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Abstract 

In this work it is reported the synthesis of poly(N,N’-diethylacrylamide) (PDEAAm) and the 

preparation of temperature-responsive polysulfone-based blend membranes using green 

technologies. 

The synthesis of the temperature-responsive polymer PDEAAm was studied in supercritical 

carbon dioxide (scCO2) using different amounts of crosslinker (0 to 2 wt %) and surfactant (0 

to 5 wt %). The products of the reactions were characterized by SEM, FT-IR, 
1
H-NMR, GPC, 

swelling and turbidimetric measurements. In all reactions, agglomerated polymeric particles 

were obtained. By increasing the crosslinker ratio in the polymer synthesis, the yield 

increased from 70 % to 89 %. The lower critical solution temperature (LCST) of synthesized 

polymers was investigated by turbidimetric measurements and varied in the range 33 - 35 ºC.  

Polysulfone/polyacrylonitrile (PS/PAN) blend membranes were produced by supercritical 

carbon dioxide induced phase inversion method. The PAN composition in the blend varied 

from 0 - 20 wt %. The membranes were characterized in terms of morphology (SEM), 

porosity (mercury porosimetry), hydrophilicity (contact angle measurements), transport 

properties (permeability) and mechanical performance (DMA). PS/PAN 9010 membrane 

showed to have adequate morphological and mechanical characteristics to be coated with 

temperature-sensitive hydrogels. Thus PS/PAN 9010 membrane was coated by in situ 

polymerization in scCO2 with two different thermoresponsive polymers, poly(N-

isopropylacrylamide) (PNIPAAm) and PDEAAm. Coated membranes were characterized by 

SEM, X-ray photoelectron spectroscopy (XPS), mercury intrusion porosimetry, DMA, 

contact angle and water permeability measurements. Contact angle and permeability 

measurements were performed at 20 and 40 ºC, to investigate the on-off mechanism. 

Permeation experiments of bovine serum albumin (BSA) and lysozyme (LYS) solutions were 

performed to evaluate the performance and temperature-responsive behavior of coated 

membranes. While membranes coated with PNIPAAm presented similar BSA permeation 

profiles at temperatures below and above its LCST, PDEAAm coating showed a temperature-

responsive behavior to PS/PAN 9010 membranes and selective permeation of proteins with 

different sizes (BSA and LYS). 
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Resumo 

Neste trabalho é descrita a síntese do polímero poli(N,N’-dietilacrilamida) (PDEAAm) e a 

preparação de membranas baseadas em polisulfona, que respondem á temperatura usando 

tecnologias limpas. 

A síntese do polímero que responde á temperatura, PDEAAm foi estudada em dióxido de 

carbono supercrítico (scCO2) usando diferentes quantidades de reticulante (0 a 2 wt %) e 

tensioactivo (0 a 5 wt %). Os produtos de reacção foram caracterizados por SEM, FT-IR, 
1
H-

NMR, GPC, inchamento e turbidimetria. Em todas as reacções, foram obtidos aglomerados de 

partículas poliméricas. Com o aumento da percentagem de reticulante usada na síntese do 

polímero, o rendimento aumentou de 70 % para 89 %. A temperatura mínima crítica de 

solução (LCST) dos polímeros sintetizados foi investigada através de medidas turbidimétricas 

e os valores obtidos variaram entre 33 e 35 ºC. 

Foram produzidas membranas de polisulfona/poliacrilonitrilo (PS/PAN) pelo método de 

inversão de fases induzida por dióxido de carbono supercrítico. A composição de PAN na 

mistura de partida variou desde 0 a 20 wt %. As membranas foram caracterizadas em termos 

de morfologia (SEM), porosidade (porosimetria de mercúrio), hidrofilicidade (ângulo de 

contacto), permeabilidade à água e propriedades mecânicas (DMA). A membrana PS/PAN 

9010 demonstrou ter características morfológicas e mecânicas para ser revestida com 

hidrogéis que respondem á temperatura. Desta forma, a membrana PS/PAN 9010 foi revestida 

por polimerização in situ em dióxido de carbono supercrítico com dois polímeros diferentes 

que respondem á temperatura, poli(N-isopropilacrilamida) (PNIPAAm) e PDEAAm. As 

membranas revestidas foram caracterizadas por SEM, espectroscopia fotoeletrónica de raio X 

(XPS), porosimetria de intrusão de mercúrio, DMA, ângulo de contacto e permeabilidade à 

água. O ângulo de contacto e a permeabilidade foram medidos a 20 e a 40 ºC, de modo a 

investigar o mecanismo on-off. Os ensaios de permeação de soluções de albumina de soro 

bovino (BSA) e lisozima (LYS) foram realizadas para avaliar o desempenho e capacidade de 

resposta à temperatura das membranas revestidas. Enquanto as membranas revestidas com 

PNIPAAm apresentaram um perfil de permeação de BSA semelhante às temperaturas 

estudadas, 20 e 40 ºC, o revestimento da membrana PS/PAN 9010 com PDEAAm 

demonstrou um comportamento dependente da temperatura e selectividade na permeação de 

proteínas com diferentes tamanhos (BSA e LYS). 
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1. Introdution 

 

The membrane industry is a rapidly growing field of research that has found extensive 

application in industry and medical fields [1]. Main industrial applications are related to 

separation processes (ultra-filtration, microfiltration, reverse osmosis, gas separation, pre-

evaporation and electro-dialysis), while biomedical applications include the incorporation of 

membranes into artificial organs, in hemodialysis equipment, as implanted drug delivery 

systems, in diagnosis, coatings for medical devices, tissue regeneration and biosensors among 

others [2]. 

Recently, much attention has been given to temperature-responsive membranes [3] because it 

was possible to control their chemical and physical properties by changing the temperature of 

the medium [4]. Green technologies had been required to produce these structures [5]. 

Supercritical fluids emerge as the technology that demonstrate ability to perform these smart 

devices [6]. 

 

 

1.1. Supercritical fluids 

 

In 1822, Baron Charles Cagniard de la Tour showed experimentally that there is a critical 

temperature above which a single substance can only exist as a fluid with intermediate gas 

and liquid properties. A liquid placed in a sealed container is in equilibrium with its vapor. 

When the liquid is heated and compressed the density of the vapor increases. Above a certain 

value of the temperature and pressure, which is called the critical point, the density of the 

vapor becomes equal to the density of the liquid and the interface between liquid and vapor 

disappears. Since this system is neither a liquid nor a gas, it is called a supercritical fluid [7].  

Figure 1.1 show the transformation of the liquid-gas equilibrium to supercritical fluid 

(adapted from [8]). 

 

Figure 1.1: Schematic representation of the change from liquid-gas equilibrium to supercritical fluid. 
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The special combination of gas-like viscosity and liquid-like density of a supercritical fluid 

turn it an excellent solvent for various applications. The density of supercritical fluids can be 

tuned easily by small changes in pressure within the critical region [9, 10]. The properties of a 

supercritical fluid are intermediate to those of normal liquids and gases [11]. 

Characteristic values for the gaseous, liquid and supercritical state are listed in Table 1.1.  

 
Table 1.1: Characteristic properties of gas, liquid and supercritical state (adapted from [12]). 

Properties Gas Supercritical fluid Liquid 

Density (Kg.m
-3

) 1 100-800 1000 

Viscosity (Pa.s) 10
-5

 10
-5

-10
-4

 10
-3

 

Diffusivity (m
2
.s

-1
) 10

-5
 10

-8
 10

-9
 

 

Observing Table 1.1, it is possible to conclude that the density is less that the liquid, but is 

significantly higher in the gas. The diffusivity, while lower than that of a gas, is significantly 

higher than the typical value for a liquid. The combination of these two properties makes 

supercritical fluids much better solvents than would normally be expected [11].  

Carbon dioxide is the most commonly used supercritical fluid, because this solvent exhibits a 

critical temperature and pressure of 31.1 °C and 73.8 bar, respectively. It is environmentally 

friendly, nontoxic, non-flammable, inexpensive, has relatively easily achievable critical 

pressure and temperature conditions and the extraction power can be tuned by temperature 

and pressure [7].  

The typical pressure-temperature phase diagram of carbon dioxide is shown in Figure 1.2. 

  

Figure 1.2: Pressure-temperature phase diagram of carbon dioxide (adapted from [13]). 



Introdution 

3 
 

Development of thermoresponsive (polysulfone/polyacrylonitrile)-based membranes for bioseparation processes 

 

The diagram (Figure 1.2) shows which state of matter (solid, liquid or vapor) exists for the 

carbon dioxide at all possible combinations of temperature and pressure conditions. There is 

only a single combination of temperature and pressure at which all three phases can coexist; 

that point is the triple point, T. Thus, it is also the point at which the three-phase equilibrium 

(sublimation, fusion, and vaporization) curves coincide. The vaporization curve begins at the 

triple point, T, and ends at the critical point, C. Along this curve, both temperature and 

pressure continuously increase, but are of course equal for the two phases in equilibrium [7]. 

However other substances exists that are commonly considered for use as supercritical 

solvents. Table 1.2 lists the critical temperature and critical pressure of several substances 

commonly considered for use as supercritical solvents [11].  

 
Table 1.2: Physical properties of supercritical fluids (adapted from [11]). 

Solvent Tc (°C) Pc (bar) 

Water 374 221 

Ethane 32 48.7 

Ethene 9 50.4 

Propane 97 42.5 

Ammonia 132 114 

Nitrous oxide 37 72.5 

 

 

1.1.1. Applications of supercritical fluids 

Many organic solvents are volatile, flammable and may pose a risk to health and the 

environment. Alternative approaches are being developed, and one with growing areas of 

application is the use of supercritical fluids (SCF), of which the most common is carbon 

dioxide [14]. 

The main advantages of supercritical fluids are their physical properties resembling those of 

both liquids and gases (see Table 1.1). The combination of low viscosities and high diffusion 

coefficients found in supercritical fluids is a major advantage because low viscosity leads to 

good infiltration of the extraction material, a small pressure drop, good mass transfer and 

improved phase separation. High diffusion coefficients will improve mass transport and mass 

transfer rates in scCO2
 
are higher than in conventional organic solvents. In general, mass 

transfer limitations are negligible in SCF [15]. 

The recent literature reflects the wide variety of current applications involving supercritical 

fluids [11] such as: materials applications [16, 17], polymer synthesis [10, 18], particle 
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formation [19, 20], coatings [16, 21, 22], lithography [16, 23], textile processing and dyeing 

[24, 25], waste management [26, 27], cleaning [28], microelectronics [29] extraction [30], 

food processing [31] and chromatography [32]. 

 

  

1.1.2. Polymerization in supercritical fluids 

 

A global increase in environmental awareness has led to an ever-increasing control over the 

use and disposal of hazardous materials by the chemical industry. This in turn has meant that 

the chemical industry is continually searching for new “cleaner” alternatives to its current 

processes [33-35]. 

Chemical reactions performed in supercritical fluids and all subsequent related studies have 

increased exponentially [10]. This tremendous growth relies on the physicochemical 

properties of these fluids, which make them extremely attractive as green solvents [36]. One 

suitable candidate for the replacement of conventional organic solvents include supercritical 

fluids (particularly CO2) [37]. Supercritical carbon dioxide has emerged as the most 

extensively studied environmentally benign medium for polymerization reactions [38]. 

Figure 1.3 presents a high-pressure reactor for polymer synthesis in scCO2. 

 

 

Figure 1.3: Polymer synthesis in scCO2: a) The monomer (s) and initiator are added to a high-pressure view cell 

which is then filled with liquid CO2; b) The reactor is heated to form a homogeneous supercritical solution and to 

initiate polymerization; after polymerization is complete the CO2 is vented from the reactor; c) The polymer is 

removed from the vessel. No solvent residues are left in the polymer matrix and the product does not require any 

further purification. 

 

In supercritical CO2-assisted polymerizations the reduction in viscosity decreases the mass 

transfer resistance, which is always high in polymerization reactions due to the viscosity of 

the polymer, and consequently, the conversion is increased. As the reduction in viscosity 

depends on the amount of CO2 dissolved, the solubility of CO2 in the synthesized polymer 

plays a crucial role in determining the ultimate molecular weight and properties of the 
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polymer [9].  In addition, the low viscosity of supercritical fluids and their ability to plasticize 

glassy polymers have implications on polymer processing [18, 39]. 

CO2 is a good solvent for most non-polar and some polar low molecular substances, but it is a 

poor solvent for most high molecular weight polymers under mild conditions (T<100 °C, 

P<350 bar) [10, 18]. The only polymers that show good solubility in CO2 under mild 

conditions are amorphous fluoropolymers and silicones [18]. 

Chain-growth polymerizations can be classified in terms of the mechanism: free-radical, 

cationic, anionic, and metal-catalyzed reactions [18]. These mechanisms only differ on the 

nature of reactant species.  

In this work we will be focused in the free-radical polymerization. Free-radical 

polymerizations can be classified as homogeneous or heterogeneous reactions.  

In the homogeneous polymerization all components, including monomer, initiator, and 

polymer, are soluble throughout the duration of the reaction and in the heterogeneous 

polymerization contains at least one insoluble component at some point during the reaction 

[18]. 

In the heterogeneous polymerization, the four processes more widely studied are: 

precipitation, suspension, dispersion, and emulsion. This processes can be clearly 

distinguished on the basis of the initial state of the polymerization mixture, the kinetics of 

polymerization, the mechanism of particle formation and the shape and size of the final 

polymer particles [18].  

In a precipitation polymerization, an initially homogeneous mixture of monomer, initiator, 

and solvent becomes heterogeneous during the reaction as insoluble polymer chains aggregate 

to form a separate polymer phase [18]. 

In a suspension polymerization, on the other hand, neither the monomer nor the initiator are 

soluble in the continuous phase. The resulting polymer is also insoluble in the continuous 

phase [18]. 

In a dispersion polymerization both monomer and initiator are soluble in scCO2 and the 

reaction starts as a homogeneous mixture [18, 40]. Reported dispersion polymerizations led to 

spherical polymer particles, typically ranging in size from 100 nm to 10 μm [18]. 

In contrast to dispersion polymerization, the reaction mixture in an emulsion polymerization 

is initially heterogeneous due to the low solubility of the monomer in the continuous phase 

and the resulting polymer morphology is spherical particles typically inferior than 1 μm in 

diameter [18]. 

Dispersion and emulsion polymerizations constitute the colloid-forming polymerization 

methods that have being explored using CO2 [18, 40].  
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All the recent literature clearly indicates a shift of attention toward the later stages of the 

polymerization process and the properties of the polymer. Accordingly much current effort is 

directed toward establishing, at least on an empirical level, relations between processing 

parameters (composition, temperature, pressure, CO2 solubility, surfactant type and amount 

etc.) and the final polymer properties [9]. 

Supercritical carbon dioxide has indeed been shown to be a promising solvent for 

polymerization reactions [18] because it is an ambient gas, the polymers can be isolated from 

the reaction media by simple depressurization, resulting in a dry polymer product [18]. 

 

1.1.3. Porous structures formation using scCO2 

 

New routes had been developed to improve the properties of polymeric materials and the 

environmental compatibility of their manufacturing processes are receiving a large attention 

by researchers in the field of material science and chemical engineering [41]. Using 

conventional techniques it is difficult to obtain an accurate control of material properties and 

in some cases this processes do not offer an environmental safe way of production. SCF-

based techniques are an improvement of conventional processes that take advantage of the 

unique properties of SCFs: tunability of physical properties (mainly, viscosity and diffusivity) 

between those of liquids and gases and the environmentally benign impact of SCFs, such as 

carbon dioxide [15, 42]. 

Supercritical fluids had been received a lot of interest in the porous structures formation [43, 

44]. The porous structures using supercritical fluids can be performed following several 

routes, such as: foaming, crystallization of SCF-swollen crosslinked polymers (CSX), SCF 

antisolvent-induced phase separation, non-reactive gelation of SCF solutions using 

organogelators and porous particle formation [43]. 

SCF are used in the production of microcellular polymer foams [10, 45, 46]. In this technique, 

the polymer is saturated with supercritical carbon dioxide and hence the matrix is in a 

plasticized state [7]. This process was performed at moderately elevated temperatures 

followed by rapid depressurization at constant temperature [43] and the result is a foamed 

structure “frozen” [7]. This route for produced porous materials take a large depression in the 

glass transition temperature (Tg) found for many polymers in the presence of CO2 which 

means that the polymer may be kept in the liquid state at relatively low temperatures [43].  

CSX process transforms a compact solid specimen of polymer (crosslinked and crystallized) 

into a porous, solid specimen (still crosslinked but newly crystallized) without liquefying the 

polymer and without external mechanical forces [47].  
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In the SCF antisolvent-induced phase separation process, since scCO2 is such a poor solvent, 

it has a broad potential as an antisolvent for the preparation of porous polymeric materials 

[43]. 

Materials produced by non-reactive gelation of SCF solutions using organogelators were 

performed combining gelation and foaming process [43]. This materials are often highly 

fragile and collapse during drying because of capillary forces [43]. This route to obtain porous 

materials has a lot of interest [48] as it is can be less expensive if non-fluorinated gelators are 

developed in the future [43].  

Particles formation by SCFs emerging as a viable technology for the production of micro and 

nanoparticles of several kinds of materials and polymers [20, 49-51]. Better control of particle 

size, particle size distribution and morphology can be obtained by employing particle 

formation methods that use supercritical CO2 as a solvent or anti-solvent. With supercritical 

CO2, different morphologies can easily be obtained by tuning process parameters, such as the 

amount of dissolved CO2, temperature, pressure, nozzle diameter and depressurization rate 

[41]. 

The techniques for the preparation of polymer particles using SCFs can be divided in two 

main categories in which the SCF is used as a solvent (RESS) or as an anti-solvent (SAS, 

PGSS and SAA) [52]. 

The rapid expansion of supercritical solutions (RESS) consists in saturating a supercritical 

fluid with a solid substance and depressurizing it through a nozzle into a low-pressure 

chamber. As a consequence of the large reduction of the density, an extremely rapid 

supersaturation of the solution is obtained and small particles are produced [49, 53, 54]. 

In the supercritical antisolvent precipitation (SAS), the solid previously dissolved in an 

organic solvent, is precipitated by the action of the antisolvent (SCF) [50, 53, 54]. 

Particle from gas saturated solution (PGSS) technique is based on the lowering of the melting 

point of a polymer when a compressed gas is dissolved in it. In this way it is possible to 

prepare a gas-saturated solution that melts at temperatures lower than the pure compound. 

Then, the solution is expanded through a nozzle with the formation of particles. The 

simultaneous evaporation and Joule-Thompson effect cause a rapid cooling of the solution 

and consequently a rapid supersaturation occurs with the formation of particles. Similarly to 

RESS, in this process no organic solvents are required [41, 53, 54]. 

Recently, new techniques which involve supercritical CO2 had been used to induce the phase 

separation of the polymer solution [55-58]. For example, membranes can be obtained for this 

technique [56] where scCO2 operate as an non-solvent. In the conventional methods, the 

polymer solution is immersed into a coagulation bath filled with a non-solvent: the solvent 
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diffuses out the casting film while the coagulant (non-solvent) diffuses into it. The contact 

between the solvent and non-solvent causes the phase transition and polymer precipitation 

generating porous structures [59]. 

However,  scCO2 acting as the anti-solvent offers many advantages as it leads to dried 

structures without causing collapse due to the absence of a liquid-liquid interface,  an easy 

recovery of the organic solvent and the process does not require additional post-treatments at 

the end [59]. 

Membranes prepared using a CO2-assisted phase inversion method can be obtained by 

changing the conditions of pressure, temperature, composition of the casting solution and 

depressurization rate [14, 60]. In this method, solvent selection is a keypoint to obtain the 

desired membrane because membrane structure and performance are highly influenced by the 

used solvents [57, 61]. 

Supercritical carbon dioxide (scCO2) has been applied to induce the phase separation of the 

polymer solution and have been useful to produce membranes of nylon [55], polystyrene [56], 

cellulose acetate [58], chitosan [62], polysulfone [60], polysulfone/polycaprolactone [63], 

polycarbonate/polyethyleneglycol [64] polylactide [65, 66], poly(methyl methacrylate)  [59, 

67], poly(methymethacrylate-co-methacrylic acid) [68], poly(vinylidene fluoride-co-

hexafluoropropylene) [69], poly(vinylidene fluoride) [70], polyacrylonitrile-graft-

poly(ethylene oxide) [71]. 

 

 

1.2. Stimuli-responsive polymers 

Stimuli-responsive polymers are defined as polymers that undergo relatively large and abrupt, 

physical or chemical changes in response to small external changes in the environmental 

conditions [72]. These polymers recognize a stimulus as a signal and change their chain 

conformation in direct response [73]. These stimulus could be classified as  physical or 

chemical stimuli [72].  

Chemical stimuli [72], such as pH, ionic factors and chemical agents, will change the 

interactions between polymer chains or between polymer chains and solvents at the molecular 

level. The physical stimuli [72], such as temperature, electric or magnetic fields, and 

mechanical stress, will affect the level of various energy sources and alter molecular 

interactions at critical onset points.  

Stimuli-responsive polymers have been used in various forms, such as: crosslinked 

(permanently) hydrogels, reversible hydrogels, micelles, modified interfaces and conjugated 

solutions [72, 74].  
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Crosslinked (permanently) hydrogels, are formed with a three-dimensional (3D) network of 

polymer chains, where some parts are solvated by water molecules but the other parts are 

chemically or physically linked with each other. This structure gives the interesting property 

that they swell, but do not dissolve in aqueous environment. Therefore, hydrogels can come 

from a crosslinked network of hydrophilic polymers in water as the meaning of the prefix 

„hydro‟ is „aqueous‟ and they maintain their 3D structure after absorbing large amounts of 

water and swelling. Based on these crosslinked networks of hydrogels, the dimensions of 

stimuli-responsive hydrogels could be dramatically changed by an alternative change of 

hydrophobicity and hydrophilicity in the molecular structure of the swollen polymer chains 

[75-77]. This type of hydrogel has a crosslinked network structure containing the stimuli-

responsive component in the polymer chains, which causes dramatic swelling/deswelling 

according to the change in stimuli [72]. 

In the reversible hydrogels, the stimuli-responsive polymers could be reversibly transformed 

to solutions due to environmental stimuli changes, showing solution-gelation (sol-gel) 

transition by altering the hydrophobic interactions of crosslinked areas in an aqueous system 

[78, 79]. 

Polymeric micelles can be another form of stimuli-responsive polymer system. Micelles form 

by aggregation of amphiphilically combined block or terminally modified polymers in 

aqueous medium and originated from a hydrophobic effect [72]. 

Matrix surfaces, as polymer [80, 81] could be functionalized with stimuli-responsive 

polymers to produce highly responsive interfaces between solid and liquid (mostly water) 

phases. The property of the modified interface can give a dynamic on-off system by changing 

the hydrophobic/hydrophilic surface function and the pore size of porous membranes [72]. 

In this work, will be focus in smart polymers which answer a physical stimulus, especially in 

synthesis of crosslinked (permanently) hydrogels. 

 

1.2.1. Thermoresponsive polymers 

Temperature is the most widely used stimulus in environmentally responsive polymer systems 

[72]. One of the unique properties of temperature-responsive polymers is the presence of a 

critical solution temperature. Critical solution temperature is the temperature at which the 

phase of polymer and solution (or the other polymer) is discontinuously changed according to 

their composition. If the polymer solution (mostly water) has one phase below a specific 

temperature, which depends on the polymer concentration, and are phase-separated above this 

temperature, these polymers generally have a lower critical solution temperature (LCST) 
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otherwise, it is called an upper critical solution temperature (UCST) [72]. However, most 

applications are related to LCST - based polymer systems [82-86].  

Thermoresponsive polymers have been an interesting target in medical and biological areas 

[87, 88]. The use of thermoresponsive polymers allows achieving temperature controlled 

systems [89]. The minimum requirements include: firstly, the mechanical and physical 

properties of these polymers; secondly, these polymers must be biodegradable, biocompatible 

and nontoxic and the switch temperature point, the LCST of these polymers, should be close 

to the normal body temperature (37 ºC) [90]. Several temperature-responsive polymers have 

been studied, such as: poly(N-isopropylacrylamide) (PNIPAAm) [91], poly(N,N’-

diethylacrylamide) (PDEAAm) [92], poly(N-isopropylmethacrylamide) [93], poly(N-

ethylacrylamide) [94], poly(N-ethylmethacrylamide) [95], poly(N-vinylisobutylamide) [96], 

poly(vinyl methyl ether) [97], poly(N-vinylcaprolactam) [98], poly(dimethylaminoethyl 

methacrylate) [81]. Other temperature-responsive polymers were prepared from monomers as 

N-ethyloylpyrrolidine [99] and N-acryloylpiperidine [100]. 

Specially poly(N-substituted acrylamide) is representative of  the group of temperature-

responsive polymers which have a LCST, defined as the critical temperature at which a 

polymer solution undergoes phase transition from a soluble to an insoluble state above the 

critical temperature [72]. 

In this study, will be focus in the PNIPAAm and PDEAAm synthesis, LCST polymers. The 

structures of PNIPAAm and PDEAAm as well as correspondent schematic representation of 

thermoresponsive behavior of these polymers are present in the Figure 1.4. 

 

 

Figure 1.4: PNIPAAm and PDEAAm: a) Structures; b) Schematic representation of thermoresponsive behavior. 

Poly(N-isopropylacrylamide) (PNIPAAm) is the most popular temperature-responsive 

polymer since ever, largely due to its “biocompatible” and exhibits a sharp phase transition in 
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water (LCST) at around 32 ºC [90, 101, 102]. The fundamental behavior of PNIPAAm has 

been extensively studied, not only to understand the mechanism itself, but also to develop 

specific technological applications [72].  

Recently, attention has been paid to poly(N,N’-diethylacrylamide) (PDEAAm) as an 

alternative thermo-sensitive water-soluble polymer to PNIPAAm [103] which has a LCST in 

the range of 25 - 35 ºC [90, 104]. PDEAAm belongs to a kind of polymer with similar 

thermosensitivity mechanism to PNIPAAm, containing hydrophobic vinyl backbones and 

diethyl side groups in the main chain structure [103]. Idziak et al. [92] reported that the LCST 

of PDEAAm is around 33 ºC, while Itakura et al. [105] have demonstrated that PDEAAm is 

not moleculary dissolved in water but forms molecular aggregates below the cloud point in a 

one-phase region. However diverse work related with PDEAAm has been developed and 

different LCST values have been reported according to the amount and type of crosslinker 

used in DEAAm synthesis as well as according with kind of copolymerization which is 

possible to perform with DEAAm [106-109]. Thus, it is possible to obtain a wide range of 

polymers with different LCST. At low temperatures (below of LCST), the strong hydrogen 

bonding between the hydrophilic groups and water outweighs the unfavourable free energy 

related to the exposure of hydrophobic groups to water, leading to good solubility of the 

polymer in water. When temperature increases, hydrogen bonding weakens, while 

hydrophobic interactions between hydrophobic side groups strengthen. Above the LCST, 

interactions between hydrophobic groups become dominant, leading to an entropy-driven 

polymer collapse and phase separation [103]. 

 

1.3. Polymeric membranes 

The majority of porous membrane are prepared from homogenous polymer solution by the 

wet phase inversion method. In this method, the solution consisting of polymer and solvent is 

immersed into a non-solvent coagulation bath, where the contact between the solvent and the 

non-solvent causes the solution to be phase-separated. This process involves the use of 

organic solvents that must be expensively removed from the membrane with post-treatments, 

in the traditional methods [58]. 

Supercritical fluids emerge as the green alternative to prepare membranes by phase inversion 

method, without residual solvents. Supercritical carbon dioxide received a lot of attention in 

the formation of these structures. Membranes prepared by CO2-assisted phase inversion can 

be obtained by changing parameters such as, pressure, temperature, composition of the casting 

solution and depressurization [63]. Another important factor to take into account in the CO2-
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assisted phase inversion is the affinity between solvent and non-solvent (scCO2), as well as 

polymer and solvent are some of the parameters that must be controlled to obtain the desired 

membrane morphology [14].  

Several membranes have been prepared by phase inversion method using scCO2 as anti-

solvent [41]. Specially attention have been done polysulfone (PS) membranes that have been 

produced by phase inversion method using conventional methods [110, 111] and supercritical 

fluids [6, 14, 60].  

In order to explore the good morphological and mechanical properties already studied of 

polysulfone membranes prepared by scCO2-phase inversion, polysulfone based membranes 

were produced adding PAN in the casting solutions to improve the hydrophilic character of 

the membrane [112]. 

PAN was studied by dispersion polymerization in scCO2 [113] and recently it was 

synthesized by precipitation polymerization in scCO2 by Barroso et al. [71] and was also 

processed in scCO2 to produce antifouling membranes.  

PS/PAN blend membranes using DMF as a solvent by conventional evaporation method were 

studied by Ai-Lian et al. [112] and the authors verified that the incorporation of PS in the 

polymeric blend improved the permeability of ultrafiltration membranes. 

In this work, it was proposed the preparation of PS/PAN blend membranes in three different 

ratios: 100/0, 90/10 and 80/20 by phase inversion method using supercritical carbon dioxide 

technology.  

Figure 1.5 present the chemical structures of polysulfone (PS) and polyacrylonitrile (PAN). 

 

 

Figure 1.5: Chemical structures: a) PS; b) PAN. 

 

1.3.1. Thermoresponsive membranes 

Stimuli-responsive membranes received, during the last decade, large interest from various 

scientific fields, because their permeation properties can be controlled or adjusted according 

to the external chemical and physical stimulus, such as pH [68, 114], temperature [115], 

electric field [116], concentration of chemical species, light [117] or ionic strength [118] of 

their environments. Researchers have found a broad range of applications, as controlled drug 
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delivery devices [119, 120], in bioseparation processes [121], chemical separation, water 

treatment, chemical sensors [122] and tissue engineering applications [123, 124]. 

Temperature-responsive polymers can be incorporated into the membrane bulk during 

membrane formation or as surface modifying agents following membrane formation. Several 

techniques were used to prepare thermoresponsive membranes, such as the vacuum filtration 

method [125], the adsorption method [126], the coating method [127], introduction of 

nanosized thermoresponsive particles into the membranes [128] or by simply grafting 

thermoresponsive polymers onto porous membranes substrates by different grafting 

techniques [129]. In our group we have been proposing a new strategy for the solvent-free 

impregnation/coating of polymeric surfaces and porous structures with thermoresponsive 

polymers [6, 102]. The developed procedure consists in two main steps: first, the matrixes, 

porous membranes or scaffolds, are prepared using “green” methodologies scCO2-induced 

phase inversion method as described by Temtem et al. [14] and Barroso et al. [130] to prepare 

membranes with controlled morphology or lyophilisation to obtain the scaffolds; secondly, 

the porous matrixes with pores well defined in the micrometer range are coated/impregnated 

by in situ polymerization of a temperature-sensitive polymer in scCO2. Following this 

procedure, 3D structures with good performance in terms of valve mechanism in the pores 

with a complete on-off control of water permeability were prepared [14].  

In this work, we extended the previously described procedure to develop “smart” PS/PAN 

blend membranes coating these membranes by in situ polymerization of N-

isopropylacrylamide (NIPAAm) or N,N’-diethylacrylamide (DEAAm) in scCO2. The 

performance of thermoresponsive membranes was investigated by studying the permeation of 

two model proteins with different molecular weights, BSA and LYS, at temperatures below 

and above the LCST of temperature-sensitive polymers (20 and 40 ºC). In addition, we 

investigated the fouling resistance of the membranes as this is a key aspect for applications in 

biotechnology and food industries with unlimited business opportunities [131].  
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2. Experimental Section 

2.1. Synthesis of polymers 

 

2.1.1. Materials 

Acrylonitrile (AN, purity ≥ 99 %) and N-isopropylacrylamide (NIPAAm, purity ≥ 97 %) were 

purchased from Sigma-Aldrich. N,N´-diethylacrylamide (DEAAm) was obtained from 

Polysciences Inc. Europe. N,N-methylenebisacrylamide (MBA, purity ≥ 98 %) and 2,2’ 

azobis(isobutyronitrile) (AIBN, purity ≥ 98 %) was obtained May & Baker. Krytox 157 FSL 

was purchased by DuPont. Deuterated chloroform (CDCl3) was purchased from Cambridge 

Isotope Laboratories, Inc. and CO2 was obtained from Air Liquide with purity higher than 

99.998 %.  

 

2.1.2. Polymerizations in scCO2 

PAN, PNIPAAm and PDEAAm were synthesized in scCO2. The polymerization reactions 

were performed in a high pressure apparatus schematically shown in Figure 2.1 [1]. The 

reactions were performed in a 33 mL stainless steel high-pressure equipped with two aligned 

sapphire windows in both tops stamped with teflon o-rings. The cell is immersed in a 

thermostatted water bath with ± 0.01 ºC of stability. Temperature control was done with a 

RTD with a precision ± 0.001 K probe contacting the cell, connected to a Hart Scientific PID 

controller. The internal agitation is assured by magnetic stirring. The pressure is controlled 

with a manometer (SETRA, model Datum 2000) with a precision of ± 0.01 MPa. 

 

Figure 2.1: Schematic representation of the apparatus used in the polymerization reactions: 1- nitrogen cylinder; 

2 - gas regulator; 3 - rupture disc; 4 - high-pressure manometer; 5 - check-valve; 6 - line filter; 7 - water bath; 8 -

immersible stirrer; 9 - high pressure cell; 10 - Platinum resistance RTD probe; 11 - temperature controller; 12 -

vent; 13 - pneumatic CO2 compressor; 14 - CO2 cylinder; M1,M2 - bourbon manometers; wp - water 

recirculation pump; V1 to V7 – valves. 
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The reactants (monomer, crosslinker and initiator) are placed into the reactor which is then 

sealed and nitrogen is added to purge the cell and test for leaks. The nitrogen is slowly 

released and liquid carbon dioxide is loaded into the cell using a high-pressure compressor 

(NMA GmbH). The cell is immersed in a thermostatted water bath set to 65 °C, and pressure 

is allowed to rise up to 25 MPa. The reactions proceeded for 24 hours under stirring. It could 

be seen through the sapphire windows that the polymerization is started in a homogeneous 

phase where all the reactants are completely dissolved in scCO2. At the end of the reaction, 

the resulting polymer was washed with fresh high-pressure CO2 for one hour in order to 

remove unreacted monomer. 

 

 

 

Figure 2.2: Real apparatus for the polymers production. 

 

PAN was synthesized according to Barroso et al. [2] by charging the high-pressure cell with 4 

mL of acrylonitrile and initiator (2 wt % of AIBN with respect to total mass of monomer). 

For the PNIPAAm synthesis we carried the cell with 1g NIPAAm, 2 wt % of AIBN (with 

respect to total mass of monomer) and 1 wt % of MBA (crosslinker) with respect to total mass 

of monomer. 

In the synthesis of PDEAAm, the cell was charged with monomer (2 mL DEAAm), initiator 

(2 wt % of AIBN with respect to total mass of monomer), crosslinker (1 and 2 wt % of MBA 

with respect to total mass of monomer) and surfactant (0 and 5 wt % of Krytox with the 

respect to total mass of monomer). 

 

2.1.3. Characterization of  synthesized polymers 

PAN [2] and PNIPAAm [3] were studied and characterized in previous reported works, please 

refer to the work of Temtem et al. [3] and Barroso et al. [2]. The morphological and physico-

chemical characterization of PDEAAm was performed using different techniques. 
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Particle morphology observations were based in scanning electron microscopy (SEM) data. 

SEM micrographs were performed in a Hitachi S-2400, with an accelerating voltage set to 15 

kV. All samples were gold coated before analysis. 

Particle size of dry polymer samples was measured by image analysis using a Malvern G3 

automated optical microscopy system (Malvern Instruments, UK). The particle size 

distribution was calculated using descriptive statistics from OriginPro 8.0 software, for a total 

population of 1000 particles. 

Infrared measurements were performed on a Perkin Elmer FT-IR System Spectrum BX. 

Pellets containing finally grounded powdered of small amount of sample mixed with dried 

KBr (1:5 mass ratio) were prepared before recording. 

1
H-NMR spectra were acquired in a Bruker ARX 400 spectrometer. Approximately 10 mg of 

sample were dissolved in 500 µL of deuterated CDCl3.  

Average molecular weights of the polymer samples were determined by GPC analysis using a 

KNAUER system with an evaporative light scatter detector from Polymer Laboratories 

(temperature of the evaporator: 175 ºC, temperature of the nebulizator: 85 ºC, eluent rate 

flow: 1.0 mL.min
-1

 of DMF). Two PolyPore columns were used in series. 

In order to measure the turbidity of PDEAAm solutions as a function of temperature, aqueous 

solutions with 0.2 wt % (0.2 mg.mL
-1

) of polymer were prepared. The measurements were 

performed using a UV/VIS spectrometer PerkinElmer Lambda 35 (PerkinElmer Inc., USA), 

equipped with a water-jacketed cell holder coupled with a temperature-controlled circulating 

bath. All measurements were performed at 600 nm for all PDEAAm polymers. Turbidity was 

recorded upon heating from 24 to 48 
o
C (after 5 min of equilibration for each temperature). 

Mili-Q pore water was adopted as reference for the measurement. The temperature of the 

sample dispersion was continuously monitored by a thermocouple inserted inside the cuvette. 

The increase in turbidity with increasing temperature is a result of the volume phase transition 

for polymers. The lower critical solution temperature (LCST) for the thermoresponsive 

samples was calculated as the inflexion point of the normalized absorbance to temperature 

curve (Boltzmann function – sigmoidal curve) using OriginPro 8.0 software. 
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Figure 2.3: Real apparatus of turbidimetry measurements. 

 

The swelling tests were performed in order to determine the polymer’s water uptake ability. 

Dry polymer samples were weighted and immersed in beakers containing approximately 20 

mL of PBS solution at pH 7.4 and temperatures 20 and 37 ºC. Periodically, the samples were 

removed from the swelling medium (20 ºC) wiped to remove excessive water of the surface 

and weighted. After 24 hours, when the mass of polymers reached a plateau value, the 

samples were transferred to a swelling medium at 37 ºC maintaining the pH 7.4. After another 

24 hours, a new plateau was reached, and the samples were transferred again to the bath at 37 

ºC. Thus dynamic swelling and shrinking were studied during one week. Equilibrium 

hydration or swelling degree W (%) of the synthesized samples was determined as defined by 

Equation 1 

      
     

  
                         (1) 

where Wd is the weight of the dried sample and Ww is the weight after immersion. 

 

2.2. Membranes preparation 

 

2.2.1. Materials 

Polysulfone (PS) (Mw = 67000 g.mol
-1

) in pellet form, N-isopropylacrylamide (NIPAAm, 

purity ≥ 97 %), lysozyme from chicken egg white (50,800 U/mg protein) and bovine serum 

albumin (BSA) (Mw = 66 kDa, purity ≥ 98 %) were purchased from Sigma-Aldrich. N,N´ 

diethylacrylamide (DEAAm) was obtained from Polysciences Inc. Europe. The 2,2’ 

azobis(isobutyronitrile) (AIBN, purity ≥ 98 %), N,N-methylenebisacrylamide (MBA, purity ≥ 

98 %) and N,N-dimethylformamide (DMF, purity ≥ 99 %) were obtained from May & Baker.  
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Polyacrylonitrile used was synthesized according by Barroso et al. [2] and CO2 was obtained 

from Air Liquide with purity higher than 99.998 %. All reagents were used without any 

further purification.  

 

2.2.2. PS /PAN membranes prepared by phase inversion method in 

scCO2 

The membrane production was undertaken in a high-pressure apparatus designed by Temtem 

[4] schematically presented in  Figure 2.4. 

 

Figure 2.4: Layout of the high-pressure apparatus for the membrane formation: (1) Gilson 305 piston pump; (2) 

temperature controller; (3) high-pressure cell; (4) pressure transducer; (5) back pressure regulator. 

 

Membranes were prepared in a 200 mL stainless steel cylindrical high-pressure cell with an 

internal mechanism to homogenously disperse CO2 in the top of the casting solution. The cell 

has two sapphire windows sealed with teflon o-rings. The stainless steel cover of the cell 

contains openings for the inlet valve of CO2 admission and pressure transducer. The cell is 

immersed in a visual thermostatted water bath, heated by means of a PID controller (Hart 

Scientific, Model 2200) that maintained the temperature within ± 0.01 °C. The pressure is 

monitored with a pressure transducer (Setra Systems Inc., Model 204) with a precision of ± 

0.1 kPa. In a typical procedure, the casting solution is loaded into a teflon cap (with a 

diameter of 68 mm) which is placed inside the high-pressure vessel and immersed in the 

thermostatted water bath. Approximately 400 mg of solution was spread over the sapphire 

window in order to produce membranes with thickness ranging from 1 to 1.2 mm. The casting 

solution was prepared by solubilizing 30 wt % of polymer in dimethylformamide (DMF). 

Solutions were prepared in the polymer ratio from 100/0, 90/10 and 80/20 of PS/PAN (w/w). 
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CO2 is added until the desired pressure, with an exact flow, using a Gilson 305 piston pump. 

After reaching the normal operational pressure, the supercritical solution passes through a 

back pressure regulator (Jasco 880-81) which separates the CO2 from the solvent. All the 

experiments were realized at 18.6 ± 0.7 MPa with a CO2 flow of 9.8 g.min
-1

 during 2 h. At the 

end the system is depressurized in 1 min and a thin homogeneous membrane is obtained. 

 

 

Figure 2.5: Real apparatus of membrane production. 

 

 

2.2.3. In situ polymerization inside PS/PAN membranes 

 

The in situ polymerizations of PNIPAAm and PDEAAm were performed inside 

polysulfone/polyacrylonitrile membrane pores. In a typical procedure, the in situ 

polymerization within the membrane pores is performed by loading the membranes and 

reactants (monomer/initiator/crosslinker) into the high-pressure cell. In the PNIPAAm case 

we introduced 1 g of NIPAAm, 0.020 g of AIBN and 0.010 g of MBA; for PDEAAm 

synthesis, we introduced 2 mL of DEAAm (that correspond to 1.464 g), 0.0293 g of AIBN 

and 0.0146 g of MBA. The nitrogen is added to purge the cell and test for leaks. The nitrogen 

is slowly released and liquid carbon dioxide is loaded into the cell using a high-pressure 

compressor (NMA GmbH). The cell is immersed in the water bath at 65 °C and pressure is 

allowed to rise to 25 MPa, as reported in a previous work from our group [3] and proceeded 

for 24 hours under stirring. The reactions were carried out in a high-pressure apparatus 

already described elsewhere [1]. 
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Figure 2.6: Real apparatus in situ polymerization in the membranes. 

 

2.2.4. Membranes characterization 

 

Membranes morphology was investigated by scanning electron microscopy (SEM). SEM 

micrographs were performed in a Hitachi S-2400, with an accelerating voltage set to 15 kV. 

For cross-section analysis the membrane samples were frozen and fractured in liquid nitrogen. 

All samples were coated with gold before analysis.  

Membrane surface composition was studied by X-Ray Photoelectron Spectroscopy (XPS) 

using the unmonochromatic Al K radiation (h=1486.6 eV) from a Kratos Analytical 

XSAM800 equipment. Squared pieces of each membrane were held to the sample holder 

using a spring.  

The pores size distribution was determinated in a Micrometrics Auto Pore IV mercury 

porosimeter using samples weights between 0.080 - 0.130 g in order to obtain a good 

distribution. These analyses were performed in two steps, first applying low pressure at 345 

kPa and the second applying high pressure at 223 MPa. The results were treated using 

SigmaPlot program. 

Membrane hydrophibicity was evaluated through the measurement of the contact angle with 

Millipore water droplets in a KSV Goniometer model CAM 100 at two different temperatures 

20 and 40 °C. 

 

 

Figure 2.7: Real apparatus of contact angle measurements. 
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The tensile properties of the membranes were tested with a tensile testing machine 

(MINIMAT firm-ware v.3.1) at room temperature. The samples were cut into 5 mm × 15 mm 

strips. The length between the clamps was set at 5 mm and the speed of testing set to 0.1 

mm.min
-1

. A full scale load of 20 N and maximum extension of 35 mm were used. 

Measurements were performed with dried membranes. 

The Young modulus was calculated from the slope of the linear portion of the stress-strain 

curve. All samples were tested in dry state at room temperature. 

Load extension graphs were obtained during testing and converted to stress-strain curves, 

applying equations 

 

  
 

 
   

  

 
 

  

where, 

σ – Stress (N.mm
-2

) 

F – Applied force (N) 

A – Cross sectional area (mm
2
) 

ε – Strain 

Δl – Change in length (mm) 

L – Length between lamps (mm) 

 

The permeability to pure water was determined by measuring the distilled water flux through 

the membranes using a 10 mL filtration stainless steel high-pressure cell with an effective 

area of 4.1 cm
2
. All the experiments were carried out varying the applied hydrostatic pressure 

from 0 to 0.7 MPa. The permeability of the membranes was obtained by the slope of linear 

relation between flux and pressure and it is given by Darcy Law 

 

 

          

where, 

F – Flux (L.m
-2

.h
-1

) 

Lp – Permeability (L.m
-2

.h
-1

.MPa
-1

) 

ΔP – Drop of pressure (MPa) 
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2.2.5. Protein filtration  

 

Figure 2.8: Layout of the apparatus for the filtration measurements: 1) Argon cylinder; 2) Filtration cell; 3) 

Protein collect; 4) Magnetic stirrer. 

 

The BSA and LYS filtrations were performed by measuring the flux through the membranes 

with a BSA and LYS solutions (3 mg.mL
-1

)  using a 10 mL filtration stainless steel high-

pressure cell with an effective area of 4.1 cm
2
. All the experiments were carried out varying 

the applied hydrostatic pressure from 0 to 0.7 MPa. 

Firstly, PBS (20 mL) passed through the membrane until the flux remained stable. Secondly, 

feed solution containing BSA or LYS (3 mg.mL
-1

) were filtrated at pH 7.4 and as a last step 

PBS was again passed through the membranes in order to wash it and to recover the BSA or 

LYS retained for further utilizations. All these steps were performed for 20 and 40 ºC. 

Permeate samples of 1 mL were collected along the permeation of a total of 10 mL. The 

collected BSA and LYS permeates were analyzed in a Helius Alpha Double-Beam UV/VIS 

spectrophotometer at 280 nm. All the experiments were carried out at 0.7 MPa at different 

temperatures 20 and 40 ºC.  

 

 

Figure 2.9:  Real apparatus of filtration assays. 
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3. Results 

 

3.1 Synthesis of PDEAAm 

 

The polymerization reaction of poly(N,N’-diethylacrylamide) (PDEAAm) follow the scheme 

present in Figure 3.1. 

 

 

Figure 3.1: Reaction of synthesis of PDEAAm. 

 

The reaction follows a free radical mechanism by heterogeneous precipitation polymerization. 

The polymerization of DEAAm was investigated varying the crosslinker and surfactant 

compositions. Polymerizations were carried out at 25 MPa and 65 ºC for 24 hours. The 

chosen pressure and time are typical values used in polymerization of acrylamides [3] in 

supercritical carbon dioxide and 65 ºC is the temperature at which the initiator has the best 

performance.  

Five different DEAAm polymerizations were performed, varying the crosslinker (MBA) 

composition from 0 to 2 wt % and adding 5 wt % of surfactant (Krytox) in two of them with 

respect to the total monomer mass. The idea to vary the crosslinker content in PDEAAm 

synthesis was to study its influence in the thermoresponsive behaviour of the PDEAAm, 

while the use of Krytox was to evaluate its influence in PDEAAm morphology. 

Table 3.1 presents the details of feed composition and sample designation of different 

PDEAAm synthesis as well as an overview of characterization results. 
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Table 3.1: Details of feed composition, yields, morphology and LCST values of synthesized PDEAAm 

hydrogels in scCO2. 

Experiment Polymer
a
 % MBA

b
 % Krytox

c
 Yield

d
 

Polymer 

morphology
e
 

LCST 

(ºC) 

1 PDEAAm - - 70 
Agglomerated 

particles 
35  0.16 

2 PDEAAm_1 1 - 88 
Agglomerated 

particles 
34  0.09 

3 PDEAAm_2 2 - 89 
Agglomerated 

particles 
34  0.16 

4 PDEAAm_1_S 1 5 88 
Agglomerated 

particles 
33  0.29 

5 PDEAAm_2_S 2 5 82 
Agglomerated 

particles 
33  0.19 

a
 The reactions were carried out at 25 MPa at 65 ºC for 24 h in a 33 mL cell. 3.8 g of feed monomer 

mixture and 2 wt % of AIBN with respect to this mixture were used. 

b,
 
c
 Percentage weight/weight with respect to the total monomer mass. 

d
 Determined gravimetrically. 

e
 Appearance of the polymer after venting and determined from SEM micrographs. 

 

 

Acceptable yields (Table 3.1) were obtained for all the tested compositions and the polymer 

morphology was similar in all experiments. By increasing the crosslinker concentration from 

0 to 1 wt %, the yield increased up to 89 % (entries 1 to 3 in Table 3.1). This trend might be 

due to the ability of the crosslinker (MBA) to enhance the solubility of the growing polymer 

in scCO2 leading to higher yields. Similar behaviours were observed by Cooper et al. [5] in 

the synthesis of crosslinked polystyrene in scCO2 and by Temtem et al. [3] in PNIPAAm 

synthesis. 
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Figure 3.2: SEM images of PDEAAm synthesis: a) Experiment 1; b) Experiment 2; c) Experiment 3; d) 

Experiment 4; e) Experiment 5. 

SEM images presented in Figure 3.2 shows that the powders are formed by large 

agglomerates although it was expected that by using Krytox a more regular and defined 

morphology could be attained [6]. Casimiro et al. [1] verified that Krytox effectively worked 

as stabiliser with a fundamental role in the stabilization of the poly(DEGDMA) 

microparticles.  

PNIPAAm synthesis could also be improved by using Krytox as a polymerization stabilizer 

(results not shown). However, in the present work, the synthesis of PDEAAm no stabilising 

effect could be achieved. Other surfactants could be tested or more surfactant should be used. 

In order to better understanding the PDEAAm morphology and average particle size analysis 

were performed using Malvern G3 automated optical microscopy system (Malvern 

Instruments, UK).  

Figure 3.3 shows the particle size distributions for experiments 2, 3, 4 and 5.  
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Figure 3.3: Particle size distribution of PDEAAm hydrogels. 

Polymer obtained in experiment 1 (PDEAAm) is not represented as due to its high stiffness 

no convenient powder dispersion could be achieved for Malvern G3 analysis. In the 

remaining experiments similar agglomerated particles with average diameters of 1.6  0.4 µm 

were obtained. Figure 3.3 show that slightly more uniform size distributions were achieved 

when PDEAAm was synthesized with stabiliser, PDEAAm_1_S and PDEAAm_2_S that 

correspond to experiments 4 and 5, respectively. This fact it is in agreement with SEM results 

previously discussed. Similar results are already available in the literature for PDEAAm 

synthesis by traditional emulsion polymerization [7] however, at the end of reactions, 

repeated centrifugation followed by decantation and redispersion in Millipore water was 

necessary to efficiently remove low molecular weight impurities such as residual monomer 

molecules. Panayiotou et al. [7] synthesized  and characterized PDEAAm by surfactant-free 

radical polymerization in aqueous solution (in the presence of BIS as crosslinking agent, APS 

was used to initiate the reaction and TEMED was used as an accelerator) and concluded that 

PDEAAm particles had different sizes distributions according the polymerization conditions. 

The average of particle size diameter of PDEAAm microgels obtained by these authors was 

around 1 µm. This value is similar of the value obtained in this work, however different types 

of polymerization, initiator and crosslinker used were different.  

In this work, PDEAAm crosslinked particles could be obtained with high purity by simply 

washing with high-pressure CO2 at the end of reaction, as it was confirmed by NMR and FT-

IR analysis. 
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1
H-NMR spectroscopy was performed to confirm the presence of synthesized polymer 

(PDEAAm). 
1
H-NMR of PDEAAm obtained in experiment 1 (present in Appendix 1) showed 

resonance bands at 1.2 and 3.3 ppm correspond to CH3 and CH2 protons, respectively, of 

ethyl groups in the side chains, while the main-chain CH2 and CH protons resonate at 1.7 and 

2.5 ppm, respectively. These values are in agreement with the literature [8]. The crosslinked 

polymers were fully insoluble and so no NMR spectra could be obtained.   

 

Figure 3.4: FT-IR spectra of PDEAAm: Experiment 1. 

Figure 3.4 represents the FT-IR spectra corresponding to the experiment 1 because all the FT-

IR spectra for the other experiments were similar. All FT-IR spectra analysis showed the 

characteristic peak of PDEAAm which corresponds to the hydrogen bonding of the amide 

group around 1630 cm
-1

 [9]. The peak of MBA is not visible in FT-IR spectra which can be 

due to two possible explanations. The first reason might be related with the used amount of 

MBA that was much lower comparing to the used amount of monomer in all experiments, and 

this might difficult its detection in the spectrum. Another one is the fact that MBA 

characteristic peak (corresponding to the amide group) is coincident with the PDEAAm peak, 

so probably both peaks can be overlapped. The peak corresponding to the acid group of 

Krytox does not appear in FT-IR spectra what confirms its absence in the final products. This 

fact was expected as scCO2 washes efficiently the product at the end of the reaction and 

removes all the residues, living a clean polymeric product [10]. 
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The molecular weight and polydispersity (Mw/Mn) were determined only for the uncrosslinked 

PDEAAm obtained in experiment 1. The results obtained were Mn = 78990 and polidispersity 

of 1.18. These values are better than the values published in the literature for this kind of 

polymers [11].  

In order to determine the LCST of each synthesized PDEAAm polymer, turbidimetric 

analyses were performed. The temperature dependence of the thermoresponsive polymer is 

due to the delicate balance between enthalpy and entropy which determines the concentrations 

of hydrophobic and hydrophilic groups (C=O) present at the polymer/water interface [12]. In 

the PDEAAm aqueous solution, when the temperature of water increase, the polymer surfaces 

become more hydrophobic, the PDEAAm molecular chains aggregate to form bigger particles 

and they finally phase-separate from solution. 

Fig. 3.5 present the turbidimetry curves for all the PDEAAm polymers synthesized. 

 

 

Figure 3.5: Turbidimetry analysis of PDEAAm hydrogels assembled in water: a) (■) PDEAAm; () 

PDEAAm_1; () PDEAAm_2; b) (■) PDEAAm; () PDEAAm_1_S; () PDEAAm_2_S. Data shown was 

obtained upon heating from 24 ºC up to 48 ºC. 

The turbidity of aqueous dispersions of the synthesized PDEAAm microgels was investigated 

as shown in Figure 3.5. Table 3.1 contains the LCST values which were calculated as the 

inflexion point of the normalized absorbance to temperature curve. When heating PDEAAm 

microgels aqueous dispersions, the turbidity increased with temperature, exhibiting a sharp 

slope at the LCST. The derived values for the LCST are in agreement with previous reports 

on PDEAAm (vide Table 3.1) [7, 9, 12, 13]. The observed thermoresponsive behavior is 

totally reversible upon cooling, as no hysteresis was observed (data not shown). From 

turbidimetric curves, it is possible to observe that all of them are very close being in a limited 

range, 33 - 35 ºC. As it is already described in the literature [14] and in agreement with 

reported results, the existence of chemical crosslinking decreases the mobility of PDEAAm  
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segments, and the collapse temperature transition is shifted towards lower temperatures [8, 

15]. On the other hand, linear PDEAAm polymer (without crosslinker) shifts the collapse 

transition towards higher temperatures [14]. 

The synthesis of PDEAAm performed in the presence of a surfactant (Krytox) was tried to 

investigate if Krytox could act as a stabilizer during reaction and lead to a polymer with 

controlled morphology. Observing the SEM micrographs shown in the Figure 3.2 it is 

possible to conclude that experiments 4 and 5 produced large and agglomerated particles 

contrarily to what was expected. The addition of surfactant in the PDEAAm synthesis 

translate in the lowering of the LCST in 2 ºC. 

The swelling degree of a thermoresponsive polymer [16] is also another important property 

which should be evaluated because it will determine properties such as the absorption and 

diffusion of solutes through the hydrogel/polymer, mechanical properties under wet 

conditions and water uptake capability [3].  

In the swelling process, the water molecules penetrate the dry polymer wetting the polymer 

chains. They are weakly adsorbed on the hydrophilic polymer chains or are connected through 

hydrogen bonds to each other, being trapped in the hydrophilic polymer matrices. All of these 

interactions lead the polymer to swell well at a temperature lower than the LCST. At 

temperatures above the LCST, this balance is disturbed, and the interactions among the 

hydrophobic groups begin to play a dominant role, and so the polymer chains aggregate 

together. As a result, the entrapped water is squeezed out [3]. 

 

 

Figure 3.6: PDEAAm hydrogels: a) Swelling at 20 and 37 ºC; b) Scheme of thermoresponsive behavior at 

different temperature. 
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Fig. 3.6 (a) shows the swelling behavior at 20 and 37 ºC, of the PDEAAm samples 

synthesized in scCO2. In Fig. 3.6 (b) are included the images on the PDEAAm hydrogel 

particles at different temperatures as well as a scheme to explain the phenomena of swelling 

and collapse of microgel particles as a function of temperature. The observed differences in 

the swelling curves are due to the influence of different crosslinking degrees. All PDEAAm 

polymers swell more at 20 ºC than 37 ºC as it was expected once below their LCST hydrogels 

are hydrophilic while above the LCST the hydrogels are hydrophobic leading to different 

interactions with water molecules as it was previously discussed. 

According with all the results it is possible to conclude that PDEAAm hydrogels can be 

efficiently synthesized in scCO2. 

 

 

 

3.2. PS/PAN blend membranes characterization 

 

In this study, polysulfone/polyacrylonitrile (PS/PAN) blend membranes were produced by 

scCO2-assisted phase inversion. Initially, following the procedure of Temtem et al. [17], 

casting solutions with 15 wt % of mixtures of polysulfone (PS) and polyacrylonitrile (PAN) in 

DMF were tested. However, no membranes could be obtained from these casting solutions 

only more concentrated blends of PS/PAN enabled the formation of porous membranes using 

the scCO2-assisted phase inversion method.  

PS/PAN membranes were prepared from casting solutions with 30 wt % and polymer ratios of 

50/50, 60/40 and 70/30 respectively. These membranes were not formed because the amount 

of polyacrylonitrile that was present in the blend was too high, leading to very fragile 

structures. In order to overcome this problem only PS/PAN membranes with polymer ratios of 

100/0, 90/10 and 80/20 ratios were prepared. 

This process was realized with the following parameters: temperature (45 °C), pressure (20 

MPa), depressurization (1 min) and CO2 flow of 9.8 mL.min
-1

 for 2 h.  

Table 3.2 show a summary of the blend membranes prepared as well as the membranes 

porosities obtained. 
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Table 3.2: Membranes composition and pores characterization. 

Experiment Membrane 
% Polysulfone in 

blend membrane 

% Polyacrylonitrile 

in blend membrane 

Porosity  

(%) 

Pore size 

diameter 

(μm) 

1 PS 100 0 58 0.25 

2 PS/PAN 9010 90 10 49 0.15 

3 PS/PAN 8020 80 20 48 0.09 

 

The obtained results presented in the Table 3.2 show few differences between porosity and 

pore size diameter with the blend polymer composition. The porosity and pore size diameter 

of membranes decreased with an increase of polyacrylonitrile percentage in membrane 

composition. Thought the Table 3.2, it was possible to observe that PS membrane is the 

membrane that exhibited higher values of pore size diameter and porosity, 0.25 μm and 58 %, 

respectively. With the increase of 10 % of polyacrylonitrile in the blend membrane, PS/PAN 

9010 membrane, these previous values decreased for 0.15 μm and 49 %, respectively. The 

polyacrylonitrile addition to the PS membrane leads to a decrease in the porosity and the pore 

size diameter values. PS/PAN 8020 membrane is the one which present lower values of 

porosity and mean pore size diameter, comparatively to PS/PAN 9010 and PS membranes. 

SEM images presented in Figure 3.7 show different porous membranes that can be obtained 

varying the percentage of polymer blended in the membrane. 
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Figure 3.7: Scanning electron micrographs of membranes. PS based membranes 30 wt %: a) PS membrane 

surface; b) PS membrane cross-section; c) PS/PAN 9010 surface; d) PS/PAN 9010 cross-section; e) PS/PAN 

8020 surface; f) PS/PAN 8020 cross-section. 

 

Observing the SEM images shown in Figure 3.7, it is possible to conclude that PS membrane 

show a homogeneous morphology with regular and spherical pores all over the surface and 

the cross-section. As the PAN content increases the membrane morphology looses 

homogeneity and presents a larger pore size distribution. However, in order to determine with 

more detail the average pore size diameter of each sample of membranes, samples were 

submitted to mercury intrusion porosimetry analysis. Mercury intrusion porosimetry data 
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showed similar average pore size diameters and similar pore size distributions, depending on 

the casting solutions PAN content (please refer to Table 3.2).  

Figure 3.8 present the pores size distribution of PS/ PAN membranes. 

 

Figure 3.8: Pore size distribution in PS/PAN membranes. 

 

Observing Figure 3.8, it was possible to observe that the pore size distribution in PS/PAN 

membranes are similar for the studied blend compositions. 

The addition of 20 wt % of PAN to the blend, led to membranes with an average pore size 

diameter of 0.09 µm while the net PS membranes exhibited much larger pores with average 

diameter of 0.25 µm. In terms of porosity, insignificant differences are observed as all present 

approximately 50 % of porosity. Temtem et al. [3] prepared PS membranes from 15 wt % 

casting solutions of PS and obtained membranes with much higher porosity (72 %) and larger 

pores (average pore size diameter was 23 µm). As expected, these values are higher than the 

values obtained in this work as much highly concentrated casting solutions (30 wt %) were 

used [18]. Reverchon et al. [19] also prepared PS membranes by scCO2 induced phase 

inversion method from casting solutions with 30 wt % of PS in N-methylpyrrolidone and the 

reported average pore size diameter is 3 µm. It is well known that the affinity between the 

used solvent (N-methylpyrrolidone or DMF) and the anti-solvent (scCO2) influences the 

membrane’s morphology what can explain the different average pore size diameters obtained 

for the reported PS membranes [19]. 

The pure water flux, which is defined as the volumetric flow rate divided by the membrane 

area and the pressure difference, is an important parameter to characterize the ability to 
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control water fluxes by temperature changes. This parameter was determined for all the 

membranes varying the hydrostatic pressure from 0 to 0.15 MPa. 

Table 3.3 resumes the permeabilities and contact angles values of different PS/PAN 

membranes. 

 

Table 3.3: Effect of PS/PAN membranes with permeability and contact angle. 

Membrane Permeability (L.m
-2

.h
-1

.MPa
-1

) Contact angle (°) 

PS 32 91 

PS/PAN 9010 1150 82 

PS/PAN 8020 43360 76 

 

According with Table 3.3, it was possible to observe a relation between permeabilities and 

contact angles values with the content of polyacrylonitrile in the blend. Increasing the 

percentage of polyacrylonitrile in blend composition, membrane’s permeability also increases 

and the contact angle decreases. This fact can be explained, because the polyacrylonitrile is 

hydrophilic and the permeability is measured with water.  

Figure 3.9 show the profile of membranes water flux. 

 
Figure 3.9: Permeability of PS/PAN membranes. 

Although the observed decrease in average pore size diameter, the PAN addition improves 

membrane hydrophilicity as it is possible to conclude from contact angles and permeability 

values included in Table 3.2. PS/PAN 8020 membrane presents a permeability of 43360 L.m
-

2
.h

-1
.MPa

-1
 followed by the PS/PAN 9010 membrane which presents a permeability of 1150 
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L.m
-2

.h
-1

.MPa
-1

 and finally the PS membrane permeating only 32 L.m
-2

.h
-1

.MPa
-1

. The trend 

of contact angles variation is in agreement with these permeability results. PS membrane 

showed a contact angle value of 91 º, which is in agreement with the literature [3], while 

PS/PAN 9010 and PS/PAN 8020 membranes have 82 º and 76 º, respectively. The decrease 

on contact angles due to PAN addition to PS-based membranes confirms the improvement on 

hydrophilic behavior that can be achieved, and this is an important aspect when a higher 

fouling resistance is intended. 

Dynamic mechanical analysis (DMA) was used to study the viscoelastic properties of 

membranes developed in this work. It is very important to investigate the strength and 

elasticity of the membranes when we want to use in specific applications [18]. The slope of 

stress-strain curves gives us the Young modulus which translates the membrane stiffness.  

Table 3.4 represents the Young modulus of PS/PAN membranes. 

 

Table 3.4: Young modulus of PS/PAN membranes. 

Membrane Young Modulus (kPa) 

PS 608 

PS/PAN 9010 580 

PS/PAN 8020 563 

 

Observing Table 3.4, it was possible to conclude that membranes stiffness decrease with the 

increase of PAN content ratio in membrane composition. PS membrane exhibited a higher 

Young modulus value, 608 kPa, while PS/PAN 9010 and PS/PAN 8020 membrane presented 

lower values although very similar. Being thus, PS/PAN 8020 membrane is the one that 

demonstrate to be less stiff, meaning that it had the lower Young modulus. 

After an exhaustive analysis of the data obtained for all the membranes, it was selected 

PS/PAN 9010 membrane because it is the one that exhibits the best mechanical and 

morphological properties. 

 

3.3. Thermoresponsive membranes characterization 

 

Examining all the morphological, mechanical and hydrophilic properties of PS/PAN 

membranes, PS/PAN 9010 showed to be the best candidate for protein filtration studies. 

PNIPAAm and PDEAAm were synthesized in scCO2. The in situ polymerization of 

PNIPAAm and PDEAAm within porous membrane followed the scheme below. 
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Figure 3.10: Scheme of membranes coating process. 

 

In a typical procedure, the in situ polymerization of thermoresponsive polymers within the 

membrane pores is performed by loading the membrane and reactants which are monomers 

(NIPAAm or DEAAm), crosslinking agent (MBA, 1 wt %) and initiator (AIBN, 2 wt %), into 

the high-pressure cell [3]. After 24 h the PS/PAN 9010 membranes coated with PNIPAAm or 

PDEAAm were washed during one hour with CO2 fresh and removed from the high-pressure 

cell. 

Table 3.5 presents a summary of the results for the PS/PAN 9010 membranes coated with 

both thermoresponsive polymers, PNIPAAm and PDEAAm. 

 

Table 3.5: Porosity and average pore size diameter of PS/PAN 9010 coated with different thermoresponsive 

polymers. 

Membrane Porosity (%) 
Average pore size 

 diameter (µm) 

PS/PAN 9010 – PNIPAAm 42 0.091 

PS/PAN 9010 – PDEAAm 47 0.091 

 

Through the Table 3.2, it was possible to observe differences between PS/PAN 9010 

membrane and PS/PAN 9010 coated membranes (Table 3.5).  

PS/PAN 9010 coated membranes exhibit less porosity and smaller average pore size diameter 

than PS/PAN 9010 membrane.  

Figure 3.11 shows the membranes surface and cross-section SEM images after in situ 

PNIPAAm or PDEAAm polymerizations. 



Conclusions  

47 
 

Development thermoresponsive (polysulfone/polyacrylonitrile)-based membranes for bioseparation processes 

 

 

Figure 3.11: PS/PAN 9010 membranes 30 wt %: a) surface coated with PNIPAAm; b) cross-section coated with 

PNIPAAm; c) surface coated with PDEAAm; d) cross-section coated with PDEAAm. 

 

The results showed that the microstructures of the membrane suffered some modifications and 

the coated/impregnated membranes present large amounts of the thermoresponsive polymers, 

filling the surface and pores although with different polymeric morphologies. In case of 

PNIPAAm coated matrixes, the internal and top surfaces appear with spherical polymeric 

particles while the surfaces coated with PDEAAm present polymeric layers in the membrane 

surface and as aggregates in the membrane’s cross-section. In agreement with these 

observations are the data of mercury intrusion porosimetry as it is possible to observe in Table 

3.5. 

PNIPAAm and PDEAAm coated PS/PAN 9010 membranes show very similar median pore 

size diameters and similar porosities. Comparing these data with the values in Table 3.2 

(relatives to PS/PAN membrane before coating procedure) a decrease in values, average pore 

size diameter and porosity is observed confirming the efficiency of the coating procedure by 

in situ polymerization in supercritical media. 
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In order to explore the homogeneity of PAN incorporation in membrane matrix X-ray 

photoelectron spectroscopy (XPS) analysis was performed (Appendix 2). This technique is 

able to identify and quantify the elemental composition at the surface region with an analysis 

depth of the order of 3 - 10 nm. Through this technique, it was possible to conclude that the 

native sample (PS/PAN 9010) surface exhibits all the characteristic peaks of polysulfone and 

polyacrylonitrile proving their presence at the surface, but the surface composition is far from 

being dominated by polysulfone according to the used massic ratio 9:1 (PS:PAN) in the 

casting solution. The better estimate of the ratio PS:PAN was based on the atomic ratio N:S as 

shown in Appendix 2, Table A.1. At the surface the PS/PAN ratio obtained by XPS was 5.9. 

For a massic ratio of 9PS:1PAN it should be 0.98. Therefore, it is about 6.5 times higher than 

expected. This fact could be attributed to a large PAN positive segregation at surface. 

Relatively of PDEAAm coated membrane no sulfur is detected revealing the effectiveness of 

the coating. Contrarily, when the coating is PNIPAAm, some sulfur is still detected. Since the 

coating has a thickness around 0.2 mm, at least 2000 times higher than the maximum depth 

detected by XPS, this means that the measured sulfur is “seen” through “holes” in the coating. 

The incorporation of the thermoresponsive polymer should provide other possibilities to 

manage membrane properties including improved or switchable release control of bioactive 

molecules (protein) through membrane pores [3].
 
This fact can be evaluated through the 

contact angles measurements as well as by the determination of permeability above and below 

of the LCST of PNIPAAm and PDEAAm. 

Table 3.6 resumes the results of the permeability and contact angle values measured for 

PS/PAN 9010 coated membranes at 20 and 40 ºC. 

 

Table 3.6: Permeability and contact angle of PS/PAN 9010 coated with different thermoresponsive polymers. 

Membrane 

Permeability 

(L.m
-2

.
 
h

-1
.MPa

-1
) 

Contact angle 

(º) 

20 ºC 40 ºC 20 ºC 40 ºC 

PS/PAN 9010 – PNIPAAm 
320 980 30 42 

PS/PAN 9010 – PDEAAm 5.8 12.7 32 54 

 

Water contact angles profiles at 20 and 40 ºC of PS/PAN 9010 coated with PNIPAAm and 

PDEAAm are exhibited in Figure 3.12 and the obtained water contact angles defined by each 

plateau for differently coated membranes are included in Table 3.6.  
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Figure 3.12: Temperature dependence for dynamic contact angle changes on unmodified PS/PAN 9010 

membrane and on: a) PNIPAAm coated PS/PAN membrane and b) PDEAAm coated PS/PAN membrane. 

 

The variations of contact angles with temperature for PS/PAN 9010 membrane coated with 

PNIPAAm and PDEAAm are related with different behaviours that hydrogels assume below 

and above their LCSTs. Unmodified PS/PAN 9010 membranes showed very similar contact 

angles: 76 º and 78 º at 20 and 40 ºC, respectively. This slight, hydrophobic behaviour of 

membranes prepared by the CO2-assisted phase inversion method was recently reported [17]. 

Contact angle values, somewhat higher than those obtained in other publications [20], are 

related with the different solvent (DMF) – non-solvent (scCO2) interactions that exist during 

the phase-inversion process and guide the structural organization of chemical groups at 

membrane surface [3]. The addition of PNIPAAm and PDEAAm led to an enormous decrease 

on measured contact angles. The contact angles presented at 20 ºC were slightly smaller than 

the ones at 40 ºC and reflect the hydrogel nature of PNIPAAm and PDEAAm and their 

capacity to absorb more water below the LCST. 

Figure 3.13 show the water permeability for PS/PAN 9010 membrane coated with PNIPAAm 

and PDEAAm. 
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Figure 3.13: Water permeability for PS/PAN 9010 coated with PNIPAAm at 20 ºC (), PNIPAAm at 40 ºC (), 

PDEAAm at 20 ºC (■) and PDEAAm at 40 ºC (). 

Water permeability values obtained at temperatures below and above the LCST of PNIPAAm 

and PDEAAm are collected in Table 3.6 and represented in Fig. 3.13, where significant 

differences between permeability profiles at both temperatures, 20 and 40 ºC, for coated 

membranes with PNIPAAm and PDEAAm are visualized. Below the LCST, at 20 ºC, the 

water permeability of PNIPAAm and PDEAAm coated membranes were respectively 320 and 

5.8 L.m
-2

.h
-1

.MPa
-1

 while above the LCST, at 40 ºC, these values increased to 980 and 12.7 

L.m
-2

.h
-1

.MPa
-1

 respectively (Table 3.6). 

Below their respective LCSTs, the polymeric chains interact with water swelling the hydrogel 

inside the pores, filling them and decreasing the space available for water permeation. Above 

the LCST this type of interaction is no longer thermodynamically favourable and the polymer-

polymer interactions prevail, the polymer shrinks reopening the pores and allowing higher 

water fluxes [3]. 

Although the higher permeability values at 40 ºC, all permeability data referred above are 

significantly smaller than the one obtained for PS/PAN 9010 membrane after coating. This is 

due to the hydrogel layer deposited after in situ hydrogel polymerizations. This reduction in 

permeability values is more significant in case of PS/PAN 9010 membrane coated with 

PDEAAm than in PS/PAN 9010 membrane coated with PNIPAAm. This is related with the 

different morphological and mechanical characteristics of PNIPAAm and PDEAAm, while 

the former one is a fluffy powder, PDEAAm presents itself as stiff aggregates [21] (this is 

visible by direct observation of membranes after coating in the high pressure cell). 

Depending on hydrogels nature, different membrane morphological characteristics can be 

obtained namely, its thickness. After the coating, membranes thickness changed from 1 mm to 

1.2 mm and 1.5 mm for PS/PAN 9010 membrane coated with PNIPAAm or PDEAAm, 
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respectively. Also the PNIPAAm and PDEAAm membrane coating are completely different 

as shown by XPS analysis. 

The dynamic mechanical analysis performed at both PS/PAN 9010 membranes coated with 

the two different hydrogels (PNIPAAm and PDEAAm) showed their completely different 

mechanical properties. 

The stress/strain plots of PS/PAN 9010 membranes coated with PNIPAAm and PDEAAm are 

presented in the Figure 3.14. 

 

 

Figure 3.14: Effect of coating PNIPAAm () and PDEAAm () in mechanical properties of PS/PAN 9010 

membranes. 

PS/PAN 9010 membrane coated with PDEAAm has much higher Young modulus value, 

2166 kPa, in comparison to PS/PAN 9010 membrane coated with PNIPAAm (Young 

modulus value of 378 kPa). All results obtained for coated PS/PAN membranes confirm the 

efficiency of the membrane’s coating procedure as well as the huge morphological changes 

that can be introduced in membrane’s characteristics. 

In Table 3.7 summarized Young modulus values of coated membranes. 

 
Table 3.7: Young modulus of PS/PAN coated membranes. 

Membrane Young modulus (kPa) 

PS/PAN 9010 – PNIPAAm 378 

 

PS/PAN 9010 – PDEAAm 2166 
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3.4. Protein filtration studies 

In order to evaluate the on-off capacity in protein filtration of PS/PAN 9010 membranes 

coated with two different hydrogels (PNIPAAm and PDEAAm), filtration assays with BSA 

and LYS (3 mg.mL
-1

) buffered solutions were performed at 0.2 and 0.7 MPa respectively. 

In a previous work, Temtem et al. [17] developed a thermoresponsive polysulfone membrane 

that exhibited a good performance in terms of valve mechanism in the pores with a complete 

on-off control of water permeability but showed a different on-off control of protein 

permeation. Protein diffusion showed to be temperature dependent but BSA could partially 

permeate the membrane even at temperatures below the LCST.  

In the present study, we tested the PS/PAN 9010 membrane coated with PNIPAAm for BSA 

filtration experiments. No BSA retention occurred either at 20 or 40 ºC.  

Figure 3.15, present the BSA permeation profile in the PS [17] and PS/PAN 9010 membrane. 

 

 

Figure 3.15: BSA permeation profiles, at 20 ºC () and 40 ºC () using: a) PS membrane coated with PNIPAAm 

and b) PS/PAN membrane with PNIPAAm. 

Figure 3.15 compares the different BSA permeation profiles obtained with PS membrane 

coated with PNIPAAm (please refer to Fig. 3.15 a) as reported in a previous work [17], with 

the profiles obtained using the blended PS/PAN 9010 membrane coated with PNIPAAm (Fig. 

3.15 b). The inclusion of PAN in membrane composition altered the membrane capacity to 

retain the BSA and lead to a loss of PNIPAAm temperature-responsive behaviour. The more 

hydrophilic character of PAN and its positive segregation to the membrane surface, as 

confirmed by XPS data and contact angle measurements, ought to interfer with the hydration 

structure of surrounding PNIPAAm chains. The more favourable interaction between 
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PNIPAAm chains and PS/PAN 9010 membrane surface hamper the PNIPAAm chains 

stretching conformations and the hydrogen-bond interactions of the amide groups. As it is 

shown in Fig. 3.15 b), complete permeation of BSA solution occurs at both studied 

temperatures meaning that PNIPAAm coatings on PS/PAN matrixes does not endow a 

temperature-responsive behaviour to the membrane surface. Moreover, PS/PAN 9010-

PNIPAAm membrane exhibits a complete fouling resistance to BSA. The suggested stronger 

adsorbed PNIPAAm layer on PS/PAN surface hinders the swelling of the gel at T < LCST, 

consistent with the total BSA concentration permeated, and reduces the protein entanglement 

by PNIPAAm chains.  

In order to investigate the performance of PS/PAN 9010 membranes coated with PDEAAm, 

BSA permeation profiles were obtained at 20 and 40 ºC. As the membrane showed to have 

temperature-responsive permeation behaviour with BSA, that is a large protein with 

molecular weight of 66 kDa, we also studied the permeation of LYS that is a smaller protein 

with a molecular weight of 14 kDa.  

Figure 3.16 shows the different filtration profiles of BSA and LYS using PS/PAN 9010 

membrane coated with PDEAAm at 20 and 40 ºC.  

 

 

Figure 3.16: BSA and LYS permeation profiles using PS/PAN 9010 coated with PDEAAm: BSA at 20 ºC (), 

BSA at 40 ºC (), LYS at 20 ºC (▲) and LYS at 40 ºC (). 

The permeation, recovery and retention values of proteins for both temperatures are presented 

in Table 3.8. 
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Table 3.8: Amounts of BSA and LYS recovered and  retained at different temperatures using PS/PAN 9010 

membrane coated with PDEAAm. 

Protein 
Permeation (%) (a) Recovery (%) (b) Retention (%) (c) 

20 ºC 40 ºC 20 ºC 40 ºC 20 ºC 40 ºC 

BSA 
15 57 22 25 63 18 

LYS 25 100 19 0 56 0 

(a) Related with the amount of protein that pass through the membrane during the loading step 

(b) Related with the amount of protein which is possible to elute in washing step 

(c) Related with the amount of protein which was impossible to recover from membrane 

At 40 ºC all LYS is permeated through the membrane (100 % of permeation) while BSA only 

57 % was permeated. As it was expected no LYS was recovered during the washing step 

(protein recovery) because all the protein has passed through the membrane during the 

loading step; however, for BSA, 25 % was collected during the washing step and 18 % was 

retained on the membrane. These results show that membranes coated with PDEAAm have 

permeation properties that are temperature dependent. At 40 ºC, BSA and LYS have different 

filtration profiles and in both cases insignificant fouling occurs as almost complete recovery 

of proteins was achieved simply by rinsing the membrane with PBS. At 20 ºC, the membrane 

surface is more hydrophilic; the expanded hydrophilic chains of PDEAAm block the pores 

and consequently hinder the permeation comparatively to the permeation at 40 ºC (above 

hydrogel LCST). In LYS case, 25 % was permeated through the membrane and 19 % was 

recovered, it means that 56 % was retained by pore’s membrane. For BSA only 15 % was 

permeated and 22 % was recovered suggesting that 63 % of protein was retained in pore’s 

membrane. For both, LYS and BSA filtration assays, it was not possible to recover all the 

proteins by simple washing with PBS at 20 ºC. Below LCST, pores are completely blocked 

with PDEAAm leading to protein entanglement with the hydrogel chains [22].  

PS/PAN 9010 membrane coated with PDEAAm is selective to protein size what is translated 

by the different permeation profiles of BSA and LYS at 20 and 40 ºC. These different 

achieved permeation profiles, translate the importance of the hydrogel coating on membrane’s 

surface as they attribute to the membrane a selective protein permeation control. 

Another very important parameter when evaluating membranes filtration performance is the 

achieved flux. The permeability of PS/PAN 9010 membrane coated with PDEAAm after LYS 

permeation assays, at 40 and 20 ºC, were 4.65 L.m
-2

.h
-1

.MPa
-1

 and 0.512 L.m
-2

.h
-1

.MPa
-1

, 
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respectively; while in BSA case lower values were obtained: 1.74 L.m
-2

.h
-1

.MPa
-1

 and 0.402 

L.m
-2

.h
-1

.MPa
-1

. The different permeation profiles for both proteins can be explained by the 

relation between protein size and pore size diameter of membrane. As it was previously 

mentioned, PS/PAN 9010 membrane coated with PDEAAm has an average pore size diameter 

approximately of 0.1 m, which hinders the permeation of large proteins as BSA. At 40 ºC, 

PDEAAm is hydrophobic, its polymeric chains collapse and membrane pores become more 

available for protein permeation although with limited fluxes as expected for such small 

average pore size diameters. This constrain is not as important for smaller proteins permeation 

as LYS.  

The ideal achievement would be to obtain these good and different permeation profiles of 

BSA and LYS at different temperatures but with higher fluxes. The addition of PAN to 

polysulfone membranes and their preparation using scCO2 phase inversion method enhanced 

the membranes hydrophilic character as it was intended; however the significant decrease of 

PS/PAN 9010 membranes average of pore size diameter after the PDEAAm coating 

procedure was decisive to the obtained low fluxes in permeation assays. Nevertheless, 

PDEAAm coating imparted temperature-responsive behaviour to PS/PAN 9010 membranes 

and selective permeation of proteins with different sizes.   
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3.5. Conclusions 

In order to design a membrane with good morphological and mechanical performance able to 

respond to different thermal environments and be practical in protein separation processes, 

blended membranes of PS/PAN were prepared by scCO2 phase inversion method and coated 

with PNIPAAm and PDEAAm, two different thermoresponsive polymers.  

In this work, PDEAAm hydrogels were synthesized by the first time in scCO2. Different 

amounts of crosslinker (MBA) and surfactant (Krytox) were used and the different polymeric 

materials were evaluated in terms of its thermoresponsive behaviour and control of 

morphology. The PDEAAm hydrogels were characterized by SEM, 
1
H-NMR, FT-IR, GPC, 

swelling and turbidimetric measurements. PDEAAm hydrogels synthesized presented as 

agglomerated particles with LCST between 33 and 35 ºC. It was possible to conclude that the 

LCST result decreased 1 ºC with the increase crosslinker percentage (1 to 2 wt %) in the 

polymer synthesis.  

In the second part of this work, PS/PAN blend membranes were produced from castings 

solutions with 30 wt % by scCO2 phase inversion method. By varying the PAN content in the 

casting solutions, it was possible to control the membrane properties in terms of mean pore 

size, hydrophilicity, mechanical behaviour and permeability. PS/PAN 9010 membrane 

showed to have adequate morphological and mechanical characteristics to be coated with 

different temperature-sensitive hydrogels (PNIPAAm and PDEAAm) in order to turn it into a 

promising device for protein separation. While PS/PAN membranes coated with PNIPAAm 

presented similar BSA permeation profiles at temperatures below and above its LCST, 

PDEAAm coated membranes showed to have temperature dependent permeabilities and were 

more efficient in protein separation processes as different BSA and LYS permeation profiles 

were obtained at 20 and 40 ºC. The different profiles of protein separation PS/PAN 9010 

membranes can be explained based in the morphological properties of PNIPAAm and 

PDEAAm. While PNIPAAm was present as defined particles slightly aggregated [3], 

PDEAAm formed in agglomerated particles. In visual terms, the PNIPAAm appear as a 

powder and the PDEAAm as stiff agglomerated particles. After the coating procedure, while 

PS/PAN 9010 membranes coated with PNIPAAm kept the same thickness, PS/PAN 9010 

coated with PDEAAm became much thicker.  

Future work will extend the present studies to thermoresponsive PS/PAN 8515 membranes in 

order to obtain membranes with larger average pore size diameters that would allow the 

improvement of the fluxes during filtration experiments. 
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3.7. Appendix Section 

 

 

Appendix 1: 
1
H-NMR spectra of PDEAAm synthetysized in Experiment 1 
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Appendix 2 – XPS results of PS/PAN 9010 membranes 

 

Figure A.1 show the XPS spectra of unmodified PS/PAN 9010 membrane and of PDEAAm 

and PNIPAAm coated membranes. 

 

 

Figure A.1: XPS spectra of unmodified PS/PAN 9010 membrane and of PDEAAm and PNIPAAm coated 

membranes; (a) carbon (C 1s); (b) sulfur (S 2p); (c) nitrogen (N 1s) and (d) oxygen (O 1s) regions for three 

samples. From bottom to top: PS/PAN, PS/PAN-PDEAAm, PS/PAN-PNIPAM. 

 

The XPS detailed regions studied on PS/PAN 9010 membranes were C 1s, O 1s, N 1s and 

S 2p. In Figures A.1 a), b), c) and d) are displayed the detailed regions as well as the fitted 

components. 

Table A.1 show the elemental compositions and assignments for all the membranes 

determined by X-Ray Photoelectron Spectroscopy (XPS) atomic percentages. 

 

 

 

 



 Appendix section Appendix Section 

61 
 

Development thermoresponsive polysulfone/polyacrylonitrile based membranes for bioseparation processes 

 

Table A.1: Elemental compositions and assignments for all the membranes determined by X-Ray Photoelectron 

Spectroscopy (XPS) atomic percentages. 

 
Assignment PS/PAN Assignment  

PS/PAN-

PDEAAm 

PS/PAN-

PNIPAM 

C 1s 1 sp
2
 C-C and/or C-H 60.2 sp

2
 C-C and/or C-H  43.9 49.9 

C 1s 2 C-O; C-S; C-N 16.9 C-O; C-S; C-N  22.0 13.9 

C 1s 3   N-C=O  11.0 11.3 

O 1s 1 S=O 8.3 C=O  11.6 13.1 

O 1s 2 C-O 5.6 H2O  1.0  

N 1s 1 CN 7.7 C-N  10.5 11.9 

S 2p3/2 S=O 0.9 S=O   0.07 

S 2p1/2  0.4    0.03 

 

 

 

Figure A.2: a) Polysulfone (PS) and b) Polyacrylonitrile (PAN) structures. 

 

The native sample (PS/PAN 9010) surface exhibits all the peaks expected for both 

polysulfone and polyacrylonitrile, proving their existence at the surface. In the C 1s 

region, it would then be expectable to have, at least, four different components for PS and 

three, different from the preceding ones, for PAN [23] as it can be confirmed from Figure 

A.2. A fitting with such a large number of components would not be very serious unless a 

large number of constrains were imposed. Therefore, we will not try to infer the surface 

composition, from the point of view of the ratio PS/PAN from this peak. It was fittable 

with two components. Taking into account that the major part of the atoms in the blend 

should be the aromatic carbons from PS, the main peak was chosen as being positioned at 

284.7 eV (and chosen as reference for this sample), an average value for phenyl type 

carbons, even if it includes minor contributions of C-C sp
3
 carbons (3:18 in PS), C-S (2:18 

in PS) or CH2 in PAN (1 per monomer). With this reference, the second component is 
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centered at 286.3 eV which agrees well with the C bound to O in polysulfone (and 

measured by us in a preceding work [17] and the C bound to CN in PAN [23]. The C 1s 

from the group CN should be 0.4 eV higher and is included also in this peak. An 

interesting aspect is that the area ratio between these two peaks should be around 4:23 

(~0.17) if only the polysulfone was being analysed, and 2 if only the PAN was analysed. 

Since the ratio is 0.28, this means that the surface composition is far from being 

dominated by the polysulfone as the massic ratio of 9:1 (PS:PAN) should suggest. In fact, 

a better estimate of the ratio PS:PAN could be based on the atomic ratio N:S. From Table 

A.1, it is 5.9. For a massic ratio of 9PS:1PAN it should be 0.98. Therefore, it is about 6.5 

times higher than expected. This fact could be atributed, in principle, to a large PAN 

positive segregation at surface. For the same sample, O 1s region presents two 

components centred at 531.3 and 532.9  0.2 eV. These two components can be assigned, 

respectively, to the oxygen bound to sulfur and to carbon in polysulfone. Both 

components are in stoichiometric excess relatively to the sulfur and nitrogen amounts, as 

shown in Table A.1, confirming that PAN and PS are not the only components at the 

surface. DMF solvent used in the casting solution could be entrapped in closed pores 

which walls might be thiner than the mean photoelectron escape length. Sulfur from 

polysulfone was detected in the S 2p region as a doublet having a spin-orbit split of 1.2 

eV, the S 2p3/2 component being centred at 168.1  0.2 eV as already found in a previous 

work [17]. Nitrogen from PAN, at least, is also present as attested by a single peak N 1s at 

399.8  0.2 eV, agreeing well, within the experimental error, with the value in the 

literature [23]. The positive segregation of PAN to the membrane surface suggested by 

XPS results agrees well with the more hydrophilic behavior observed in these membranes.  
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