifluorometilsulfonyl)imide, 1-Allyl-3-Methylimidazolium bis 
(trifluoromethylsulfonyl)imide and 1-Butyl-3-Methylimidazolium acetate were 
purchased from Sigma Aldrich. N,N,N,N-
ButyldimethylMethacryloyloxyethylammonium bis(trifluoromethylsulfonyl)imide 
and 1,4-Butandiyl-3,3’-bis-1-vinylimidazoliumbis (trifluoromethylsulfonyl)imide. 
The name, abbreviation and molecular schematics are shown in Table 3.1. 
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IL Abbreviation 

1-Butyl-3-Methylimidazolium tetrafluoroborate 

Bmim[BF4]               

P_Bmim[BF4] 

1-Butyl-3-Methylimidazolium bis 
(trifluorometilsulfonyl)imide  

Bmim[Tf2N]     

P_Bmim[Tf2N] 

N,N,N,N-ButyldimethylMethacryloyloxyethyl 
ammonium bis(trifluoromethylsulfonyl)imide 

C4NMA,11[Tf2N]         

P_ C4NMA,11[Tf2N] 

1-Allyl-3-Methylimidazolium bis 
(trifluoromethylsulfonyl)imide  

Amim[Tf2N]          

P_ Amim[Tf2N] 

1,4-Butandiyl-3,3’-bis-1-vinylimidazoliumbis 
(trifluoromethylsulfonyl)imide  

Bvim [Tf2N]              

P_ Bvim[Tf2N] 

1-Butyl-3-Methylimidazolium acetate  

Bmim [ac]             

P_ Bmim[ac] 

Table 3.1 molecular schematics and abbreviations of the ionic liquids used in the 
formulations. 
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1.2.2 Formulations preparation and characterization 

The formulations used to produce the 3D printed structures were prepared by 
mixing PEGDA as constitutive monomer with a dye (Reactive Orange), the photo-
initiator (BAPO) and the different ionic liquids in the following concentrations 
(with respect PEGDA): 
• Reactive Orange: 0.2 %wt 
• BAPO: 2 %wt 
• Ionic liquid: 0.44 mmol/g 
Initially, the formulations were analysed to investigate their polymerization 
reactivity during light irradiation. For that reason, photo-rheology analysis were 
carried out on the formulations containing the different ionic liquids. The 
measurements were performed using an Anton Paar rheometer (Physica MCR 302) 
in parallel plate mode with a Hamamatsu LC8 lamp with visible bulb and a cut-off 
filter below 400 nm equipped with 8 mm light guide. Once the formulations were 
characterized from the polymerization point of view, 3D printing tests were done 
to create simple membranes first and more complex cubic structures after. For both 
the structures printed and for all the ILs employed, printing parameters will be 
reported. The 3D printing process was carried out with a digital light processing 
(DLP) Asiga Freeform and Robot Factory3D printers (see Chapter 1 section 1.4.3 
for more details on DLP technology and Chapter 2 section 1.2.2 for the 3D printer 
characteristics). Secondly, Fourier transform infrared attenuated total refraction 
(FTIR-ATR) analysis were performed to investigate the properties of the ionic 
liquids inside the polymerized formulations. In fact, ionic liquids with different 
chemical groups were adopted in this work, able to react during photo-
polymerization or not. With FTIR-ATR technique, it was possible to see the peaks 
related to the different ionic liquids and specific reactive groups in the formulation 
before and after photo-polymerization as well as after solvent washing. Solvent 
washing was done by immersing the samples for 24 h in acetone to see if the ILs 
present in the polymer network remain linked or diffuse in the solvent.  FTIR-ATR 
spectra were collected using a Tensor 27 FTIR Spectrometer (Bruker) equipped 
with ATR tool, 32 scans were collected with a resolution of 4 cm−1 from 4000 to 
400 cm−1. In relation to the FTIR-ATR measurements, weight analyses were 
performed on the 3D printed samples. Afterwards, Dynamic mechanical thermal 
analyses (DMTA) measurements were carried out on the 3D printed samples to see 
the variation on the mechanical properties by varying temperature, e.g. variation of 
the glass transition temperature and crosslinking density, influenced by the different 
ionic liquids present in the polymer matrix. The crosslinking density, corresponding 
to the number of moles of crosslinked chains per unit volume, also known as the 
strand density, was calculated as shown in Eq.1. 
 

𝜈 =  
𝐸′

𝑅𝑇
                                                                                                                                (1) 
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Where E’ is the storage modulus, R is the ideal gas constant and T the absolute 

temperature. E’ is chosen at a temperature T where the rubbery plateau is reached 

(246). The analyses were performed with a Triton Technology TTDMA. All of the 
experiments were conducted with a temperature ramp of 3 °C/min, applying a force 
with a frequency of 1 Hz and a displacement of 20 μm with temperature range 
between -80°C e 30°C. To further characterize the polymerized samples, TGA and 
DSC analysis were carried out. TGA measurements were performed with a Thermo 
Netzsch TG 209 F1 Libra instrument with a temperature ramp of 10 °C/min in air. 
DSC analysis were conducted with a DSC 401 Phoenix with a temperature ramp of 
10°C/min and temperature range from -70 °C to 100°C. Further analysis on the 
contact angle with water were conducted on the surface of the membranes 
containing the ILs. The measurements were performed with water (γ = 72.8 mN/m) 
using the First Ten Angstroms (Portsmouth, VA) 1000 C instrument, equipped with 
a video camera and image analyzer, at room temperature, by the sessile drop 
technique. The 3D printed membranes were then tested in the permeometer 
apparatus to determine their permeability to CO2 (see description of the apparatus 
and the experimental method in Chapter 2 section 1.2.3). Finally, CO2 absorption 
analysis were performed on the 3D printed hollow cubic structures to investigate 
the capture capacity of the polymer samples containing different ionic liquids. The 
measurements were conducted with a gravimetric analysis system, by weighting the 
samples before and after the CO2 exposure. The apparatus was composed by a 
pressurizing test chamber connected with a CO2 cylinder and a vacuum pump, used 
to clean the chamber and regenerate the samples (see Figure 3.1).  Before each 

experiment, the chamber was put under vacuum and filled with CO2 at 1 bar for 3 
times, to properly clean it from undesired contaminant gases and water. Afterwards, 
the samples were kept exposed to 1 bar or 3 bar of CO2 for 6 h. To fully characterize 
the samples on the CO2 uptake, FTIR_ATR analyses were carried out on the 
samples before and after CO2 capture. The samples were obtained by depositing the 
formulation on a silicon support to create a thin layer, then, they were polymerized 
in inert atmosphere by UV light. The samples were degassed in vacuum for 2 hours 
to clean them from any trace of gas adsorbed on the surface before each test. The 
CO2 uptake phase was carried out by inserting the samples in the CO2 capture unit 
for 4 hours at a pressure of 4 bar.  Furthermore, cleaning cycles were performed on 

Figure 3.1 experimental apparatus for CO2 capture. 
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the tested samples after CO2 exposure both with vacuum for 24 h and heating at 
80°C for 4 h. The measurements were helpful to understand the amount of CO2 
captured and released by the samples after the cleaning cycle.  

1.3 Results and discussion 

The prepared formulations were firstly analysed for what concerns their 
polymerization reactivity. As already described in Chapter 2, the formulations were 
tested by means of photo-rheology to describe their photo-curing behaviour 
containing different ionic liquids, with respect neat PEGDA. Figure 3.2 shows the 
curves of photo-rheology measurements, where the storage modulus (G’) evolution 

with time is displayed. As the formulation starts to polymerize, the crosslinking 
density is expected to increase together with G’. As it can be seen from the results, 

the presence of the ILs in the formulations tends to influence the value of G’ in the 

initial part when the lamp is off. This can be interaction due to the between 
PEGDA’s polymeric chains and the ILs. After the lamp is turned on at second 12, 

the reaction kinetics do not vary significantly from the one of neat PEGDA, with 
the exception of P_C4NMA,11[Tf2N]. In fact, P_C4NMA,11[Tf2N] displays a slower 
kinetic of polymerization with a response time that is almost double with respect 
the other formulations. This can be explained by the fact that, since 
P_C4NMA,11[Tf2N] is ammonium based, amines tend to quench radical 
polymerization reactions (247). From this result, it can be observed that possible 
issues can emerge during the 3D printing process for formulations containing this 
IL. Furthermore, the IL P_ Amim[Tf2N] was not considered in the analysis because 
of its very low reactivity and the impossibility to be 3D printable. Consequently, 
the formulations were used to perform 3D printing tests to create three-dimensional 

Figure 3.2 Smoothed curves representing G’(Pa) modulus vs time (s) during 
irradiation. 
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filter-like structures. Initially, it was decided to print simple membranes, to find the 
correct printing parameters for each formulation. The membranes were printed with 
the Asiga 3D printer using a layer thickness of 10 µm, the layers irradiation times 
for each formulation are reported in Table 3.2. The irradiation time values of most 
of the formulations are around 0.5 seconds and are the same of the one of neat 
PEGDA, the only exception is for P_ Amim[Tf2N] and P_ Bmim[ac], which 
require a higher time of irradiation during the printing process. For P_ Bmim[ac], 
in particular, irradiation times were too high also to create a free standing and easy 
to handle membrane. For that reason, it was not taken more into consideration. Once 
the printing times of all the formulation containing different ionic liquids were 
evaluated, it was possible to perform the first tests for the realization of the three-
dimensional cubic structures as shown in Figure 3.3.  

The printing of this complex structures allows to understand the capability of these 

formulations containing ionic liquids to be 3D printed and is aimed to create a filter-
like structure for an enhanced CO2 absorption. For these larger structures it was 
decided to use the RobotFactory 3D printer because of its higher printing speed. 
Table 3.2 shows the exposure times used during the printing of the cubic structures  

Sample Time (s) 
Membranes 

Time (s) 
Cubic structures 

PEGDA 0.5 2 

P_Bmim[BF4] 0.5 1.7 

P_Bmim[Tf2N] 0.5 2 

P_ C4NMA,11[Tf2N] 0.5 1.8 

P_ Amim[Tf2N] 0.8 Not obtained 

P_ Bvim[Tf2N] 0.5 1.7 

P_ Bmim[ac] 2.1 Not obtained 

Table 3.2. Irradiation times (s) for each layer for membranes printing (10 µm) and 
cubic structures printing (50 µm). 

Figure 3.3 picture of the 3D printed cubic structure. 
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for a layer thickness of 50 µm. The irradiation times of all formulations are longer 
for the printing of the cubic structure than for the membranes because of the higher 
layer thickness (50 µm) used in the first case. The results show that not all the 
formulations (P_ Amim[Tf2N] and P_ Bmim[ac]) are suitable for the 3D printing 
of complex structures, even if they gave good results for simpler structures like 
membranes. In fact, more complex structures require a higher definition of the 
printing to build smaller features and therefore a higher control over the printability. 
For these reasons, the two ILs were excluded from the next steps of the work. The 
reactivity of the ionic liquids inside the PEGDA polymer matrix and their 
polymerization mechanisms were analyzed by carrying out FTIR-ATR 
measurements on the photo-polymerized formulations. First, the FTIR spectra of 
the neat ionic liquids and the one of neat PEGDA were collected to associate each 
peak to the related chemical group and recognize their ‘’fingerprints’’. Afterwards, 
the polymerized PEGDA/IL samples were analyzed as well before and after solvent 
washing.  

This procedure was done to understand the behavior of the different ILs inside the 
polymer matrix in terms of chemical bonding. In fact, as already mentioned, some 
ILs possess a reactive group able to copolymerize with the PEGDA polymer 
network creating covalent bonds, while others are simply dispersed in the matrix 
and free to move. Using this method, it was possible to confirm whether or not the 
ionic liquids were still present in the polymer matrix after the solvent washing. 
Figure C1 (see Appendix C) shows the spectra of the neat ionic liquids and neat 
PEGDA as reference, while, in Figure D1 (see Appendix D) the spectra of 
polymerized samples before and after washing in acetone are displayed. From the 
results, it can be confirmed that the spectra of the samples containing 
C4NMA,11[Tf2N] and Bvim [Tf2N] remain unvaried after solvent washing, proving 
that the ionic liquids formed a bond with the polymer chains during polymerization 
and remained linked. Instead, the other spectra (Bmim[BF4], Bmim[Tf2N] and 
Amim[Tf2N]) show the disappearing of the peaks related to each ionic liquid  after 
the solvent washing, demonstrating that this kind of ionic liquids, bearing no 

Sample Ionic liquid concentration 
(%wt) 

Weight variation 
(%wt) 

P_Bmim[BF4] 9 8.5 

P_Bmim[Tf2N] 15.1 13.9 

P_ C4NMA,11[Tf2N] 17.5 0 

P_ Amim[Tf2N] 14.7 14.2 

P_ Bvim[Tf2N] 14.7 0 

Table 3.3 Ionic liquid content in the samples in relation to the weight variation 
after solvent treatment. 
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reactive groups, did not link to the polymer chains. These results were further 
confirmed by a weight analysis of the samples before and after the solvent washing. 
Table 3.3 reports the values of the initial ILs weight concentration and the weight 
variation after washing.  

As already discussed after the FTIR analysis, ILs presenting a reactive group 
created a bond with the polymer network, while the ILs with no reactive groups 
were removed by the solvent. It is shown in the table that the IL washing caused a 
weight loss almost equal to the initial IL concentration in the sample. After having 
assessed the reactivity of the ionic liquids within the polymer matrix, a thermo-
mechanical study was performed to analyze how the presence of the ionic liquids 
in the polymerized sample influences the overall crosslinked structure. In fact, the 
chain movements of the polymer and the ability of a gas to move through the 
polymer matrix, thus its permeability, are closely correlated to the structure of the 
crosslinked network and its crosslinking density. Thus, DSC and DMTA analysis 
were conducted on all the polymerized samples and on PEGDA. From the analysis, 
the glass transition temperature and crosslinking density were calculated for each 
measurement (the values are reported in Table 3.4). As it can be noticed, the 
samples containing the copolymerized ionic liquids possess a higher Tg than 
PEGDA, indicating that the covalent incorporation of the ionic liquids allows a 
stronger interaction with the matrix, resulting in a more rigid material. On the other 
hand, the remaining ionic liquids, only dispersed in the polymer matrix, act as 
plasticizer, reducing the Tg. In the case of the P_ Amim[Tf2N] sample, a very low 
value of Tg was calculated, probably given by the not completely crosslinked 
polymer network due to polymerization inhibition.  From the DMTA analysis it was 
possible to estimate the storage modulus of each sample that is an important 
parameter for the understanding of their mechanical properties and its value in the 
rubbery plateau is directly proportional to the crosslinking density. Figure 3.4 

Sample Tg (DSC) 
°C 

Tg (DMTA) 
°C 

Crosslinking 
density 

ν (mmol/cm3) 

PEGDA -19.9 -17 10,7 

P_Bmim[BF4] -22.6 -21.3 1,3 

P_Bmim[Tf2N] -22.5 -21.6 1,36 

P_  C4NMA,11[Tf2N] -15.1 -12.8 3,0 

P_ Amim[Tf2N] -44.8 - - 

P_ Bvim[Tf2N] -11.2 -10 10,9 

Table 3.4 Glass transition temperature (Tg) values calculated through DSC and 

DMTA and crosslinking density of the polymerized formulations. 
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displays the values of the storage modulus of the samples. As it can be seen, the 
samples containing the ionic liquids dispersed in the matrix have mechanical 
properties lower than the one of neat PEGDA, this because they act as a plasticizer 
in the matrix, that is also visible in the lowering of the crosslinking density (see 
Table 3.4). Whereas, for the ionic liquid having the bi-functional vinyl group (Bvim 
[Tf2N]), mechanical properties are enhanced by its higher crosslinking density, 
proved by the increased storage modulus. For what regards the sample containing 
P_ C4NMA,11[Tf2N], the mechanical properties did not increase too much because 
of the methacrylate monofunctional group that does not improve the polymer 
network.  

After these analyses, carried out to study the polymerization kinetic, the 
printability and the chemical-mechanical properties of the formulations and solid 
samples, further experiments were performed to investigate the interaction with 
CO2. In first place, the FTIR technique was employed to observe the CO2 absorption 
mechanism of the polymerized samples, through the formation of new peaks in the 
IR spectrum after CO2 exposure. The measure was carried out in three main phases, 
after the cleaning cycle in vacuum, after CO2 uptake and after the final cleaning 
treatment. The final treatment was done to release the CO2 captured during the 
uptake and was performed by both heating the samples and applying vacuum. 
Figure 3.5a shows the FTIR-ATR spectrum in the range between 2400 cm-1 and 
2300 cm-1 of the neat cross-linked PEGDA sample after the cleaning cycle and after 
CO2 uptake. The curves show the appearance of two new peaks centered at 2360 
cm-1 and 2330 cm-1, ascribable to the vibrating modes of the CO2 molecule. This 
result implies that after the exposure to the gas, CO2 is physically absorbed in the 
PEGDA sample. The same measure was done on the other samples and a cleaning 
cycle was performed after CO2 uptake. Figure 3.5b shows the FTIR-ATR spectrum 
in the same range of the P_Bmim[BF4] sample after CO2 uptake, heating treatment 

Figure 3.4 storage modulus at 20°C calculated from DMTA analysis. 
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at 80 °C for 4 hours and vacuum  for 24 hours. The same peaks related to CO2 are 
clearly visible after the absorption, furthermore, a smooth decrease is noticeable 
after the release process, both with thermal and vacuum treatment, even if the two 

bands are still slightly visible. A more severe treatment could be necessary to 
completely remove the adsorbed gas. The next step to test the prepared samples 
containing ILs with different arrangements inside the polymer matrix was to carry 
out CO2 barrier measurements on 3D printed membranes. This kind of analysis 
were fundamental for the evaluation of the intrinsic gas transport properties of the 
membranes such as permeability, diffusivity and solubility, important to understand 
how well these materials are able to interact with CO2. Furthermore, it was a first 
step towards the possible application of these materials as supported liquid 
membranes (SLM) for CO2 separation. The membranes were tested in the 
permeability apparatus with thickness ranging from 180 µm and 500 µm and ionic 
liquid concentration of 0.44 mmol/g for all the samples. Table 3.5 reports the values 
of diffusivity, permeability and solubility of the tested samples. Results show that  

Sample D [𝒄𝒎𝟐

𝒔
] S [𝒃𝒂𝒓−𝟏] P [ 𝒄𝒎𝟐

𝒔×𝒃𝒂𝒓
] 

PEGDA 6,73 4.71 3,17 

P_Bmim[BF4] 11,33 2.99 3,39 

P_Bmim[Tf2N] 8,65 5.26 4,55 

P_ C4NMA,11[Tf2N] 4,46 4.22 1,88 

P_ Amim[Tf2N] 9,53 14.47 13,79 

P_ Bvim[Tf2N] 8,45 3.20 2,70 

Figure 3.5 FTIR-ATR spectra between 2450 cm-1 and 2200cm-1of (a)neat PEGDA 
before (black) and after (red) CO2 absorption and of (b) P_Bmim[BF4] after CO2 
absorption (red), vacuum cleaning (green) and thermal treatment (blue). 

a b 

Table 3.5 Calculated diffusivity (D), solubility (S) and permeability (P) values for 

3D printed membranes containing different ionic liquids. 
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the addition of the ionic liquids to the formulation increases the gas diffusivity for 
all the samples, excluded C4NMA,11[Tf2N]. The samples with higher diffusivity is 
Bmim[BF4], which presents a value that is almost double with respect the neat 
PEGDA. For what regards solubility, the sample with a significant variation from 
PEGDA is Amim[Tf2N], which unfortunately, was not possible to 3D print. The 
intrinsic property that allows to evaluate the effectiveness of a SLM system is the 
permeability and, among the analyzed samples, the most promising are Bmim[BF4] 
and Bmim[Tf2N]. Afterwards, further analysis on the CO2 transport properties were 
performed on samples P_Bmim[BF4] and P_C4NMA,11[Tf2N] containing an higher 
concentration of ionic liquid to observe the influence of the concentration on the 
best performing  IL and on the worst one. Figure 3.6 shows the trend of diffusivity, 
solubility and permeability of the polymerized samples containing an increasing 
amount of IL from one to six times the normal concentration used so far (i.e. 4.4 
mmol/g). The increasing amount of IL in the samples leads to a variation in the gas 
transport properties. In particular, for what regard Bmim[BF4], all the properties 
increase up to a maximum point and then decrease. The maximum value of 
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permeability was reached at a value of 17.6 mmol/g of IL. In the case of 
C4NMA,11[Tf2N], instead, the behaviour is slightly different. In fact, the 
permeability increases as the IL concentration increases. This aspect can be linked 
to the different arrangement of the ILs inside the polymer matrix, as it copolymerize 
with the PEGDA network. Nevertheless, in comparison with neat PEGDA, an 
increase of permeability and diffusivity was observed in all samples. Finally, the 
3D printed cubic structures (Figure 3.3) were tested in the CO2 capture system to 
estimate their uptake capacity. Table 3.6 reports the values of the weight percentage 
variation of the samples before and after the exposition to the gas at 1 bar and 3 bar. 
The results are not quite similar to the expectations, in fact, sample with neat 
PEGDA presents higher CO2 uptake than the other samples containing the ionic 
liquids. The experimental apparatus of this system can be improved to increase the 
accuracy of the measurements. For instance, by integrating the pressure chamber 
with a microbalance to allow simultaneous CO2 uptake and weight recording. 

 
 

1.4 Conclusion 

This work aims to develop new materials that can be processed through DLP 
3D printing and that present appealing properties for an application in CO2 capture 
technology. Six commercially available ionic liquids with specific anions and 
cations were chosen according to their applications in CO2 capture found in 
literature. The ionic liquids (Bmim[BF4], Bmim[Tf2N], Bvim[Tf2N], 
Amim[Tf2N], Bmim[ac] and C4NMA,11[Tf2N]) were mixed with a bi-functional 

Sample Weight increase 
@ 1 Bar 

Weight increase 
@ 3 Bar 

PEGDA 0,42 0,87 

P_Bmim[BF4] 0,24 0,69 

P_Bmim[BF4]_2 0,39 0,72 

P_Bmim[BF4]_3 0,46 0,63 

P_Bmim[BF4]_4 0,32 0,64 

P_Bmim[BF4]_6 0,41 0,72 

P_Bmim[Tf2N] 0,35 0,21 

P_C4NMA,11 [Tf2N] 0,29 0,65 

P_Bvim [Tf2N] 0,29 0,79 

Table 3.6 Weight percentage increase of samples exposed to CO2 atmosphere at 
1bar and 3bar. 
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acrylate monomer (PEGDA) in order to have, after the photo-curing process, a solid 
structure that acted as a support to enhance both chemical and mechanical 
properties. The formulations, containing Bmim[BF4], Bmim[Tf2N], Bvim[Tf2N] 
and C4NMA,11[Tf2N]  gave optimal curing times, similar to the one of neat PEGDA, 
with particularly good results for the ILs containing a reactive group able to 
copolymerize with PEGDA, like Bvim[Tf2N] and C4NMA,11[Tf2N]. Those selected 
ILs were then successfully 3D printed using a DLP system, firstly to create thin 
membranes with thickness of 150 µm, after to build more complex three-
dimensional structure with a hollow cubic shape. Optimal printing results were also 
achieved by increasing the concentration of ILs in the formulations, up to 26.4 
mmol/g.  

The 3D printed samples were than tested to investigate their interaction with 
CO2. Permeability analysis, carried out on the 3D printed membranes, showed high 
solubility for samples containing Amim[Tf2N] IL that, unfortunately, did not get 
good result in the 3D printing process. Nevertheless, Bmim [BF4] and Bmim 
[Tf2N] samples showed high permeability values, allowing them to be possible 
candidates for application in SLM technology. FTIR analysis confirmed physical 
CO2 adsorption on the samples and desorption cycles were performed both with 
thermal and vacuum treatment, showing a not complete desorption of the captured 
gas, suggesting for a more severe treatment. A weighting system for the CO2 uptake 
on the 3D printed cubic structures was set up with applied pressures up to 3 bar and 
IL concentrations up to 26.4 mmol/g. Results showed an increase in weight due to 
CO2 absorption proportional to the applied pressure. Unexpectedly, all the samples 
were not highly performing showed lower absorption capacity than the one with 
neat PEGDA, maybe due to the decreasing of solubility brought by the presence of 
this kind of ionic liquids in the polymer matrix.  

 The results are promising, especially for an application of these materials in 
the SLM technology, where permeability plays a crucial role. Further in-depth 
analysis will be necessary to clarify the aspects described in this paper. One of the 
limitations of the work is the use of only one polymer and a restrict range of ionic 
liquid samples. Future work will be done to analyze new ionic liquids-based 
materials to identify the most promising one for CO2 capture and separation, as well 
to improve the CO2 uptake measurement system. 
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Chapter 4 

3D printing of synthesized Poly 
Ionic Liquids for CO2 capture 

1.1 Introduction  

Following the work described in Chapter 3, where formulations containing a 
mixture of PEGDA and ionic liquids were successfully 3D printed, a step forward 
was made in the same direction. This chapter presents an ongoing study, carried out 
in the research group of Prof. Sans Sangorrin at the University of Nottingham, 
centered on the synthesis of new ionic liquids characterized by reactive groups able 
to co-polymerize and by specific CO2-philic ionic species. Since the work is still 
not entirely complete, some results need to be fully interpreted and further studies 
will be considered for the future.    

As already mentioned in Chapter 1, section 1.3, ionic liquids (ILs) are salts 
characterized by a very low melting point. This effect is caused by the presence of 
large and asymmetric ions, which, interacting with each other with hydrogen bonds, 
disturb the coulomb interaction, increasing the dynamics between ions (248). ILs 
are also characterized by an extremely low vapor pressure that renders them useful 
in green chemistry (249). Among the many applications in which ILs are employed, 
CO2 capture is one of the most studied topics in the last years. In fact, ILs can 
interact with CO2 in different ways and its solubility can be tuned by modifying 
some properties, such as Lewis acid-base interactions, molecular rearrangements, 
free volume in the material and chemical interactions. A near-infinite amount of 
ionic liquids can be created, because composed by different combinations of ions: 
in this work, the anions and cations were chosen specifically to create a molecule 
that was able to photo-polymerize and to possess a high CO2 solubility. Here, all 
the ionic liquids were synthesized starting from an imidazole moiety: many studies 
showed that imidazolium-based ILs possess superior CO2 adsorption due to a 
remarkable solubility (132, 136, 250-252). Furthermore, it was demonstrated that 
the increase of the length of the alkyl chain in the cation could slightly increases 
CO2 solubility (253, 254). For that reason, the ILs were synthesized with two 
different molecular arrangements, bearing two different alkyl chains, one linear and 
a longer branched one. The anion plays a crucial role in the CO2 capture process as 
well, since many studies reported different CO2 solubility of ionic liquids with the 
same cation but different anions (255). In particular, fluorinated anions were found 
to be more likable to interact with CO2 than other anions (256) and 
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bis(trifluoromethanesulfonyl)imide (TFSI) anion generally gives the highest CO2 
solubility among most of the cations. The high CO2 solubility can also be attributed 
to the flexibility of the structure of TFSI, aiming at increasing the free volume and 
decreasing the energy of cavity formation in the host material (257). For this reason, 
TFSI was used as counter ion in the synthesized ILs. To study different 
combinations of anions, aiming to increase the ability of the IL to interact with CO2, 
ILs with Acetate anions were also synthesized. In fact, Acetate ILs are known to 
form complex intermediates with CO2 due to a Lewis acid base reaction, giving rise 
to a high CO2 solubility (258). In order to have the possibility to photo-polymerize 
and 3D print the ILs, a reactive functionality was added to the ILs cation. In 
particular, a vinyl group was grafted by quaternization reaction to the imidazole 
ring, with the primary role of reacting through a photo induced free-radical 
polymerization and copolymerize with PEGDA to obtain a cross-linked 
polymerized ionic liquid (PIL). 

 Firstly, the synthesis and characterization through NMR technique will be 
presented. Afterwards, a polymerization study on the formulations containing 
PEGDA and the synthesized ILs with different ratios will be shown presenting 
photo-rheology, FTIR analysis and UV-curing tests. A study on the control over the 
matrix porosity by introducing different additives was also carried out with the aim 
of increasing the CO2 interaction by incrementing the surface to volume ratio. Two 
ways were adopted: the first using a long chain PIL 
(Poly(diallyldimethylammonium) bis(trifluoromethanesulfonyl)imide (PDADMA 
TFSI) to increase the free volume in the polymer matrix and the second by ionic 
complexation using Pyromellitic Acid (PMA) that can trigger an electrostatic 
complexation between imidazolium based PILs and the multivalent benzoic acid 
(259). Characterization analysis, such as UV-visible, permeability, TGA, DSC, and 
N2 isotherm will be shown on the polymerized formulations containing these 
additives in different concentrations to investigate their effects. After the 
characterization analysis, the prepared formulations were loaded in the 3D printer 
to build simple structures. The 3D printed structures were finally tested in high-
pressure CO2 atmosphere to investigate their CO2 uptake capacity.  

1.2 Experimental and methods 

1.2.1 Materials 

For the ionic liquids’ synthesis, 2-methyl imidazole, purchased from Sigma 
Aldrich, was used as starting materials for all the synthesized ILs. 1-bromobutane 
and 1-bromo-3,3-dimethylbutane, purchased from Tokyo Chemical Industry, were 
employed as precursors for the alkyl chain reaction, while 4-vinylbenzyl chloride 
was used for the linking of the reactive group. Potassium hydroxide was used to 
deprotonate the imidazolium ring during the alkyl chain reaction, while anhydrous 
magnesium sulfate was necessary for dehydrate the solution, both were purchased 
from Sigma Aldrich; lithium bis(trifluoromethylsulfonyl)imide was used for TFSI 
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ion exchange, AMBERLITE_IRA 402 (OH) was used for OH ion exchange, 
sodium hydroxide and acetic acid was used for Acetate ion exchange, acetonitrile, 
dichloromethane, acetone and diethyl ether were purchased from Sigma Aldrich. 
Polyethylene glycol diacrylate (PEGDA) with average molecular weight 250, 
purchased from Merck, was used as constituent monomer and cross-linker. 
Phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO) powder 97% purity, 
purchased from IGM Resins, was employed as photo-initiator to start the free 
radical reaction and 1-Phenylazo-2-naphthol-6,8-disulfonic acid disodium salt 
(orange G), used as a dye in the 3D printable formulations, was purchased from 
Tokyo Chemical Industry. Pyromellitic acid (PMA) was purchased from Tokyo 
Chemical Industry. 

1.2.2 Ionic liquids synthesis 

2-methyl-3-butylimidazole 
The first synthesis process consists in the deprotonation of the nitrogen site of 

the imidazole ring, by inserting in the solution a base (potassium hydroxide), to 
react with the linear alkyl chain precursor (1-bromobutane). During the reaction, 
acetonitrile was used as solvent and inert atmosphere was maintained to prevent 
any oxidation process. The final compound will be the imidazole with the linear 
alkyl chain attached to the nitrogen, with potassium bromide and water as side 
products. Purification processes followed the reaction. The synthesis steps are 
described here (see figure 4.1 for the schematized reaction). 6 g of 2-
methylimidazole were dissolved in 90 ml of acetonitrile in a two-neck round bottom 
flask and stirred for 15 minutes. Afterwards, 8 g of potassium hydroxide were added 
to the solution and stirred for further 30 minutes. Subsequently 8 ml of 1-
bromobutane were added dropwise to the solution in argon atmosphere and stirred 
for 4 hours at room temperature. The solvent was removed under dynamic vacuum. 
The compound was extracted three times in 300 ml dichloromethane and washed 
three times with 600 ml of distilled water. The solution was dried with anhydrous 
magnesium sulfate and, finally, dichloromethane was removed under dynamic 
vacuum. A yellowish oil was obtained as final compound (Yield 70%). 1H NMR 
(400MHz, Acetone-d6) δ 0.94 (t, 3H, CH3), 1.35 (dq, 2H, CH2), 1.71 (m, 2H, 

CH2), 2.3 (s, 3H, CH3), 3.91 (t, 2H, CH2), 6.75 (s, 1H, C=CH), 6.95 (s, 1H, C=CH). 

 
1-(4-vinylbenzyl)-2-methyl-3-butylimidazolium chloride 

+ 

CH
3
CN, KOH  

RT     4h 

-KBr, -H
2
O 

Figure 4.1 reaction scheme for 2-methyl-3-butylimidazole. 
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The next synthesis consists in the quaternization reaction of 2-methyl-3-
butylimidazole with 4-vinylbenzyl chloride used as precursor for the attachment of 
the vinyl group to make the IL suitable for polymerization. In this case, the reaction 
was performed using the two neat compounds without any solvent, in inert 
atmosphere to prevent any oxidation process, and in dark environment, to avoid 
premature reaction of the vinyl group since 4-vinylbenzyl chloride is light sensible. 

The final raw compound is a solid ionic liquid with chloride as anion. Purification 
processes followed the reaction. The synthesis steps are described here (see figure 
4.2 for the schematized reaction). 4.85 g of 2-methyl-3-butylimidazole and 5 ml of 
4-vinylbenzyl chloride were mixed dropwise in argon atmosphere in a two-neck 
round bottom flask. The reaction was let stir for 7 hours. Subsequently, the crude 
compound was dissolved in acetone and precipitated with diethyl ether (500 ml) 
three times. The final powder was filtrated and the solvents evaporated under 
dynamic vacuum (yield 72%). 1H NMR (400MHz, DMSO-d6) δ 0.91 (t, 3H, CH3), 

1.28 (dq, 2H, CH2), 1.72 (m, 2H, CH2), 2.63 (s, 3H, CH3), 4.12 (t, 2H, CH2), 5.31 
(dd, 1H, C=CH2), 5.41 (s, N+-CH2), 5.87 (dd, 1H, C=CH2), 6.75 (dd, 1H, C=CH2), 
7.31 (m, 2H, HC=C=CH), 7.52 (m, 2H, HC=C=CH), 7.76 (m, 2H, HC=CH). 

 
1-(4-vinylbenzyl)-2-methyl-3-butylimidazolium 

bis(trifluoromethanesulfonyl)imide  
The next step concerns the anion exchange between chlorine and TFSI, to 

create C4vbmim_TFSI (molecular structure in Table 4.1). This was made by mixing 

the obtained 1-(4-vinylbenzyl)-2-methyl-3-butylimidazolium chloride with TFSI 

precursor Lithium bis(trifluoromethylsulfonyl)imide salt. The procedure follows 

the steps described here. 1-(4-vinylbenzyl)-2-methyl-3-butylimidazolium chloride 

and 1.2 molar equivalent of Lithium bis(trifluoromethylsulfonyl)imide were 

dissolved in distilled water in two separate beakers. The solutions were mixed 

together and stirred for 30 minutes. The upper phase (water rich) was washed 

(extraction) with dichloromethane three times and mixed with the bottom phase 

(ionic liquid rich). The solution was washed with water three times and dried over 

anhydrous magnesium sulfate. Subsequently the solvent was evaporated under 

dynamic vacuum and a transparent oil was obtained (Yield: 90%). The process was 

+ 
RT     7h 

Figure 4.2 reaction scheme for C4vbmim_Cl. 
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performed in dark environment to prevent the polymerization of the ionic liquid 

induced by light exposure. 
 
 

1-(4-vinylbenzyl)-2-methyl-3-butylimidazolium acetate 
The second synthesized ionic liquid was the linear alkyl chain cation with 

acetate as counter ion (C4vbmim_Ac, see molecular structure in Table 4.1). The 

synthesis process was the ion exchange between chlorine and acetate of 1-(4-

vinylbenzyl)-2-methyl-3-butylimidazolium chloride. For this reaction, an 

intermediate step was required, where chloride was first substituted by OH- through 

an ion exchange column. This was done with the aim of avoiding the direct ion 

exchange from Cl- to Ac- that would generate a salt as side product (e.g. NaCl by 

using sodium acetate as precursor) that could be hardly removed. The process was 

performed as follows: a column (100 g AMBERLITE_IRA 402 (OH)) was washed 

with 1 l of sodium hydroxide 1M and drained dropwise. Subsequently, the column 

was washed with 1 l of deionized water until the pH of the drained solution became 

neutral. C4vbmim_Cl was dissolved in water and poured dropwise in the column. 

After that, water was added slowly through the column washing it until the drained 

solution became basic. At that moment, the compound was collected dropwise in a 

round bottom flask until the pH became neutral again. Afterward, 1.2 molar 

equivalent of acetic acid was added to the basic solution and stirred until it became 

neutral. The water was evaporated and the compound dissolved in acetone. The 

solution was then precipitated with diethyl ether and the solvent evaporated. 
 

2-methyl-3-3,3-dimethylbutylimidazole 
2-methyl-3-3,3-dimethylbutylimidazole was synthesized, as for 2-methyl-3-

butylimidazole, by deprotonating the nitrogen of the imidazole ring and making it 
react with the precursor for the branched alkyl chain (1-bromo-3,3-
dimethylbutane). Again, potassium bromide and water were left as side product of 
the reaction. A final purification process was made to clean the target product. The 
reaction process is reported here (see figure 4.3 for the sketch of the reaction). 6 g 
of 2-methylimidazole were dissolved in 90 ml of acetonitrile and stirred for 15 
minutes in a two-neck round bottom flask, 8 g of potassium hydroxide were added 
to the solution and stirred for 30 minutes. Subsequently 8 ml of 1-bromo-3,3-
dimethylbutane were added dropwise to the solution in argon atmosphere and 
stirred for 4 hours at room temperature. The solvent was removed under dynamic 
vacuum. The compound was extracted three times in 300 ml dichloromethane and 

+ 

CH
3
CN, KOH  

RT     4h 

-KBr, -H
2
O 

Figure 4.3 reaction scheme for 2-methyl-3-3,3-dimethylbutylimidazole. 
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washed three times with 600 ml of deionized water. The solution was dried over 
anhydrous magnesium sulfate and, finally, dichloromethane was removed under 
dynamic vacuum. A yellowish oil was obtained as final compound (Yield: 75%). 
1H NMR (400MHz, Acetone-d6) δ 0.97 (m, 6H, H3C-C-CH3), 1.61 (m, 3H, CH2, 
CH), 2.3 (s, 3H, CH3), 3.92 (m, 2H, CH2), 6.75 (d, 1H, C=CH), 6.96 (s, 1H, 
C=CH).  

 
1-(4-vinylbenzyl)-2-methyl-3-3,3-dimethylbutylimidazolium chloride 

Stating from 2-methyl-3-3,3-dimethylbutylimidazole, the ionic liquid with the 
chloride as counter-ion was synthesized by reacting it with 4-vinylbenzyl chloride 
as for the synthesis of C4vbmim_Cl. The reaction was performed by mixing the 

two reagents without solvent in dark environment and inert atmosphere to prevent 

any oxidation. The synthesis procedure is described here (see figure 4.4 for the 
reaction sketch). In a two-neck round bottom flask were mixed 4.85 g of 2-methyl-

3-3,3-dimethylbutylimidazole and 5 ml of 4-vinylbenzyl chloride dropwise in argon 

atmosphere. The reaction was let stir for 7 hours. Subsequently, the crude 

compound was dissolved in acetone and precipitated with diethyl ether (500 ml) 

three times. The final powder was filtrated and the solvents were evaporated under 

dynamic vacuum (yield: 80%). 1H NMR (400MHz, DMSO-d6) δ 0.85 (d, 6H, 

H3C-C-CH3), 1.51 (dp, 1H, CH), 1.62 (m, 2H, CH2), 2.50 (s, 3H, CH3), 4.05 (m, 

2H, CH2), 5.26 (s, 2H, N+-CH2), 5.28 (d, 1H, C=CH2), 5.79 (dd, 1H, C=CH2), 

6.71 (dd, 1H, C=CH), 7.19 (m, 2H, HC-C=CH), 7.31 (d, 1H, C=CH), 7.35(d, 1H, 

C=CH), 7.46 (m, 2H, HC-C=CH). 

 
1-(4-vinylbenzyl)-2-methyl-3-3,3-dimethylbutylimidazolium 

bis(trifluoromethanesulfonyl)imide 
(iPr)C2vbmim_Cl was modified by exchanging the anion from chlorine to TFSI 

in order to obtain the third ionic liquid, that is (iPr)C2vbmim_TFSI as shown in 

Table 4.1. The reaction follows the same steps described for the synthesis of 

C4vbmim_TFSI. 1-(4-vinylbenzyl)-2-methyl-3-3,3-dimethylbutylimidazolium 

chloride and 1.2 molar equivalent of Lithium bis(trifluoromethylsulfonyl)imide 

were dissolved in water in two separate bakers. The solutions were mixed together 

and stirred for 30 minutes. The upper phase (water rich) was washed (extraction) 

with dichloromethane three times and mixed with the bottom phase (ionic liquid 

rich). The solution was washed with water three times and dried over anhydrous 

+ 
RT     18h 

Figure 4.4 reaction schematic for (iPr)C2vbmim_Cl. 
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magnesium sulfate. Subsequently the solvent was evaporated under dynamic 

vacuum. At the end, a transparent oil was obtained (Yield: 95%).  
 
 

1-(4-vinylbenzyl)-2-methyl-3-3,3-dimethylbutylimidazolium acetate 
The last synthesized ionic liquid is the branched chain cation with acetate as 

anion ((iPr)C2vbmim_Ac, see Table 4.1). The ion exchange was made again 

through an ion exchange column filled with AMBERLITE_IRA 402 beads, to make 
the first OH- ion exchange step and then by neutralizing the solution with acetic 
acid and make the last exchange with acetate anion. The procedure is reported here. 
A column (100 g AMBERLITE_IRA 402 (OH)) was washed with 1l of sodium 
hydroxide 1M and drained dropwise. Subsequently, the column was washed with 1 
l of deionized water until the pH of the drained solution became neutral. 
(iPr)C2vbmim_Cl was dissolved in water and poured dropwise in the column. After 
that, water was added slowly through the column washing it until the drained 
solution became basic. At that moment, the compound was collected dropwise in a 
round bottom flask until the pH became neutral again. Afterward, 1.2 molar 
equivalent of acetic acid was added to the basic solution and stirred until it became 
neutral. The water was evaporated and the compound dissolved in acetone. The 
solution was then precipitated with diethyl ether and the solvent evaporated. 

 

 
 

IL Abbreviation 

 

C4vbmim_TFSI 

1-(4-vinylbenzyl)-2-methyl-3-butylimidazolium 

bis(trifluoromethanesulfonyl)imide 

 

Table 4.1 list of synthesized ionic liquids with molecular structure and 
abbreviations. 
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C4vbmim_Ac 

 

(iPr)C2vbmim_TFSI 

 

(iPr)C2vbmim_Ac 

 

1.2.3 Formulations and sample fabrications 

The aim of the work was to create a formulation that was photo-curable and 3D 
printable; for that reason, a vinyl group, able to participate to the 
photopolymerization reaction, was added to all the synthesized ILs.  Nevertheless, 
the mono-functional vinyl group present in the IL is not sufficient to achieve the 
desired mechanical properties needed for a self-standing structure. Furthermore, 
since a 3D printer with a DLP system is used, a thermoset polymer will be produced. 
For this reason, PEGDA (Mn 250) was used as co-polymer and cross-linker. 
Different formulations were prepared based on the typology of the sample 
characterization. Initially, formulations containing a high amount of IL were 
obtained to create thin membranes easy to manufacture and to handle. BAPO was 
used as photo-initiator for the photo-induced polymerization reaction with a 
concentration of 1 wt% with respect to the amount of the photocurable monomers. 
A typical formulation is resumed below. 
• PEGDA (Mn 250): 20 mol% 

1-(4-vinylbenzyl)-2-methyl-3-

butylimidazolium acetate 

1-(4-vinylbenzyl)-2-methyl-3-3,3-

dimethylbutylimidazolium 

bis(trifluoromethanesulfonyl)imide 

1-(4-vinylbenzyl)-2-methyl-3-3,3-

dimethylbutylimidazolium acetate 
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• IL: 80 mol% 
• BAPO: 1 %wt 

Few drops of formulation were clamped between two glass plates covered by a layer 
of Teflon used to prevent the sticking of the polymerized resin on the glass. The 
photo-curing process was performed by irradiating the samples with a UV-lamp for 
2 minutes (see Figure 4.5a). As final result, circular membranes with thickness 
ranging from 50 µm to 200 µm were obtained (see Figure 4.5b). The membranes, 
after curing, were easily detached from the Teflon surface and carefully washed 
with isopropyl alcohol. The next step was to prepare the formulations in such a way 
that they were suitable to be 3D printable in a DLP apparatus. A dye (see Figure 
4.6) was added in the formulation in order to achieve more accuracy during the 
printing by reducing light scattering. Furthermore, the IL/PEGDA ratio was 
reduced to 60/40 mol% to produce more cross-linked network compatible with 3D 
printing. The formulation composition is reported below. 
• PEGDA (Mn): 40 mol% 
• IL: 60 mol% 
• BAPO: 1 %wt 
• Dye (Orange G): 0.1 %wt 

The 3D printer used in this study was a DLP type LittleRP 3D printer . An Acer 
P1500 projector was used as the 3D printer light source and it was equipped with 
an OSRAM lamp (210 W). The formulation was pured in the plastic tray and the 
build plate was lowered into the resin against the transparent teflon film. At this 
point the Creation Workshop RC36 software started the projection, layer per layer, 

Figure 4.6 molecular structure of Orange G 

Figure 4.5 (a) UV lamp used for the photo-curing process and (b) prepared photo-
cured membranes by UV polymerization. 

a b 
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of the loaded object CAD until the printing was finished. The slice thickness was 
set to 50 µm and the curing times were adjusted to 6s for the burn-in time, the initial 
base printing (200µm), and 1.5s for the normal time, the exposure time for the rest 
of the structure. The final object was finally washed with isopropyl alcohol and 
post-cured in the UV-lamp for 2 minutes to complete the polymerization. 

1.2.4 Material characterization 

Firstly, the synthesized ionic liquids were characterized by means of NMR. The 
samples (6 µl) were solubilized in a deuterated solvent to avoid interference with 
the sample spectra and poured in a NMR tube. NMR technique was employed to 
finely characterize the synthetized molecules by knowing the exact amount of each 
kind of atoms present in it. 1H NMR spectra were recorded on a Bruker AVX400 
(400 MHz) spectrometer at ambient temperature. 13C NMR spectra were recorded 
on a Bruker AVX400 (101 MHz) spectrometer at ambient temperature. 19F NMR 
spectra were recorded on a Bruker AVX400 (376 MHz) spectrometer at ambient 
temperature. Once the ionic liquids were chemically characterized, their viscosity 
was calculated by testing them through rheological measurements. Real-time 
rheological measurements were performed using an Anton Paar rheometer (Physica 
MCR 302). The gap between the rotating plates was set to 100 μm, which is the 

nominal thickness chosen for this kind of measurements, to have a good signal to 
noise ratio. For all the measurements, the temperature was fixed at 25 °C, at a 
constant shear frequency of 3.18 rad/s at 1% of amplitude. The parameters of 
frequency and amplitude were chosen based on the stress-relaxation signal response 
and they are closely related to the material under investigation. At higher 
frequencies the elastic modulus is predominant, while at lower frequencies the 
situation is reversed and the viscous properties of the material become dominant. A 
good trade-off needs to be found to study the mechanical properties of the desired 
material. After this characterization on the neat ILs, the reactivity of the 
photocurable formulations described in section 1.2.3 was studied. FTIR-ATR was 
employed to investigate the conversion of the double bond (vinyl and acrylic) 
during light irradiation. Samples containing IL/PEGDA ratio of 100/0, 80/20, 40/60 
and 0/100 mol%, from 0s to 120s were analyzed to understand the different 
behaviors of polymerization at different concentration of IL and different exposures 
times. The measurements were done by polymerizing each sample, as described in 
section 1.2.3, for the desired amount of time under the UV lamp and analyzing in 
the FTIR-ATR apparatus in dark room to avoid further polymerization during the 
measurement. Afterwards, photo-rheological analyses were carried out on the 
formulations containing the ILs. Anton Paar rheometer (Physica MCR 302) in 
parallel plate mode with a Hamamatsu LC8 visible lamp with power intensity of 10 
mW/cm2 (10% of maximum) and a cut-off filter below 400 nm equipped with 8 
mm light guide was used for the measurements. The lamp was turned on after a 
waiting time of one minute in order to leave enough time to have a stable signal. 
The outcome data consist in a plot of the elastic (G’) and loss (G’’) modulus and 
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their ratio versus time. At this point, the formulations were modified by the addition 
of two different additives to introduce a porosity in the polymer matrix. Long chain 
PIL (Poly(diallyldimethylammonium) bis(trifluoromethanesulfonyl)imide 
(PDADMA_TFSI) was used to increase the free volume in the polymer matrix and 
Pyromellitic Acid (PMA) to create porosity by ionic complexation. In the first case, 
uv-visible analysis was carried out on formulations containing 0 %wt, 6 %wt and 
20 %wt of PDADMA_TFSI in order to see their effect on the light absorption due 
to the emulsion between PEGDA and PDADMA_TFSI. The UV-visible spectra 
were collected with a Varian Cary-500 spectrophotometer in the range between 300 
nm and 800 nm, with a resolution of 1 nm, monitored with a scan rate of 480 
nm/min. Permeability measurements were also carried out on the photo-cured 
membranes with different concentrations of the PIL, to investigate gas transport 
properties variation by introducing a porosity in the material. The measure was 
performed at 25 °C and 0% relative humidity. Description of the permeability 
measurement apparatus is described in Chapter 2 section 1.2.3. In the second case, 
formulations were prepared containing different amount of Pyromellitic acid 
(PMA) in molar ratio of 1:4, 1:1 with respect to the imidazole, corresponding to 6 
wt%, 25wt% of the whole formulation. Thin membranes were photo-polymerized 
with the method described in section 1.2.3, swelled in water and neutralized in 
NaOH solution 0.01M. TGA and DSC analysis were carried out on the membranes 
with and without pyromellitic acid to see the stability of the membranes at higher 
temperatures. Measurements were performed with a TA Instruments Q600, 
simultaneous thermo-gravimetric and differential thermal analysis (DSC/DTA). 
TGA analysis were performed from 0 °C to 400°C with a scan rate of 30°C/min. 
DSC measurements were carried out from -50 °C to 200 °C with a scan rate of 10 
°C/min. Nitrogen isotherms were carried out on membranes containing 0 %wt, 6 
%wt and 25 %wt of PMA. Permeability analysis were performed as well on the 
membrane with and without PMA to see the transport gas behavior within the 
polymer matrix if a porosity was created. Finally, the 3D printed structures 
containing the two PILs and 6 %wt and 25 %wt of PMA were tested to the CO2 
uptake. The CO2 uptake measurements (25 °C, 0−40 bar) were performed with a 

Hiden XEMIS intelligent gravimetric analyzer. Prior to CO2 uptake determination, 
the samples were outgassed under vacuum at 250 °C typically overnight. 

1.3 Results and discussion 

1.3.1 Ionic liquids and formulations characterization 

The overall reactions’ yields for the synthesis of the chloride ILs (C4vbmim_Cl 

and (iPr)C2vbmim_Cl) were over 70 %, while the TFSI ion exchange yield was 
over 90% for all the reactions. Problems arose with the acetate ion exchange, since 
after the ion exchange column process and the removal of the solvent, the 
compound started to polymerize, becoming solid and insoluble in all the available 
solvents. This effect was observed all the times the process was repeated.  
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Figure 4.7 1H NMR (400 MHz) of 2-methyl-3-butylimidazole in Acetone-d6. 

1H NMR 

Figure 4.8 1H NMR (400 MHz) of C4vbmim_Cl in DMSO-d6. 

1H NMR 
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For this reason, C4vbmim_Ac and (iPr)C2vbmim_Ac were not included in the 

study for further analysis. The synthesized ionic liquids were analyzed in the NMR 
apparatus to investigate their chemical composition. 1H NMR and 13C NMR were 
done on the final compounds of all the reactions steps, 19F NMR was carried out on 
the ILs containing the TFSI anion. Figure 4.7 shows the 1H NMR spectrum of 2-
methyl-3-butylimidazole in Acetone-d6. It is clearly visible, in the range between 
1 ppm and 4 ppm, the presence of the multiplets generated by the hydrogen protons 
of the alkyl chain. In particular, the triplet at 0.94 ppm is ascribable to the methyl 
group at the end of the alkyl chain, while the three multiplets at 1.35 ppm, 1.71 ppm 
and 3.91 ppm correspond to the remaining H-C-H groups. At 2.3 ppm is clearly 
visible the singlet corresponding to the methyl group present on the imidazole ring. 
Whereas, the two duplets at 6.75 ppm and 6.95 ppm are ascribable to the protons of 
the C-H group attached to the imidazole ring. The second step reaction is the 
synthesis of C4vbmim_Cl, created by quaternization reaction between 2-methyl-3-
butylimidazole and the vinyl benzene precursor, leaving Cl- as counter ion. Figure 
4.8 displays the 1H NMR spectrum of C4vbmim_Cl dissolved in DMSO-d6. From 
the graph, it is possible to observe that the peaks described for the NMR spectrum 
of 2-methyl-3-butylimidazole are all still present. The only difference is a little shift 
for the peaks corresponding to the methyl group (2.63 ppm) and the C-H (7.76 ppm) 
of the imidazole ring because of the perturbation brought by hydrogen atoms 
present in the vinyl-benzene group. In order, from right to left, at 5.31 ppm and 5.87 
ppm two duplet corresponding to the protons of the CH2 of the vinyl group. At 5.41 
ppm it is visible the singlet corresponding to the two protons of H-C-H group close 
to the nitrogen (N+). Centered at 6.75 ppm it appears the quadruplet ascribable to 
the proton of C-H of the vinyl group and at 7.31 ppm and 7.52 ppm the protons of 
the benzene ring generate the two duplets.  C4vbmim_Cl was then processed by 
exchanging the chlorine ion with TFSI through the process described in section 
1.2.2. Figure 4.9 displays the 1H, 13C and 19F NMR spectra of C4vbmim_TFSI 
dissolved in DMSO-d6. The results show that the spectrum of protons NMR 
remains the same as for C4vbmim_Cl, and a peak in 19F NMR spectrum appears 
now at 79 ppm for the presence of the TFSI ion, that carries six fluorine atoms. For 
the synthesis of the second ionic liquid ((iPr)C2vbmim_TFSI), the first step was to 
create the cation bearing the branched alkyl chain (2-methyl-3-3,3-
dimethylbutylimidazole). Figure 4.10 displays the 1H NMR spectrum of 2-methyl-
3-3,3-dimethylbutylimidazole in acetone-d6. From right to left, at 9.97 ppm it is 
visible the multiplet corresponding to the two methyl group (CH3) on the tail of the 
alkyl chain. At 1.61 ppm there is the multiplet generated by the three protons (C-H 
and CH2) on the alkyl chai. At 2.3 ppm the singlet corresponding the methyl group 
on the imidazole ring is visible. At 3.92 ppm it is visible the multiplet of the last 
CH2 group of the alkyl chain and at 6.75 ppm and 6.96 ppm the double peaks related 
to the two protons of the imidazole ring are present. The next reaction involved the 
linking of the vinyl-benzyl group to the 2-methyl-3-3,3-dimethylbutylimidazole 
molecule. Figure 4.11 shows the 1H NMR spectrum of (iPr)C2vbmim _Cl in 
DMSO-d6.  
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1H NMR 

13C NMR 

19F NMR 

Figure 4.9 1H, 13C and 19F NMR spectra of C4vbmim_TFSI in DMSO-d6. 
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Figure 4.10 1H NMR (400 MHz) of 2-methyl-3-3,3-dimethylbutylimidazole 
in acetone-d6. 

1H NMR 

Figure 4.11 1H NMR (400 MHz) of 2-methyl-3-3,3-dimethylbutylimidazole in 
acetone-d6. 

1H NMR 
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Figure 4.12 1H, 13C and 19F NMR spectra of (iPr)C2vbmim_TFSI in DMSO-d6. 

1H NMR 

13C NMR 

19F NMR 
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The presence of the vinyl-benzene group brought a perturbation on the spectrum 
for what regards the peaks related the protons in the alkyl chain as well as the methyl 
group and the C-H groups on the imidazole ring. In particular, the peak 
corresponding to the two methyl groups on the alkyl chain lies now at 0.85 ppm, 
while the peak of the C-H shifted to 1.51 ppm. The peak of the other CH2 group 
shifted to 4.05 ppm, the one corresponding to the methyl group on the imidazole is 
visible at 2.5 ppm, while the protons of the C-H on the imidazole ring are located 
at 7.31 ppm and 7.35 ppm. The new peaks brought by the vinyl-benzene group lye, 
from right to left, at 5.26 ppm for the CH2 close to the nitrogen atom (N+) and at 
5.28 ppm and 5.79 ppm for the two protons of the CH2 of the vinyl group. While, 
at 6.71 ppm the quadruplet related to C-H of the vinyl group is visible and the 
multiplets at 7.19 ppm and 7.46 ppm correspond to the C-H of the benzene ring. 
The final ionic liquid synthetized was (iPr)C2vbmim_TFSI by ion exchange of 
(iPr)C2vbmim_Cl. Figure 4.12 shows the 1H, 13C and 19F NMR spectra of 
(iPr)C2vbmim_TFSI. 1H NMR displays the same peaks as for the 
(iPr)C2vbmim_Cl IL, 13C NMR shows the carbon atoms present in the molecule, 

Figure 4.13 FTIR-ATR analysis of (iPr)C2vbmim_TFSI in different IL/PEGDA 
ratios: (a) 0/100 mol%, (b) 40/60 mol%, (c) 80/20 mol% and (d) 100/0 mol% on UV 
irradiation times from 0s to 120s. 

c 

a b 

d 



 

93 
 

while 19F senses the fluorine atoms present in the TFSI anion, with the characteristic 
peak centered at -79 ppm. 

 Once the ionic liquids were characterized by means of NMR, they were used 
to prepare the formulations described in section 4.2.3.  
A study on the polymerization behavior and reaction kinetic was conducted on the 
prepared formulations containing both C4vbmim_TFSI and (iPr)C2vbmim_TFSI 
ILs. Firstly, formulations containing an IL/PEGDA ratio equivalent to 0/100, 40/60, 
80/20 and 100/0 mol% were prepared and analyzed by means of FTIR as described 
in section 4.2.4. Figure 4.13 shows the FTIR-ATR spectra of formulations 
containing (iPr)C2vbmim_TFSI ionic liquid in different concentrations and 
different times of irradiation, from 0 to 120 seconds. The region of interest of the 
IR spectrum is between 1000 cm.1 and 600 cm-1, in particular the peak centered at 
810 cm-1, where is located the vibrating frequency of the C=C carbon double bond 
of the acrylic group of PEGDA and the peak at 920 cm-1 which is characteristic of 
the C=C double bond of the vinyl group attached to the benzene ring of the ionic 
liquid were investigated.  

a b 

Figure 4.14 FTIR-ATR analysis of C4vbmim_TFSI with IL/PEGDA ratios: 80/20 
mol% on UV irradiation times from 0s to 120s. 
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From the results, it is possible to clearly see the progressive decrease of the peak at 
810 cm-1 after UV-light exposure. In fact, as the exposure time increases, more 
conversion of the double bond is expected. In the case of 100% PEGDA, the 
formulation is almost totally cured after only 10 seconds and the conversion of the 
double bond is quicker due to the faster reaction of the bi-functional group with 
respect the other sample containing the IL. For the sample containing 80% and 
100% of IL, the peak at 920 cm-1 is more evident and it was followed to study the 
conversion of the vinyl group of the polymerized ionic liquid. The samples with 
IL/PEGDA ratio equivalent to 80/20 mol% showed a good kinetic with a high 
conversion and polymerization rate for both the acrylic and vinyl groups, indicating 
the copolymerization of PEGDA with the ionic liquids (see Figure 4.15). For this 
reason, it was chosen as ILs concentration for other analysis. In figure 4.14, the 
FTIR-ATR reaction kinetic of C4vbmim_TFSI with concentration 80/20 mol% is 
shown. For a complete vison of the IR peaks of the kinetics of all the samples, the 
spectra from 4000 cm-1 to 600 cm-1 are shown in Figure E1 in Appendix E. The 
formulations containing 80/20 mol% IL/PEGDA were then analyzed by means of 
photo-rheology to further investigate their photo-curing ability, by directly 
correlating in real time reactive group conversion and irradiation time. Figure 4.16 
depicts the photo-rheology curves of the formulations containing the two neat ionic 
liquids. The curves show the variation of the storage modulus during light 
irradiation as the formulation starts to polymerize. The lamp was turned on after 60 
seconds from the beginning of the measurement to stabilize the system and, after 
nearly five seconds, the curve started to raise due to the crosslinking reaction. An 
initial fast growth of the storage modulus is noticeable in the first part after 30 
seconds, then the rate of polymerization starts to decrease in the final stage of the 
measurement.  

 

Figure 4.15 C=C double bond conversion, for polymerized samples with 
concentration 80/20 mol% IL/PEGDA followed at (a) 810 cm-1 for 
C4vbmim_TFSI, at (b) 810 cm-1 for (iPr)C2vbmim_TFSI at (c) 920 cm-1 for 
C4vbmim_TFSI and at (d) 920 cm-1  for (iPr)C2vbmim_TFSI. 

. 

 

c d 

@ 920 cm-1 @ 920 cm-1 
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1.3.1 Matrix porosity modifications 
 
1.3.1.1 Long chain poly ionic liquid (PDADMA_TFSI) 

The next study was carried out to try to introduce an increase of gas mobility 
in the polymer matrix. The free volume inside the polymeric network was increased 
by dispersing a not-crosslinked long chain PIL. Poly(diallyldimethylammonium) 
bis(trifluoromethanesulfonyl)imide (PDADMA_TFSI) was chosen as the long 
chain PIL to be inserted in the formulations unlinked to the IL/PEGDA matrix.  
Formulations containing different concentrations of PDADMA_TFSI (0 %wt, 6 
%wt and 20 %wt) were prepared and analyzed. The formulations appeared very 
turbid as the PIL concentration increased, because of the immiscibility of the two 
phases (PDADMA_TFSI and IL/PEGDA) and the creation of an emulsion. Thus, 
the liquid formulations were analyzed by means of UV-visible spectroscopy to 
estimate their turbidity caused by the formation of the phase separation. In fact, this 
aspect become relevant when 3D printing is involved, since the light scattering is 
an important parameter to take into account in terms of polymerization capacity and 
printing resolution. Figure 4.17 shows the light absorbance of the formulations, 
containing both of C4vbmim_TFSI and (iPr)C2vbmim_TFSI, calculated for the 
same thickness for all samples at the same wavelength. Results show that, as 
expected, by increasing the PDADMA_TFSI concentration in the formulations, the 
turbidity increases hindering the light penetration.  

 

Figure 4.16 Photo-rheology analysis (smoothed curves) of C4vbmim_TFSI and 
(iPr)C2vbmim_TFSI. Light is tuned on after 1 minute (dotted line). 
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Once the light absorption of the formulations was assessed, membranes with 
thickness of 150 µm were prepared as described in section 1.2.3 and tested for what 
regards their permeability behavior to CO2. Permeability measurements were 
performed on the membranes containing both the synthesized ILs and different 
concentrations of PDADME_TFSI (0, 6, 20 %wt). The analysis was carried out 

with the aim of finding out a correlation between the increase of gas transport 
properties in the membranes and their gas transmission rate through a fixed 
thickness. Figure 4.18 displays the CO2 transmission rate curves of the membranes 
containing 0 %wt, 6 %wt and 20 %wt of PDADMA_TFSI versus time, at 25°C and 
0% relative humidity.  Results show an increase of CO2 transmission rate, 
proportional to the permeability, with the increase of PIL concentration. This effect 

Figure 4.17 light absorbance of formulations containing (a) C4vbmim_TFSI  and 
(b) (iPr)C2vbmim_TFSI at 0, 6 and 20 %wt of PDADMA. 

a b 

(iPr)C2vbmim_TFSI C4vbmim_TFSI 

a b 

Figure 4.18 CO2 transmission rate curves of membranes containing (a) 
C4vbmim_TFSI and (b) (iPr)C2vbmim_TFSI and 0 %wt, 6 %wt and 20 %wt of 
PDADMA_TFSI. 
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can be explained as a consequence of an increase of the PIL/PEGDA chain mobility 
due to the presence of PDADMA_TFSI embedded in the matrix that enhance the 
CO2 transport properties (260).  
 

 

1.3.1.2 Ionic complexation by multivalent benzoic acid 
 

The second way to introduce a macroporosity in the IL/PEGDA polymerized 
formulations was to use pyromellitic acid (PMA) to create an electrostatic 
complexation with the imidazolium-based ILs. In fact, PMA possesses a central 
benzene ring with 4 carboxylic groups (-COOH) that, upon neutralization in a basic 
solution (NaOH), creates an induced gradient pore structure and an in situ 
electrostatic cross-linking, with creation of voids (see Figure 4.19). The pore 
formation process would be triggered by the deswelling of the hydrophobic IL in 
contact with water as it penetrates the matrix. Simultaneously, the neutralization of 
the acid (PMA) by the base (NaOH) induces a complexation between the positively 
charged polymer cation and the negatively charged isophthalate, generating a 
crosslinked network locking the pores (259).   

Figure 4.19 Schematic explanation of the electrostatic complexation 
process. (a) Chemical structure of PMA; (b) complexation process with 
neutralized PMA and a PIL (257).  
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From this assumption, samples containing 25 %wt of PMA were prepared as 
described in section 1.2.4 and DSC and TGA analysis were performed to know the 
stability of the samples at high temperatures and investigate the thermal properties 
of the material. Figure 4.20 and 4.21 display respectively the TGA and DSC 
analysis of C4vbmim_TFSI and (iPr)C2vbmim_TFSI containing membranes with 
and without PMA. Results show the loss of weight during the heating cycles from 
25°C up to 800°C at 30°C/min. in the case of neat PIL/PEGDA, the samples show 
high thermal stability up to 350°C where they start to degrade in two steps, with 
onset at 400°C and 530°C. Whereas, for the samples with 25%wt of PMA, two 
weight losses are detected starting at T1 = 75°C and T2 = 220°C, attributed to the 
water evaporation present in the membrane (T1) and a second water evaporation at 
higher temperature (T2) probably bonded to PMA, due to its high hygroscopic 
nature. For what regards the DSC analysis, Figure 4.21 shows the curves in the 
temperature range from -20°C and 200°C with an increase of 10°C/min. Results 
show that the samples containing only the PILs display a Tg around 17°C that is 
lower than the Tg of neat PEGDA that is around 27°C (261). This can be explained 
by the fact that the ILs induce an increase of the chain mobility. 

a b 

c 

Figure 4.20 TGA curves from 25°C to 800°C of membranes containing (a) 
C4vbmim_TFSI, (b) and from 25°C to 400°C  of membranes containing 

C4vbmim_TFSI + 25 %wt PMA and (c) (iPr)C2vbmim_TFSI + 25 %wt PMA. 

d 
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 For what regards the samples containing 25%wt of PMA, two endothermic 
reactions at T1 = 90°C and T2 = 180°C are visible from the curves. These two-
phase transitions are ascribable to the weight losses found in the TGA analysis.  
Analysis of the gas transport properties on the polymerized membranes containing 
PIL/PEGDA and PMA were performed through both N2 absorption isotherms and 
CO2 permeability analysis. Figure F1 in Appendix F shows the nitrogen absorption 
isotherms of membranes containing C4vbmim_TFSI + 0%wt, 6%wt and 25%wt of 

PMA. Whereas, Figure G1 in Appendix G displays the CO2 transmission rate curves 
for membranes containing (iPr)C2vbmim_TFSI and C4vbmim_TFSI + 6%wt of 

PMA. Results from both analyses are not successful, since with increasing 

concentration of PMA in the samples lower N2 absorption and CO2 permeability 

was recorded. Thus, no evidence of a macro porosity in the polymer matrix was 

created. 
 

 

a b 

c d 

Figure 4.21 DSC curves from -30°C to 200°C of membranes containing (a) 
C4vbmim_TFSI, (b) C4vbmim_TFSI + 25%wt PMA, (c) (iPr)C2vbmim_TFSI and 
(d) (iPr)C2vbmim_TFSI + 25%wt PMA. 
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1.3.2 3D printing and CO2 uptake 

 
Finally, the formulations were 3D printed as described in section 4.2.3. A 

simple geometry (see Figure 4.22a) was created with the help of a CAD software 

and printed with a DLP apparatus. The printing parameters were found by 

performing multiple tests on the formulation and, differently from the formulation 

used to create the membranes, a dye was added to the resin to increase precision 

and printing resolution during the 3D printing process. 3D printing parameters were 

than adjusted in order to have the best printing performance, which includes perfect 

adherence of the object to the building platform, good printing times and good 

resolution along X-Y direction as well as along Z direction. The first problems 

emerged in the first steps of the printing as the structure had issues to stick to the 

platform. The burn-in time was adjusted in such a way that it was not too high, 

preventing over-polymerization of the resin and introducing a big time difference 

between the burn-in and normal times, but not too low to allow the structure to 

remain attached to the platform. The optimal burn-in time was set to 6 seconds for 

four layers (200 µm). The normal time, instead, is usually lower than the burning 

time because the remaining layers require less time to cure and to stick to the 

previous ones, even if, it should not be too low to allow a good polymerization and 

CAD sketch  

Preliminary tests to find 

the optimal parameters 
 

Final printing 

Figure 4.22 3D printing process flow depicting the (a) CAD sketch and the printed 
samples (b) before and (c) after resin and paramenters optimization. 

b c 

a 
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printing resolution. The normal time was set to 1.5 seconds. The final object (see 

figure 4.22c) was then washed and post-cured.  
 The 3D printed samples containing both (iPr)C2vbmim_TFSI and 

C4vbmim_TFSI ILs were finally tested in the CO2 uptake apparatus. Measurements 

were carried out at high pressure from o to 40 bar at 25°C and weight variation was 

recorded. Figure 4.23 reports the CO2 uptake analysis for samples containing the 

two PILs compared with the IL counterpart 1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide (bmim [TFSI]) tested from Aki et al. (155). 

Results show a good positive adsorption of the samples with a slightly better uptake 

from the linear alkyl chain PIL. This is a proof that the different conformation of 

the alkyl chain does not influence too much the gas uptake capacity. Nevertheless, 

both PILs demonstrated a high CO2 adsorption capacity, with an uptake of 8.76 

mg(CO2)/g(PIL) at 1 bar, that is a promising result for this kind of materials. 

 
 
 

Figure 4.23 High pressure CO2 uptake analysis for polymerized samples 
containing (iPr)C2vbmim_TFSI and C4vbmim_TFSI PILs compared to 

liquid counterpart 1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide (bmim [TFSI]) (155), with applied 

pressure from 0 to 40 bar at 25°C. The data of bmim [TFSI] were fitted with 

a polynomial function of the fourth order. 
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1.4 Conclusion 

The aim of the study was to create an ionic liquid with the specific characteristic 
to make it CO2-philic and photo-curable and, in particular able to be 3D printable 
with DLP technique. This was done by successfully synthesizing two imidazole-
based ionic liquids bearing two different alkyl chain, one linear and one branched, 
and a reactive vinyl group. Moreover, a fluorinated anion (TFSI) was chosen as 
counter ion for its high CO2 uptake capacity. The ionic liquids were characterized 
by means of NMR to confirm the correct synthesis and a polymerization study was 
conducted to estimate their ability to photo-polymerize and the possibility to use 
them as additive or constitutive monomer for a 3D printable resin. FTIR-ATR and 
photo-rheology on mixtures with PEGDA confirmed their ability to be photo-cured 
by showing good reactivity and fast reactive group conversion up to IL/PEGDA 
(Mn 250) ratio of 80/20 mol%.  

Afterwards, the possibility to introducing a macro porosity in the polymer 
matrix was studied following two paths. The first, by addition of a long chain PIL 
(PDADMA_TFSI) to increase the free volume in the polymer network, while in the 
second, the creations of macro pores was stabilized by ionic cross-linking by 
neutralization of multi-acid bearing –COOH groups, using PMA. In the first case, 
PDADMA_TFSI brought a considerable turbidity of the formulations, confirmed 
also by UV-visible analysis, which could become an issue for an application in DLP 
3D printing. Nevertheless, permeability analysis of membranes containing 
PDADMA_TFSI with concentrations up to 20%wt gave results in according with 
the theory by displaying a higher permeability in the membranes with higher 
concentration of PDADMA_TFSI. In the second case, instead, the addition of PMA 
as ionic complexing agent did not reach the expected results, confirmed by 
unsuccessful nitrogen isotherms and permeability analysis. In contrast, the 
formulations containing mixture of both ILs and PEGDA were successfully 3D 
printed in a DLP 3D printer, and simple lattice geometries were created.  

The 3D printed structures were tested to measure their CO2 uptake capacity in 
a high-pressure CO2 apparatus. PIL (iPr)C2vbmim_TFSI interestingly showed 

lower CO2 adsorption capacity than the linear alkyl chain PIL C4vbmim_TFSI. This 

result seems to be in contrast with what found in literature about the higher CO2 

adsorption capacity in cations bearing longer alkyl chains. Nevertheless, two 

possible explanations to this behaviour can be done. First, the results in literature 

are associated to CO2 solubility tests carried out on RTIL, where the ionic species 

are free to move in the liquid material, while in PILs the ions are linked to the 

polymer network, modifying the physical properties of the materials and the 

interaction mechanism with CO2. Secondly, there is the possibility that the branched 

alkyl chain used to synthesize (iPr)C2vbmim_TFSI was not longer enough to 

introduce a significant variation in the CO2 capture capacity.  
The overall CO2 adsorption was still high and a comparison with the IL 

counterpart bmim[TFSI] showed the predominance of the prepared PILs. This 
result is consistent with previously published studies on poly ionic liquids employed 
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for CO2 capture technology (143, 168, 262, 263) and confirm the appealing 
properties of this kind of materials to be used as sorbents for gas storage. 

 

1.5 Next steps 

Further studies will be carried out on this work to complete the experimental 
part and deeply understand the unexplained results found so far. In particular, the 
next goals that will be achieved are described below. 
• A solid state high pressure NMR analysis would be necessary to understand the 

interaction mechanisms between CO2 and the polyions in the polymer network. 
• Increasing the number of synthesized PILs with different anions and cations 

would lead to a better understanding on how the CO2 solubility varies in a 
polymer matrix where the polyions are interchanged. 

• The successful 3D printing of more complex geometries, which is a time-
consuming task due to the long ILs synthesis processes and the small amount 
of compound that is obtained. 

• Further analysis, such as viscosity measurements and TGA/IR. 
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Ionic liquids’ nomenclature 

 

 
C4vbmim_Cl: 1-(4-vinylbenzyl)-2-methyl-3-butylimidazolium chloride 
 
 
(iPr)C2vbmi_Cl: 1-(4-vinylbenzyl)-2-methyl-3-3,3-Dimethylbutylimidazolium 

chloride 
 
 
C4vbmim_TFSI: 1-(4-vinylbenzyl)-2-methyl-3-butylimidazolium 

bis(trifluoromethanesulfonyl)imide 
 
 
C4vbmim_Ac: 1-(4-vinylbenzyl)-2-methyl-3-butylimidazolium acetate 
 
 
(iPr)C2vbmim_TFSI: 1-(4-vinylbenzyl)-2-methyl-3-3,3-

Dimethylbutylimidazolium bis(trifluoromethanesulfonyl)imide 
 
 
(iPr)C2vbmim_Ac: 1-(4-vinylbenzyl)-2-methyl-3-3,3-Dimethylbutylimidazolium 

Acetate 
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Conclusion 

The work described in this thesis was carried out to investigate the possibility 
to create, through DLP 3D printing technology, materials with specific 
characteristic compatible with CO2 separation and capture technology. To achieve 
this goal, the materials need to fulfil certain requirements. First of all the prepared 
material must be in liquid form to be processed in a DLP apparatus, secondly it 
needs to be photo-reactive, i.e. it must possess one or more chemical groups that, 
under certain condition of light, are able to create a crosslinked network and a final 
solid structure. At the same time, the material must be able to interact with CO2 
either by having a higher permeability with respect to other gases (i.e. high 
permselectivity), or by possessing a high solubility (i.e. high CO2 capture capacity).  

 The first study was centered on the investigation of the CO2 transport 
properties (i.e. permeability, diffusivity and solubility) of membranes containing 
azobenzene moieties (dyes) able to be photocontrolled from an external light 
source. The possibility to control the gas permeability of a polymer membrane was 
a key aspect for an application in CO2 separation technology. Moreover, the 
capacity to carry out this process without stressing the system (the light source does 
not touch the membrane) was an important feature. The membranes, composed of 
crosslinked PEGDA and the azo dyes, showed a remarkable CO2 permeability 
change under light irradiation. In particular, the permeability of the membranes 
increased of 70% when irradiated with the laser source at a characteristic 
wavelength (532 nm) close to the absorption band of the azo dye. This effect was 
explained by the cyclic isomerization of the azobenzene molecules inside the 
polymer matrix, brought by light absorption, leading to an increase of the inner free 
volume. In this context, 3D printing was exploited by creating an original device 
able to use this effect to control the CO2 concentration in a mixture of gases. The 
prototype was successfully 3D printed in one single shot using two functional 
formulations, one containing a laser-transparent dye and the other with the photo-
functional azo dye. The device was then connected to a water solution, and a 
significant pH change, due to increasing CO2 concentration after light irradiation, 
was recorded. Furthermore, the azo membranes were also tested with oxygen, 
showing a high permselectivity PCO2/PO2 of about 30. This last result was also 
appealing for a possible application of this material in membrane technology for 
CO2 separation.  

 The second study was focused on the use of ionic liquids in 3D printable 
formulations for applications in CO2 capture and separation. The polymerization 
characteristics of formulations containing PEGDA and different kinds of ILs were 
investigated showing different behaviors, depending on the nature of cations, 
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anions and on the presence of functional groups. Formulations with ILs containing 
a vinyl and a methacrylate group showed faster reaction kinetic compared to other 
samples with ILs dispersed in the matrix, even if they were good as well. 
Furthermore, it was found that the ionic liquid with ammonium as cation (C4NMA,11 
[Tf2N]) showed slow polymerization kinetic and was difficult to print, due to 
polymerization inhibition caused by ammonium species. The mechanical properties 
evaluated on the polymerized samples confirmed the results found with the 
polymerization kinetic study and the formulations were successfully 3D printed to 
create complex cubic hollow structures. The 3D printed structures were finally 
tested to investigate their CO2 absorption ability. FTIR analysis showed the 
presence of peaks related to CO2 centered at 2340 cm-1 and 2360 cm-1 after 
exposure. Nevertheless, weight analysis of CO2 absorption at pressures up to 3 bar 
showed unsatisfying uptake results for all the tested ionic liquids. These results need 
to be considered related to the measuring apparatus used to perform this kind of 
tests. In fact, the samples needed to be moved from the CO2 camber to an external 
scale, introducing impurities and a series of systematic errors impossible to predict. 
Thus, an improved measuring system needs to be set up in future studies to better 
understand the CO2 absorption capacity of these materials.  

 The last part of the thesis work was centered upon the synthesis of specific 
imidazolium-based ionic liquids bearing a reactive vinyl group and two different 
alkyl chains at the cation and two different anions (TFSI and acetate). The NMR 
results confirmed the correct synthesis of the ILs, except for the one with the acetate 
as anion, which caused problems during the ion exchange process. Moreover, the 
photopolymerization study of the ionic liquids mixed with an acrylate monomer 
(PEGDA) demonstrated a good reactivity with double bond conversion up to 97% 
after 2 minutes of light exposure, for concentration of ILs up to 80 mol%. For an 
application in CO2 capture technology, the increase of gas interaction with the 
polymer matrix was a key aspect. In this regard, two ways were undertaken to 
increasing gas transport properties within the polymer network: the use of a long 
chain PIL (PDADMA[TFSI]) and the creation of a macroporosity triggered by ionic 
complexation of neutralized pyromellitic acid (PMA). The first one seemed to be 
the most suitable, since CO2 permeabiltiy analysis on membrane containing 
different concentration of PDADMA[TFSI] up to 20 %wt, showed an increased 
permeability. Nevertheless, the PIL was not soluble in PEGDA neither in the 
synthesized ILs and formed an emulsion due to phase separation in the formulation 
by increasing its turbidity, confirmed by UV-visible analysis. This effect, in fact, 
should be taken under consideration as it might affect the polymerization capacity. 
For what regards the macroporosity introduction by PMA neutralization, following 
the method used by Täuber et al. (259), results from the nitrogen isotherms and CO2 
permeabiltiy analysis showed that no porosity was created within the polymer 
matrix. 3D printing tests were then performed on formulations containing the 
synthesized ionic liquids and simple geometries were successfully 3D printed. 
Finally, the CO2 absorption analysis (up to 40 bar), performed in a high pressure 
chamber equipped with a microbalance, showed high uptake capacity for both PILs 
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with no remarkable difference between linear and branched alkyl chains. 
Furthermore, the adsorption analyses were compared with the uptake capacity of 
the analogous RTIL found in literature confirming the high potential of this PILs 
for applications in CO2 capture technology.  
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Figure A1 FTIR spectra from 600 cm-1 to 4000 cm-1 of samples containing 
PEGDA/MR, PEGDA/DR1M and neat PEGDA before and after the 3D printing 
process. 
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Appendix B 
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Figure B1 Experimental setup of the dynamic light-controlled CO2 permeability 
related to pH variation. 
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Figure C1 FTIR-ATR spectra of neat ILs and neat PEGDA. 
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Appendix D 
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Figure D1 FTIR-ATR spectra of polymerized formulations before (red) and after (blue) 
solvent washing. The dashed bars indicate where the peaks of the ILs disappears after 
solvent washing. 
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Appendix E 
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Figure E1 FTIR spectra from 600 cm-1 to 4000 cm-1 of samples containing mixtures 
of PEGDA and (iPr)C2vbmim_TFSI in ratios of 100/0, 60/40, 20/80 and 0/100 
mol% respectively. The last graph shows the spectrum of the sample containing 
PEGDA and C4vbmim_TFSI 20/80 mol%. 
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Appendix F 
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Figure F1. Nitrogen absorption isotherms of membranes containing 
C4vbmim_TFSI + 0 %wt, 6 %wt and 25 %wt of PMA. 
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Appendix G 
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Figure G1. CO2 transmission rate curves for membranes containing 
(iPr)C2vbmim_TFSI and C4vbmim_TFSI + 6 %wt of PMA. 


