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1.1 Dehydration of compressed carbon dioxide 

 Dehydration of compressed carbon dioxide is performed to recover the carbon dioxide  

after its use in the extraction of water from solid materials, such as food products. The removal 

of water from foods can, for instance, aid to extend the foods shelf life. Dehydration using near 

critical, or supercritical carbon dioxide provides several benefits over other drying methods 

that are used in the food industry, such as hot air and freeze-drying. At temperatures and 

pressures close to their critical point, fluids combine gas-like and liquid-like properties which 

facilitates effective extractions [1]. The relatively high density of these fluids, similar to that of 

liquids, provides a high solvation power [2]. On the other hand, their low viscosities and high 

diffusivities, similar to those of gases, allow for their easy penetration of food matrices and fast 

solute transport [2]. In addition, around the critical point the strong effects of temperature and 

pressure on the physico-chemical properties of a fluid provide a means to tune the fluid density 

and viscosity for specific products or processes [3]. Because there is no vapor-liquid interface 

in a supercritical phase, no capillary stresses are induced in a solid matrix, enabling products 

to retain their shape without damage. For comparison, drying of solid materials with hot air is 

often accompanied with heat-induced damage, material shrinkage, and loss of nutrients. In 

freeze drying, the food microstructure is generally preserved, but this technique is energy 

intensive and time consuming, because of the enthalpy required for freezing the water for the 

slow sublimation of water in vacuum [4, 5]. 

Compared to other fluids, carbon dioxide has numerous advantages. The critical point is 

readily accessible (31.1 °C and 73.8 bar) and carbon dioxide is non-toxic [6]. By operating at 

low temperatures, the oxidation of sensitive products is avoided [7]. Residual non-toxic carbon 

dioxide can be easily removed from the food matrix by simple depressurization. Additionally, 

carbon dioxide is inexpensive and produced on a large scale [8].  

Currently, the dehydration of compressed carbon dioxide is performed via adsorption of 

the water on zeolite adsorbents. In the continuous drying process, shown in Figure 1.1a, the 

compressed fluid recirculates between the drying chambers, in which the water is extracted 

from the food products, and between the zeolite beds, in which the dissolved water is adsorbed 

on the zeolites. The process is operated in a semi-continuous manner: several zeolite beds are 

used in parallel, some of which are in a sorption mode, while others are being regenerated after 

they became saturated. Typically, the recovery of the adsorption capacity of zeolites requires 
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heating to high temperatures (up to 600 °C for full regeneration), which corresponds to high 

operating costs [9, 10]. Therefore, a replacement of the zeolite beds with a membrane unit can 

be a promising alterative (Figure 1.1b). Membrane technology is known to be energy efficient 

[11] and the dehydration can be performed in a continuous fashion. The high water activity in 

the compressed carbon dioxide (~1 in a completely saturated fluid), combined with the slightly 

elevated temperatures used in food drying processes (40 – 60 °C), create a high driving force 

for water permeation.  
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Figure 1.1 Scheme of a continuous food drying process using scCO2 with (a) zeolite beds [2] and (b) a 
membrane unit for scCO2 dehydration. 
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 Nevertheless, membrane technology for the dehydration of compressed carbon dioxide 

is challenging and several aspects have to be considered. The main ones are: (1) a suitable 

membrane material is required that is stable during operation; (2) a method is required to 

remove water from the permeate side such that the high driving force over the membrane is 

maintained for water permeation. The sections below will shortly elucidate these challenges, 

followed by a concise description of the content of this thesis. 

1.2   Challenges in the process 

1.2.1 Membrane material   

Among the suitable materials for dehydration of compressed carbon dioxide is 

sulfonated poly(ether ether ketone) (SPEEK), shown in Figure 1.2. SPEEK is the sulfonated 

form of the high-performance, mechanically strong and glassy polymer, poly(ether ether 

ketone) PEEK [12]. The degree of sulfonation, DS (%), is defined as the percentage of repeating 

units of PEEK that contains an –SO3
- group. In contrary to pure PEEK, SPEEK possesses high 

affinity for water, due to the presence of the hydrophilic sulfonic acid groups. The hydrophilic 

properties, coupled with low permeability of gases, make SPEEK a suitable membrane material 

for the dehydration process. Previous studies on SPEEK composite hollow fiber membranes 

showed high water permeances and high selectivities of water over nitrogen and carbon dioxide 

[13, 14]. 
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Figure 1.2 Structure of sulfonated poly(ether ether ketone) (SPEEK) with a given DS (%), randomly 
sulfonated. In this thesis, highly sulfonated SPEEK with a DS of 68 and 84 % is used. 
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Despite the good performance of SPEEK membranes in molecular separations, the 

membrane stability in specific process conditions remains a challenge. Increasing the materials 

affinity for water can be achieved by more extensive sulfonation (higher DS), but this is at the 

cost of the reduced mechanical stability of the material, because the facilitated uptake of water 

can lead to excessive swelling, in particular at elevated temperatures. Moreover, in processes 

that involve fluctuations in temperature and humidity, the dynamic changes in water sorption 

and desorption can progressively increase stresses and defects in the material [15]. Generally, 

the DS is a compromise between water affinity and membrane stability. To facilitate higher DS 

values, extensive research is devoted to reinforcement of SPEEK, in order to strengthen the 

material while maintaining the hydrophilic properties [16-27]. 

 In the context of membrane stability and swelling, two membrane types can be 

considered. The first configuration is an asymmetric integrally skinned membrane that consists 

of a dense selective layer atop of a porous support, both of the same material. Such membranes 

possess good structural stability, because the swelling behavior of the two layers is compatible. 

The second configuration is a composite membrane that consists of a porous support with atop 

a coated dense selective layer of a different material. Composite membranes are more 

susceptible to interfacial stresses, as the swelling of the support and selective layer can be 

distinct. A hydrophobic support that delivers mechanical stability swells usually much less than 

a hydrophilic layer on top of it. This can lead to deteriorated membrane integrity. However, 

some difficulties have been reported with the formation of the porous substrate in integrally 

skinned SPEEK membranes for dehydration applications [25]. The conditions required to 

obtain a dense selective layer can lead to the formation of a support with insufficient porosity. 

This hinders the water permeation through such integrally skinned SPEEK hollow fibers [25]. 

Composite membranes have advantageous of rather facile preparation of defect free, thin 

selective layers with tunable thickness, by using commercially available porous supports. With 

(ultra-)thin films higher permeances can be obtained [28-30]. In previous research on SPEEK 

and other highly hydrophilic polymeric hollow fiber membranes, in general, a maximum water 

permeance in the order of ~5000 GPU is reported. The typical thicknesses of the selective 

layers used in those studies is in the order of a few micrometers [31]. The maximum water 

permeance has been attributed to limitations induced by concentration polarization, rather than 

by the membrane thickness [31]. Nevertheless, in a study on ultra-thin polydopamine films 

(thickness <100 nm), a higher water permeance is reported: 9000 GPU [32]. For an effective 
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and efficient dehydration process thus the aim would be to prepare films that are sufficiently 

thin and stay defect free under the application conditions. 

1.2.2 Process design 

Another challenge is the design of a process that allows the removal of water from the 

permeate side. For dehydration processes with low feed pressure, such as harvesting of water 

from air (ambient pressure) or flue gas dehydration (2.5 bar), a vacuum can be applied at the 

permeate side to collect water [13, 33]. In the process of dehydration with compressed carbon 

dioxide, the feed pressure is relatively high. In this thesis, the feed pressure is considered to be 

~100 bar, but in practice it can be even up to 200 bar, depending on the food product to be 

dried. The high pressure of the feed corresponds to a high driving force for the carbon dioxide. 

Despite the low carbon dioxide permeability of SPEEK reported in literature (20 Barrer in a 

highly swollen state [14]), the high driving force for transport of carbon dioxide can still result 

in high fluxes of this component. Hence, the use of a vacuum at the permeate side does not 

appear to be beneficial. Instead, a sweep gas to collect permeating water can be a more feasible 

option. As sweep gas, carbon dioxide could be used. The disadvantage is that in that case, the 

permeate stream has to be recirculated and regenerated to avoid high gas emissions. In addition, 

carbon dioxide losses from the retentate have to be compensated for. These steps create 

additional process costs. A representative process is shown in Figure 1.3.  

Figure 1.3 Scheme of a dehydration process of scCO2 using a hollow fiber membrane module. To 
avoid high CO2 emissions, permeate has to be recirculated and regenerated. 
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1.3 Scope of the thesis  

This thesis aims to investigate and elaborate on the above-described aspects, starting 

from the fundamentals, and to give directions for further technology development. Within this 

context, the thesis covers studies on the intrinsic properties of thin SPEEK films that can 

potentially be used in composite follow fiber membranes, to assess their applicability (in terms 

of stability) in high water activity systems. In addition, the designs of processes for dehydration 

of compressed carbon dioxide are evaluated and the added value of a membrane unit in such 

processes is assessed.  

Chapter 2 is focused on the intrinsic properties of thin film SPEEK membranes that are 

coated on a substrate, using spectroscopic ellipsometry as one of the main characterization 

techniques. In particular, the extent of optical anisotropy in the SPEEK films is investigated. 

Optical anisotropy can arise from molecular orientations and internal stresses in a material. The 

effects of various formation procedures, solvents with distinct properties, and conditioning 

temperatures, on the extent of optical anisotropy are investigated. It is shown under which 

conditions thin SPEEK films tend to be isotropic. 

The impact of above investigated anisotropy on swelling behavior is the focus of 

Chapter 3. Two distinct phenomena determine the behavior of thin SPEEK films upon 

exposure to liquid water. Particularly interesting is the effect of humidity during and after film 

formation on the internal molecular arrangements in the SPEEK membranes, causing distinct 

swelling of films with an equal DS. The hydration state of the polymer backbone during film 

formation is shown to have a crucial effect on the internal structure of the SPEEK films.  

Chapter 4 is focused on SPEEK thermal stability that is considerably reduced compared 

to pure PEEK. This study involves various measurement techniques to determine the onset 

temperatures of degradation of the highly sulfonated SPEEK membranes, for short and long 

term exposure to elevated temperature. The effects on thermal stability of thin SPEEK films 

when the protons in the sulfonic acid groups are exchanged with sodium ions are investigated 

as well.     

Chapter 5 investigates a possible reinforcement method of sulfonated polymers by 

chemical modification: formation of interpenetrating networks using polyols (ethylene glycol 

and glycerol). Various concentrations of the polyols are used and the effect on water-induced 
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swelling of thin SPEEK films is investigated. The results indicate that various materials 

properties and the internal structure (swelling, thermal decomposition, anisotropy) are affected 

by the chemical modification.      

Chapter 6 presents Aspen Plus® simulations of the dehydration of carbon dioxide using 

a hollow fiber membrane module. Two process designs are evaluated on the basis of practical 

and economic considerations. In one system the permeate is recirculated and regenerated, in 

the other system it is not. It is discussed how the two systems respond (in terms of performance 

and costs) to changing membrane properties, in low and high feed stream processes. The factors 

contributing to the process costs are elaborated on. 

In Chapter 7 all results and findings are summarized and discussed, and conclusions are 

drawn. A vision on further process development is presented.  
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Abstract 

 

 

The thickness, the refractive index, and the optical anisotropy of thin sulfonated poly(ether 

ether ketone) films, prepared by spin-coating or solvent deposition, have been investigated with 

spectroscopic ellipsometry. For not too high polymer concentrations (≤ 5 wt%) and not too low 

spin speeds (≥ 2000 rpm), the thicknesses of the films agree well with the scaling predicted by 

the model of Meyerhofer, when methanol or ethanol are used as solvent. The films exhibit 

uniaxial optical anisotropy with a higher in-plane refractive index, indicating a preferred 

orientation of the polymer chains in this in-plane direction. The radial shear forces that occur 

during the spin-coating process do not affect the refractive index and the extent of anisotropy. 

The anisotropy is due to internal stresses within the thin confined polymer film that are 

associated with the preferred orientations of the polymer chains. The internal stresses are 

reduced in the presence of a plasticizer, such as water or an organic solvent, and increase to 

their original value upon removal of such a plasticizer.   

 

 

 

 

ω > 0ω = 0

Δn ≈  Δn
Inherent anisotropy
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2.1 Introduction 

The properties of membranes derived from sulfonated poly(ether ether ketone) 

(SPEEK) have been investigated for many years. SPEEK films have a distinct thermo-

chemical-mechanical stability. In addition, the degree of sulfonation (DS) of SPEEK can be 

changed, which can be beneficial for many applications. In the vanadium redox flow battery 

and fuel-cell applications, the sulfonic acid groups in SPEEK enable conductivity of protons 

[1-8]. In biorefinery applications and reverse electrodialysis, the sulfonic groups provide the 

possibility to exchange cations [9, 10]. The high affinity for water of the negatively charged 

groups empowers application of SPEEK membranes in dehydration processes [11-15]. 

Additionally, due to the amorphous structure and high glass-transition temperature, SPEEK 

membranes have been considered good candidates for high-pressure gas separation [16-18]. 

Despite the merits, the high concentration of sulfonic acid groups also has drawbacks. 

In comparison to pure poly(ether ether ketone) (PEEK), the sulfonation of this material to 

SPEEK causes a significant reduction in thermal stability [19]. This reduction in stability 

becomes larger for a higher degree of sulfonation [20]. Generally, above 200 °C, chemical 

decomposition of SPEEK starts to occur, which is initiated from the sulfonated domains [21, 

22]. Therefore, the thermal treatments that are frequently performed after formation of 

membranes to relieve stresses and remove solvents, are challenging in the case of SPEEK. The 

effective removal of non-volatile, high boiling point casting solvents, such as N-

methylpyrrolidone (NMP) and dimethyl sulfoxide (DMSO), is hindered [22], and alternative 

removal methods have been reported, such as rinsing-out of DMSO in boiling water [23].  

In addition, the highly non-equilibrium glassy state of polymeric films can be affected 

by high spin speeds or rapid solvent evaporation [24, 25]. These may cause polymer chains to 

orient in preferential directions. The preferred orientations of polymer chains induce internal 

stresses in the material that in turn can affect the permeability and the selectivity [26]. For many 

polymers, the heating above the glass transition temperature and subsequent thermal quenching 

remove the non-equilibrium characteristics. Concerning SPEEK, the study of Reyna-Valencia 

et al. has shown that membranes with a degree of sulfonation of 63 and 83 %, formed from 

solvent casting using N,N-dimethylacetamide (DMAc) and dimethylformamide (DMF), 

exhibited polymer chain orientations [27]. Notably, their study shows that repeated heating to 

temperatures close to the glass transition temperature causes reorganization of the material, 
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with more pronounced preferential orientations of the polymer chains in the plane parallel to 

the surface of the film [27]. As such, SPEEK membranes are affected by their processing 

history and the thermal cycling results in relaxations that cause the material to become 

anisotropic, instead of isotropic.   

In this paper, we focus on the relations between SPEEK film formation procedures and 

the molecular orientations in the obtained SPEEK films. Two techniques have been used for 

film preparation; spin-coating and solution deposition. For spin-coating, methanol and ethanol 

have been used as volatile organic solvents with distinct physical properties. For solution 

deposition, the volatile methanol and non-volatile NMP have been selected. Motivated by the 

study of Reyna-Valencia et al. [27], we conduct a systematic study on the effects of induced 

polymer relaxations on the internal stresses in SPEEK films, by changing the ambient relative 

humidity and the conditioning temperatures. The extent of polymer chain orientation is related 

to the optical anisotropy of the films [28], which in this study is determined with spectroscopic 

ellipsometry. 

2.2 Theory 

Spectroscopic ellipsometry 

Spectroscopic ellipsometry is an optical method that is used to determine thickness and 

wavelength-dependent refractive indices (optical dispersion) of films atop a substrate. For a 

detailed explanation, the interested reader is referred to the book of Fujiwara [29]. In short, the 

method is based on measuring the change in the polarization state of p- and s-polarized light 

upon reflection at a surface. In practice, linearly polarized light is used as incident beam and 

after reflection the light has become, to a certain extent, elliptically polarized. The ellipticity is 

quantified by two angles: the amplitude component Psi (Ψ) [°] and phase difference Delta (Δ) 

[°]. Combined, these can be expressed as the complex reflectance ratio, ρ [-]: 

p

s

tan( ) eir

r
      Eq. 2.1  

where rp and rs is the reflectivity of the p- and s-polarized light [-], respectively. 

The dispersion and thickness of a film are obtained by fitting an optical model to the 

experimentally obtained spectra. This is expedited by using a simple expression for the 
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dispersion. Various empirical expressions are available. For transparent isotropic materials, the 

Cauchy relation is generally considered appropriate [29]:  

2 4
( )

B C
n A

 
     Eq. 2.2 

where n(λ) is the wavelength dependent refractive index [-], λ is the wavelength of the light 

[nm], and A, B and C are coefficients that describes the dependency of the refractive index on 

the wavelength. 

The quality of the fit of the optical model to the experimental data is given as the Mean 

Square Error (MSE). There is no fixed MSE value that resolves if a model can be considered 

correct or not. For thicker films and in-situ measurements, a maximum value of 20 is 

considered to be reasonable [30]. 

For anisotropic materials, the refractive index is dependent on the propagation direction 

of the light in the material. When the refractive index is different in all directions, nx≠ny≠nz, the 

material is referred to as biaxial anisotropic. Thin polymer films often exhibit uniaxial 

anisotropy, with a different refractive index in the direction perpendicular to the surface of the 

film, nx=ny≠nz. The z-direction corresponds with the so-called optical axis, i.e., the axis of 

symmetry with all perpendicular directions optically equivalent. The difference between two 

refractive indices is called optical anisotropy, Δn, also termed birefringence. In this paper, we 

refer to Δn as to optical anisotropy. In the case of a uniaxial anisotropic material, the single 

optical anisotropy value is given by: 

xy zn n n       Eq. 2.3 

Here, nxy is referred to as the in-plane refractive index (also termed ordinary) and nz is referred 

to as the out-of-plane refractive index (also termed extraordinary). The optical anisotropy is 

correlated with internal stresses in a material by the empirical equation [31]: 

1 2( )n C        Eq. 2.4 

where σ1 and σ2 are principal in-plane and out-of-plane stresses [Pa] and C is the stress-optical 

coefficient [Pa-1]. 
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2.3 Experimental 

2.3.1 Materials 

SPEEK was obtained by sulfonation of PEEK (Victrex, United Kingdom) using sulfuric 

acid according to the method reported by Shibuya et al. [32]. The degree of sulfonation (DS %) 

determined by 1H-NMR in DMSO-d6 using a AscendTM 400 (Bruker) at a resonance 

frequency of 400 MHz, according to the method described by Zaidi et al. [33], was 84 %. 

Methanol and ethanol (Emsure® grade of purity) were obtained from Merck (The 

Netherlands), NMP 99 % extra pure was obtained from Acros Organics (The Netherlands). 

DMSO-d6 (99.5 atom % D) was obtained from Sigma-Aldrich (The Netherlands). Nylon 

membrane 25 mm syringe filters (pore size 0.45 μm) were obtained from VWR International. 

Polished, <100> -oriented silicon wafers were obtained from Okmetic (Finland). Nitrogen gas 

(4.5) was supplied by Praxair (The Netherlands). 

2.3.2 Film preparation 

Films were coated on pre-cut pieces of a silicon wafer. Prior to coating, the solutions 

were filtered using syringe filters to remove solid contaminations. The two following methods 

were used for SPEEK film formation. 

Spin-coating 

Films were formed by spin-coating of SPEEK dissolved in either methanol or ethanol 

(3, 5 and 7 wt%). The spinning time was always 50 s. The spin speed was set at 1000, 2000, 

3000 or 4000 rpm. All samples were prepared in duplicate; one part was treated under vacuum 

at 30 °C for 48 h, and the second part under vacuum at 140 °C for 48 h. 

Solution deposition 

Films were formed by deposition of SPEEK dissolved in methanol or N-

methylpyrrolidone (NMP) on the substrate and subsequent solvent evaporation. Thus, the spin 

speed was equal to zero. Prior to deposition from the SPEEK/NMP solution, the silicon wafers 

were pre-treated 20 minutes in oxygen plasma, in order to ensure NMP wettability of silicon 

wafer. Without plasma treatment, the NMP solutions did not wet the wafers. All samples were 

prepared in duplicate; one part was treated under vacuum at 30 °C for 48 h, and the second part 

under vacuum at 140 °C for 48 h. 



 Optical anisotropy, molecular orientations, and internal stresses in thin SPEEK films
 

 19

C
ha

pt
er

 2
 

2.3.3 Ellipsometry measurements 

An M-2000 spectroscopic ellipsometer (J.A. Woollam Co., Inc., USA) was used. The 

size of the light spot for the standard configuration was 2 mm. For the films obtained with the 

solution deposition technique, focusing probes were used with a light spot size of 150 μm. This 

was necessary to cope with the very extensive thickness variations within each of these films. 

Ex-situ experiments were conducted at three angles of incidence (55°, 65°, and 70°) for the 

initial investigations of the optical anisotropy of the SPEEK films (section 2.4.1). Further 

systematic studies were conducted at an angle of incidence of 70°. In-situ drying measurements 

under nitrogen were conducted for 15 minutes using a custom-made temperature-controlled 

glass flow cell [34]. Prior to entering the flow cell, the nitrogen was dried with a water 

absorbent and was led through an oxygen trap. 

The CompleteEase 4.64 software (J.A. Woollam Co., Inc.) was used for spectroscopic 

data modeling. The optical properties of the silicon wafer, and the native oxide silica layer on 

top of it, were taken from the software database. The thickness of the native silicon oxide was 

measured with spectroscopic ellipsometry and the obtained value of ~2 nm was fixed in further 

modeling. The wavelength range included in the fitting was 450 – 900 nm; in this range SPEEK 

is transparent and the Cauchy relation (Eq. 2.2) can be applied. All values reported for n and 

Δn correspond to the value at the wavelength of a helium–neon laser (632.8 nm). 

Depolarization that occurs due to thickness inhomogeneity was always carefully checked and 

fitted. In uniaxial modeling, the B parameters of the Cauchy equation for nxy and nz were 

coupled to ensure a physical realistic optical dispersion for SPEEK films. By coupling Bxy and 

Bz, a parallel trend of nxy and nz with wavelength is imposed and it is prevented that they cross. 

2.3.4 Analysis of variance 

Analysis of variance (ANOVA) with a confidence interval of 95 % was used to 

substantiate the significant differences in optical properties of SPEEK films formed under 

various conditions in spin-coating. 
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2.4 Results and Discussion 

2.4.1 Optical anisotropy 

Figure 2.1 shows the ellipsometry spectra of a representative SPEEK film coated on a 

silicon substrate. Both the Psi and Delta spectra show a single oscillation with a position and 

amplitude that depends on the angle of incidence. These raw spectra are typical for SPEEK 

films of several hundred nanometers. 
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Figure 2.1 Isotropic (a) and uniaxial (b) fit for Ψ and Δ of a representative SPEEK film with a thickness
of 324 nm, coated on a silicon wafer. 
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 Fitting simultaneously the data obtained at the three angles, with an optical model that 

considers the material to be isotropic, yields a thickness of 324.4 nm (Figure 2.1a). However, 

the MSE=24.1, corresponding to this optical fit, is relatively high and not acceptable for a single 

film of low thickness. The high MSE value is mainly due to the skewness of the spectra that 

cannot be captured by the isotropic optical model. Fitting the data with a model that considers 

the material as uniaxial anisotropic results in an essentially unchanged thickness of 324.8 nm, 

but also in a significant reduction in MSE to a value of 6.8 (Figure 2.1b). This significant 

decrease in MSE is considered to indicate that SPEEK films are anisotropic and Δn should be 

taken into account. Spectra obtained at different spots and after different sample rotations 

within the xy plane show no differences in Δn, implying that the SPEEK films exhibit no biaxial 

anisotropy and that the uniaxial Δn does not depend on the radial position on the wafer. The 

observed optical uniaxial anisotropy coincides with the observations of Reyna-Valencia et al. 

[27], who also determined Δn using an optical method and correlated the value of Δn to in-

plane polymer chain orientations. 

Here, we study several factors that may affect Δn and that are discussed in more detail 

below. The factors are the ambient relative humidity, the drying process, film formation via 

spin-coating and solution deposition, the use of volatile and non-volatile solvents, and the film 

conditioning under vacuum at 30 and 140 °C. 
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2.4.2 The effect of ambient relative humidity and subsequent drying 

The dynamics of the changes in thickness and refractive indices of a representative 

SPEEK film, upon drying under nitrogen, are presented in Figure 2.2a. In Figure 2.2b, the black 

solid lines in the Psi and Delta spectra correspond to spectra obtained under ambient conditions 

(relative humidity RH=50 %), prior to drying.  
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Figure 2.2 Thickness, refractive indices and optical anisotropy of a SPEEK film (a) in the ambient and
in dry N2, and (b) corresponding Psi (Ψ) and Delta (Δ) data in the ambient (solid line) and at the end of 
the drying in N2 (dashed line). The film was spin-coated from a 5 wt% methanol solution at 2000 rpm
and conditioned under vacuum at 30 °C for 48 h. 
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The dashed lines correspond to the spectra obtained at the end of the drying process. The shift 

of oscillations towards lower wavelengths indicates a decrease in film thickness. The dynamics 

of the changes in thickness are representative for a desorption process involving both water 

diffusion and polymer relaxation. Initially, a sharp decrease in thickness is observed, due to 

diffusion limited removal of water. The subsequent slower reduction in thickness is related to 

polymer relaxation, which is a process with a much larger time constant. These observations 

are consistent with those of Potreck et al., who studied vapor sorption in SPEEK by mass uptake 

[35]. During desorption, the sample thickness decreased from an initial thickness of 333.8 nm 

to 284.7 nm at the end of the desorption process. Concurrently, the refractive indices of the 

film increased, indicating the removal of water and the densification of the polymer. Thus, the 

refractive index of the films is lower under ambient conditions as compared to under dry 

nitrogen. The presence of the sulfonic acid groups in SPEEK makes the material highly 

hydrophilic and causes the polymer films to swell and plasticize in the presence of water vapor 

[36, 37]. Because the refractive index of liquid water, 1.33, is lower than that of the polymer, 

the swollen films have a lower overall refractive index.  

The removal of water also causes a significant increase in optical anisotropy, from 

0.021 to the value of 0.047. This increase indicates that the stresses in the material become 

higher upon removal of water. The increase of optical anisotropy upon desorption of water 

coincides with the observations of Reyna-Valencia et al. [27], who have shown that upon 

repeated thermal cycling, SPEEK films undergo orientations that result in increased and 

constant optical anisotropy. Moreover, they reported that the direction of the orientations was 

in-plane to the surface of the film. SPEEK films studied in our paper also exhibit orientations 

in the same direction. This is evidenced by the in-plane refractive nxy, which is always higher 

than the out-of-plane refractive index nz.  

Thus, the results show that the ambient relative humidity has a direct impact on the 

thickness and optical anisotropy of SPEEK films. High affinity for the moisture results in 

swelling that in turn reduces the internal stresses. The effect becomes stronger with increasing 

relative humidity, as the sorption of water for SPEEK increases sharply above RH=50 %. These 

observations imply that correct reporting of properties of SPEEK films requires specification 

of the relative humidity. 
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Additionally, the usage of SPEEK in processes, in which SPEEK films are alternately 

exposed to high humidity and dry conditions, results in repeated changes in material 

dimensions. Such behavior damages the membrane integrity, and reinforcement procedures are 

necessary [38].    

2.4.3 Spin-coating with volatile solvents 

Effect on thickness 

Figure 2.3 shows the thicknesses as a function of the spin speed for several SPEEK 

films, prepared by using either methanol or ethanol as a solvent. The measurements were 

performed in a humid ambient (RH=50 %). At a spin speed of 1000 rpm, no layers could be 

obtained from 5 and 7 wt% solutions, due to poor substrate wettability at those conditions. The 

two distinct conditioning temperatures of 30 and 140 °C did not result in a difference in 

thickness. 
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Figure 2.3 The thicknesses of SPEEK films formed via spin-coating from methanol (○ and □) and 
ethanol (Δ and ◊) solutions of concentrations 3, 5 and 7 wt%, and conditioned under vacuum at 30 °C 
(○ and Δ) or 140 °C (□ and ◊). Thickness values have been obtained from the center of the sample.
Lines are to guide the eye. 
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Methanol and ethanol are highly volatile solvents, commonly used for the fabrication 

of SPEEK membranes with a high DS [39]. The viscosity of methanol (0.00059 Pa·s) is 

approximately half of that of ethanol (0.0012 Pa·s), and the vapor pressure of methanol (13.02 

kPa) is almost twice as high as that of ethanol (5.95 kPa) [40, 41]. However, the data show no 

significant differences in the thickness of the films for the two solvents, despite the different 

solvent properties. This is in agreement with the scaling predicted by the model of Meyerhofer 

[42]. In this model, the film thinning process is considered to comprise two distinct and 

subsequent stages. In the first stage, the film thinning is only due to centrifugal induced radial 

flow. In the second stage, the film thinning is only due to solvent evaporation. The resulting 

expression for the film thickness, h [nm], predicts the following scaling: 

1 1

3 2
0~ ( )vaph   




   
Eq. 2.5 

This expression contains the initial solution viscosity η0 [Pa·s], the solvent vapor pressure ρvap 

[kPa], and the spin speed ω [rpm]. Based on this model, the expected difference in layer 

thickness for the two solvents is ~3 %. For the films obtained from the solutions with the low 

concentrations (3 and 5 wt%) and high spin speeds (2000 – 4000 rpm), the thickness scales 

with ωm, where m is an empirical scaling parameter. For both solvents and concentrations, the 

value of m varied between -0.44 and -0.5. This is again in good agreement with the scaling 

predicted by the expression of Meyerhofer [42, 43]. Also, the R-squared of the linear fits for 

calculation of the m is >0.998. For the higher concentration of 7 wt%, the scaling m is between 

-0.32 and -0.42 indicating that the simple model starts to fail for higher concentrations. The 

linear fits are also less appropriate, as is evidenced from the R-squared values (~0.98). 

The presented thickness values are obtained from the centers of the samples. The 

thickness at the outer sides of the samples is typically a few percent less. This is due to the 

shear thinning viscosity of the polymer solutions, and the radial dependence of the shear forces. 

The effect is more pronounced for more concentrated polymeric solutions. The results are in 

concurrence with the research of Manish Gupta et al., who also reported shear thinning 

behavior for SPEEK solutions [44].  

 

 

 

 



Chapter 2 
 

 26

C
hapter 2 

Effect on optical anisotropy and refractive index 

 Figure 2.4a and b depict Δn and nxy of the films corresponding to Figure 2.3 as a 

function of the spin speed, respectively. Only the data for the 3 and 5 wt% solutions are 

presented. For the 7 wt% solution, inhomogeneous films (MSE >20) were obtained, resulting 

in a pronounced scattering of the Δn and nxy values. The films were measured under humid 

ambient (RH=50 %) and dry nitrogen atmosphere (RH=0 %). The spin speed was varied in the 

range 1000–4000 rpm to investigate if shear forces during the spinning process affect the 

orientation of the polymer chains. In addition to the variable spin speed, the difference in 

viscosity of methanol and ethanol also implies distinct shear forces. 
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Figure 2.4 Optical anisotropy, Δn (a) and in-plane refractive index, nxy (b) of SPEEK films formed via
spin-coating from methanol (○ and □) or ethanol (Δ and ◊) of concentrations 3 and 5 wt%, and
conditioned under vacuum at 30 °C (○ and Δ) or 140 °C (□ and ◊). Open symbols indicate the ambient
humid atmosphere (RH=50 %) and closed symbols indicate the end of the drying process. The films
obtained from 7 wt% are omitted due to high film inhomogeneity. 
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For the data obtained at high spin speed (≥2000 rpm) for 3 wt% solutions, no significant 

systematic dependence of Δn and nxy on the spin speed or solvent properties is observed. The 

analysis of variance confirms that no statistically relevant differences exist for those films. This 

indicates that the shear forces during the spinning process have no direct apparent effect on the 

stresses inside the final films, which is consistent with the absence of variations in Δn and nxy 

as a function of the position on the sample. For the lower spin speed of 1000 rpm, some 

changes, which are supported by ANOVA, in Δn and nxy can be observed. These can be 

possibly caused by factors associated when applying very low spin speeds, such as poor surface 

wettability, increased film inhomogeneity, or changed drying rates [45, 46]. 

 For the 5 wt%, there are statistical significant changes in the values of Δn and nxy. In 

particular, for 2000 rpm, the analysis of variance indicates that the values of Δn and nxy are 

significantly lower as compared to 3000–4000 rpm. The differences are possibly related to the 

decreased homogeneity of the films obtained at low spin speeds from more concentrated 

solutions. A lower homogeneity corresponds to more spatial randomness, and hence, would be 

manifested by a lower Δn. To support this conclusion, films from 7 wt% solution were so 

inhomogeneous that their MSE exceed the value of 20.  

The refractive index is strongly correlated with the density of the film, and the uniaxial 

anisotropy is related to internal stresses in the film originating from polymer chain orientations. 

For films from a 3 wt% solution, the refractive index and uniaxial anisotropy are not affected 

by the spinning conditions; the film thickness can be adjusted by the spin speed without 

affecting the other film properties. For a higher concentration, 5 wt%, films with lower and 

higher anisotropy and higher and lower density can be produced. For all SPEEK films, nxy is 

higher than nz. This signifies that the SPEEK polymer chains are preferentially oriented in-

plane to the surface of the film. These orientations are not caused by the radial flow and forces 

pertaining to the spin-coating process, and are not affected by the physical properties of the 

solvent used. Furthermore, the preferred chain orientations persist when thermal conditioning 

is performed at 140 °C instead of 30 °C. 140 °C is apparently too far from the glass transition 

(~200 °C) [47] to induce structural changes in the polymer films. Both temperatures are 

sufficient to ensure removal of any residual methanol and ethanol. The internal stresses in the 

films are affected by the presence of water. Water has high affinity for the charged sulfonic 

groups and will readily sorb into the material. The presence of water results in plasticization: 

the polymer chains become more mobile due to the presence of the water. The enhanced 



Chapter 2 
 

 28

C
hapter 2 

mobility, combined with the dilation of the film in the z-direction to accommodate the water 

sorption, causes relaxations of the polymer chains with less preferred in-plane orientations. 

2.4.4 Solution deposition with a volatile and a non-volatile solvent 

In the previous section, the plasticizing effect of water vapor has been discussed. Water 

sorption reduces the internal stresses in SPEEK membranes, and therefore, it also reduces the 

optical anisotropy. A similar effect can be expected to occur for other penetrants, especially for 

those that are able to dissolve SPEEK. Hence, here we study the optical properties of films that 

have been made using N-methylpyrrolidone (NMP) as a solvent. NMP dissolves SPEEK with 

a low DS [7], whereas methanol and ethanol are typically used to dissolve SPEEK with a high 

DS. The poor wettability of wafers by NMP complicates controlled spin-coating, which can be 

circumvented by using the solution deposition method, i.e., spin-coating at zero spin speed.  

In Table 2.1 the representative data are presented for SPEEK films formed via solution 

deposition technique, using NMP or the more volatile methanol as solvent, and measured at 

RH=20–30 %. The film thicknesses could not be easily controlled but they are in the range of 

the thicknesses from Figure 2.3. The focus is put on optical properties.   

Visual observations indicate that film formation occurs in approximately one minute in 

the case of methanol, and in several hours in the case of NMP. Before conditioning under 

vacuum at 30 °C, methanol-derived films were characterized 30 minutes after formation, and 

NMP-derived films 3 days after formation. The refractive index values nxy of the NMP- and 

methanol-derived films are much lower than those of films corresponding to Figure 2.4b 

(>1.63), indicating that the solvents are still present in the films. The refractive indices of 

methanol (n = 1.32) and NMP (n = 1.47) are much lower than that of the polymer, causing the 

effective refractive index to be reduced when the solvents are present in the films. For the 

methanol-derived films, nxy = 1.58 is higher as compared to nxy = 1.51 for the NMP-derived 

films. This result is consistent with the much faster evaporation of methanol as compared to 

NMP. The low refractive index in the case of the NMP-derived films is actually very close to 

the value of pure NMP. This indicates that a large concentration of NMP is still present in the 

film, even at three days after film formation. This is substantiated by the absence of anisotropy 

in the NMP swollen films; Δn = 0 and the isotropic and anisotropic optical models give similar 

MSE values. In contrast, significant anisotropy is observed for films derived from the methanol 

solution; Δn > 0.01 and lower MSE for the anisotropic optical model. 
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Table 2.1 Thickness (d), refractive index (nxy), optical anisotropy (Δn) and MSE values for SPEEK 
films formed via a solution deposition technique using methanol and NMP, measured at RH=20–30 % 
after various film conditionings. 

 

 

 

 

 

 

 

 

 

 

                                                 

 
1,2,3,4 Indication of measurements with a particular number means that these are the measurements of the 
same sample spots of the NMP-derived films, which were conditioned firstly at 30 °C and subsequently 
at 140 °C. 

Methanol NMP 
damb 

[nm] 
nxy amb 

[-] 
Δnamb 

[-] 
MSE 

anisotropic 
MSE 

isotropic 

damb 

[nm] 
nxy amb 

[-] 
Δnamb 

[-] 
MSE 

anisotropic 
MSE 

isotropic 

No heating, measured 30 min after formation No heating, measured 3 days after formation

402.5 1.585 0.014 6.9 15.1 236.6 1.518 0 7.2 7.3 

402.7 1.583 0.013 6.4 14.3 234.7 1.513 0 7.3 7.4 

After 48 h under vacuum at 30 °C  

343.1 1.652 0.037 4.5 27.5 388.51 1.581 0.009 9.5 13.0 

358.2 1.652 0.034 4.5 25.7 395.12 1.568 0.009 9.3 13.1 

487.5 1.643 0.039 14.6 42.4 420.73 1.562 0.008 10.0 12.5 

533.0 1.642 0.037 12.3 42.7 483.54 1.579 0.006 15.6 17.0 

After 48 h under vacuum at 140 °C 

312.1 1.648 0.035 11.3 26.0 238.91 1.635 0.042 7.7 20.1 

354.4 1.644 0.031 8.7 25.6 246.32 1.632 0.042 8.8 21.0 

487.6 1.648 0.035 15.1 38.9 307.43 1.617 0.015 12.9 15.9 

543.0 1.645 0.030 13.7 36.7 316.34 1.616 0.012 12.4 15.0 
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Subsequently, the optical properties have been analyzed after the films have been 

conditioned under vacuum at 30 °C. The values for nxy and Δn of methanol-derived films are 

comparable with those of films formed via spin-coating (Figure 2.4). During conditioning, the 

methanol is completely removed, causing an increase in density (nxy) and internal stresses (Δn). 

Fitting with the anisotropic, instead of the isotropic optical model, results in a significant 

reduction of the MSE. NMP-derived films show a small positive value for Δn and a strongly 

increased nxy. This indicates significant, but not complete removal of the NMP. 

Finally, the films have been characterized after conditioning under vacuum at 140 °C. 

For methanol-derived films, the solvent is completely removed, similar to the conditioning at 

30 °C. Because the temperature of 140 °C is too far from the glass transition temperature, no 

structural rearrangements of the polymer occur. Consequently, the temperature of the 

conditioning step does not significantly affect the optical properties of the methanol-derived 

films, and the corresponding MSE. 

For the NMP-derived films, the removal of NMP at 140 °C is far more effective than 

at 30 °C. This is manifested by an increase in nxy as well as in Δn. Still, for various spots on the 

sample, a lower anisotropy is observed, indicating that NMP is not removed completely at 140 

°C. The difficult removal of NMP is due to its high boiling point, but also due to its favorable 

interactions with sulfonic acid groups [22, 48]. 

Overall, the results indicate that sorption of organic solvents can reduce the internal 

stresses in thin SPEEK films. Notably, the density of, and internal stresses in, thin SPEEK 

films are similar when comparing films prepared by spin-coating and solvent deposition. This 

further substantiates that stresses in the material are not affected by the shear forces induced 

during spin-coating, but are inherent to thin films of this sulfonated polymer. This conclusion 

is in agreement with literature. It is known that molecular orientations can originate from the 

self-alignment of polymeric chains, due to specific chemical properties (e.g. polarity) that cause 

interactions between molecules [28, 49]. These interactions drive polymeric chains to align in 

a specific manner. For SPEEK, the specific orientations are due to polar sulfonic acid groups. 

This is in line with the recent research of Krishnan et al., who found sulfonated polyimide thin 

films to be inherently anisotropic with the orientation along the in-plane direction [50].  

Analysis of the anisotropy of the SPEEK samples that have been aged for one year 

shows that slow polymer relaxations do not lead to disappearance of the anisotropy in the thin 
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films. The slow relaxations do affect the homogeneity of the films. Fresh films derived from a 

7 wt% solution cannot be accurately modeled (MSE > 20), but after 372 days of aging, the MSE 

is significantly decreased (< 10). The aged 7 wt% films have values for Δn that are of the same 

order as these of films derived from 5 wt% solutions. The inherent self-alignment orientations 

can only be irreversibly affected by chemical modifications [51], and, as we have shown, 

reversibly by plasticizing agents. 
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2.5 Conclusions 

Molecular orientations in thin SPEEK films have been investigated using spectroscopic 

ellipsometry. The thin films exhibit a uniaxial optical anisotropy that implies preferred 

orientations of the polymer chains, which are for SPEEK in the in-plane direction. In turn, the 

preferred molecular orientations lead to internal stresses in the films. The molecular 

orientations do not originate from film formation conditions: different solvents, different film 

formation methods, and different hydrodynamic forces acting on the polymer chains during 

film formation, essentially, do not change the extent of anisotropy. The internal stresses, 

coupled with the density, can be varied to some extent when solutions with higher polymer 

concentrations are used for the spin-coating synthesis. The presence of molecular orientations 

in thin SPEEK films are inherent to this polymer, and are not removed by elevated 

temperatures. The associated internal stresses can be released by the presence of water or 

organic solvents. Subsequent removal of such penetrants is accompanied by a full 

reestablishment of the internal stresses. 
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Abstract 

 

Thin sulfonated poly(ether ether ketone) films swell excessively in water. The extent of water-

induced swelling is shown to be correlated with the optical anisotropy of the films, due to two 

distinct phenomena. Firstly, the optical anisotropy is directly related to the amount of water 

taken up from the ambient, and thus to amount of water present in the material just prior to 

swelling. Secondly, the optical anisotropy corresponds to internal stresses in the film that affect 

the free energy of the film, and thus the potential of the film to swell. The anisotropy vanishes 

upon sorption of liquid water and returns when the water is desorbed. When the water is 

completely removed, the film changes from more or less colorless to an intense yellow color 

that can be attributed to molecular assembly of the aromatic rings in the polymer backbone. 

The color change is reversible and occurs immediately upon exposure to low humidity. For 

films prepared in the absence of water, the lack of hydration of the sulfonic acid groups affects 

the packing of the polymer chains. This is manifested by a lower extent of water-induced 

swelling. The possibility to affect the polymer behavior by varying the hydration state during 

preparation can have important implications for applications of sulfonated polymer films. 
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3.1 Introduction 

 Membranes from highly sulfonated poly(ether ether ketone) (SPEEK) excessively 

swell upon contact with water. This is due to the high affinity that water has for the sulfonic 

acid groups in SPEEK. For some applications, a high concentration of water in the polymer 

can be beneficial, for instance, to facilitate proton transport in fuel cells [1] or for the 

dehydration performance [2-4]. However, too high concentration of water in membranes causes 

excessive swelling. A drawback of excessive swelling is the reduced mechanical strength that 

may lead to ruptures, in particular in the case of thin films that are constrained on a substrate. 

Constrained films can only swell in a single direction, and at a similar degree of swelling the 

elastic deformation of their network is thus more pronounced as compared to free-standing 

films [5]. Excessive swelling is also known to have an impact on the performance of 

membranes in molecular separation. In general, swelling leads to larger fluxes of all species 

present, and causes drastic reductions in selectivity. Much effort has been devoted to the 

reinforcement of SPEEK films. Approaches include chemical modifications, such as covalent 

and ionic cross-linking [6], doping with inorganic particles [7, 8] and creating structures with 

integrated skin layers [9].  

 The relations between swelling, proton transport and the chemical and intermolecular 

structure of SPEEK and other sulfonated polyelectrolyte films have been studied extensively 

[10-12]. The performance of membranes made from these polymers is reported to be affected 

by molecular orientations and chain assembly. Zhang et al. reported that SPEEK films with the 

same chemical structure, with a degree of sulfonation of 40 %, but formed at various relative 

humidity degrees, exhibit distinct molecular arrangement and orientation of the sulfonic acid 

groups [13]. The proton conductivity performance of those membranes is dissimilar. This 

implies that the proton transport characteristics of SPEEK are not only dictated by the amount 

of sulfonic acid groups, but also by their molecular arrangement. It can be anticipated that the 

molecular structural arrangements of SPEEK will also affect the swelling behavior upon 

contact with water. 

 In a previous study, we reported that thin SPEEK films exhibit certain structural 

arrangements, in particular, inherent orientations in the in-plane direction [14]. In short, 

SPEEK films, independently on the preparation route and formation procedure, are 

preferentially oriented in the xy direction as compared to the z direction [14]. This is manifested 



Chapter 3 
 

 40

C
hapter 3 

by optical anisotropy, Δn, i.e., 0xy zn n n    . In this expression, nxy is the in-plane refractive 

index and nz is the out-of plane refractive index. In the present paper, we study the relations 

between those structural arrangements of supported thin SPEEK films and (the dynamics of) 

their water-induced swelling, to assess if swelling can be significantly affected without 

chemical modification of the polymer. The paper comprises two parts. In the first part, the 

focus is on the correlation between optical anisotropy and swelling. In the second part, the 

focus is on the molecular assembly of the aromatic rings in the polymer backbone due to the 

absence of water during film formation, and on the consequences of such assembly for water-

induced swelling. 

3.2 Experimental 

3.2.1 Materials 

 Two batches of SPEEK polymer were used: SPEEK with a degree of sulfonation (DS) 

84 % – home-made, obtained by sulfonation of PEEK (Victrex) using sulfuric acid according 

to the procedure described in [15], and SPEEK DS 68 % – Fumion® ELM-505, obtained from 

Fumatech (Germany) as 5 wt% methanol solution. Methanol (Emsure® grade of purity) was 

obtained from Merck (The Netherlands). Rhodamine 6G and DMSO-d6 (99.5 atom % D) were 

obtained from Sigma-Aldrich (The Netherlands). <100> -oriented silicon wafers P/Boron were 

obtained from Okmetic (Finland). Quartz glass slides Nr. 1.5 were obtained from Menzel-

Gläser (Germany). Nylon membrane 25 mm syringe filters (pore size 0.45 μm) were obtained 

from VWR International. Porous α-alumina discs were purchased from Pervatech (The 

Netherlands). Nitrogen gas (4.5) was supplied by Linde (Germany). Deionized water (18.2 

MΩ·cm) was obtained using a Milli-Q Advantage A10 system Millipore. 

3.2.2 Film preparation 

For spectroscopic ellipsometry  

 Films were spin-coated from SPEEK 5 wt% dissolved in methanol on pre-cut pieces of 

silicon wafers. Prior to spin-coating, the solutions were filtered using a syringe filter in order 

to remove residual contaminations. SPEEK in the 5 wt% methanol solution from Fumatech has 

a relatively high molecular weight and correspondingly high viscosity. The solution was diluted 

with methanol (SPEEK solution to fresh methanol volume ratio was 3.5:1) prior to spin-coating 

to decrease the viscosity, such that all for swelling experiments films are ~300 nm thick. 
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 Spin-coating was conducted under two distinct humidity conditions:  

Humid atmosphere: Spin-coating was conducted in air, at ambient relative humidity. The spin 

speed was set at 2000 or 3000 rpm.  

Dry atmosphere: Spin-coating was conducted under a large stream of dry nitrogen (RH=0 %). 

The spin speed was always set at 2000 rpm.  

 

 The spinning time was set to 50 seconds. Directly after spin-coating, the films were 

conditioned under vacuum at 140 °C for 48 h. This procedure is implemented to induce non-

covalent attachment of the film to the substrate and to prevent detachment of the film upon 

swelling. 

 Before water swelling experiments, all films were equilibrated directly after removal 

from a vacuum oven, at the ambient relative humidity degree. Subsequently, the films were 

characterized ex-situ using Spectroscopic Ellipsometry (SE). The initial thickness of the films 

used in the swelling experiments was in the range 280 – 350 nm. 

  

For fluorescence microscopy 

 Two methods were applied: (1) Films were spin-coated from a mixture of 3 wt% 

SPEEK in methanol and Rhodamine 6G on quartz glass slides at 2000 rpm. The molar ratio 

Rhodamine 6G/sulfonic acid groups was 6·10-9. Alternatively, (2) films were spin-coated from 

3 wt% SPEEK in methanol at 2000 rpm, without Rhodamine 6G in the solution. Subsequently, 

0.1 ml of the Rhodamine 6G water solution was deposited, with the similar molar ratio as in 

the first method, on the film surface and left for 2 hours. 

 Spin-coating was done in humid and dry atmosphere, as described above for the film 

formation for spectroscopic ellipsometry. The thicknesses of the films for fluorescence 

microscopy were ~150 nm. 

 

Films on porous alumina supports  

 Films were spin-coated on porous α-alumina supports, which were coated with a single 

layer of γ-alumina (according to the procedure described by Luiten et al. [16]), from 10 wt% 

SPEEK dissolved in methanol, in a humid ambient (RH=60 %) and dry atmosphere (RH=0 %) 

at 2000 rpm. The thicknesses of the films were ~800 nm. 
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3.2.3 Measurements 

1H-NMR 

 The degree of sulfonation of the two SPEEK batches was determined via 1H-NMR 

using a AscendTM (Bruker) at a resonance frequency of 400 MHz in deuterated dimethyl 

sulfoxide DMSO-d6, using an approach similar to that described by Zaidi et al. [17]. 

 

Ellipsometry 

 Spectroscopic ellipsometry experiments were performed on two devices: alfa-SE and 

M-2000 (J.A. Woollam Co., Inc.). The size spot of the light beam was 2 mm and a 70° angle 

of incidence was applied for ex-situ and in-situ measurements. In-situ measurements were 

conducted in demineralized liquid water at a temperature of either 20 or 40 °C, using a custom-

made temperature-controlled 70 mL-volume glass cell [18]. For water experiments in the glass 

cell, the delta offset was determined prior to measurements using a calibration wafer. The 

recording of the swelling data started in the first half minute after immersion in water. Modeling 

of the data obtained from SPEEK film measurements using CompleteEase 4.64 software (J.A. 

Woollam Co., Inc.) is described in detail in [14]. The ambient refractive index of water at 20 

and 40 °C was taken from the H2O Pribil Temperature Library from the CompleteEase 

software.  

 The time-dependent swelling factor SF(t) is defined as the thickness d at time t 

normalized with respect to the initial thickness: 

initial

( )
( )F

d t
S t

d
      Eq. 3.1 

The initial film thickness is measured by ex-situ ellipsometry prior to the swelling experiment.  

 

TIRF microscopy 

 Total internal reflection fluorescence (TIRF) microscopy was performed using a Nikon 

Eclipse Ti microscope equipped with a 100× Oil, Plan Apo objective (numerical aperture 1.45, 

Olympus) and an Andor DU-885 camera in TIRF mode. The Rhodamine 6G was excited using 

a 488 nm laser with a readout speed of 35 MHz. The emission signal from the green dye was 

collected at 520 nm.  
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3.3 Results and Discussion 

3.3.1 Relation between anisotropy and swelling 

 Figure 3.1 shows the swelling dynamics for two distinct SPEEK films, prepared from 

the same polymer batch, DS 84 %, and formed at different dates under humid conditions at 

2000 rpm, upon exposure to liquid water at 40 ºC. Prior to the exposure to water, the extent of 

optical anisotropy of the films is different. The differences in optical properties are due to 

dissimilarities in the relative humidity of the ambient, on the different dates of film formation 

and measurement. Despite the equal DS, the swelling dynamics and the final degree of swelling 

are extremely distinct for the two films. The film that has the higher initial anisotropy, 

Δn=0.028, swells slower and its swelling factor shows a maximum value of ~3.5 followed by 

a continuous relaxation-induced decrease in film thickness. Such overshoot swelling dynamics 

have been observed for SPEEK and other charged polymers [19-21]. For the film with the 

lower initial optical anisotropy, Δn=0.023, the swelling dynamics are much faster. Most of the 

swelling occurs immediately, upon contact with water. Closer inspection of the shape of the 

curve reveals that this film also exhibits overshoot dynamics, albeit far less pronounced, with 

the maximum swelling factor of only ~1.7.  
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Figure 3.1 Time-dependent water-induced swelling at 40 °C of ~300 nm SPEEK films with a DS of 84 
% and (a) relatively high optical anisotropy (Δn=0.028), and (b) relatively low optical anisotropy 
(Δn=0.023).  
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 In the last years we have measured the swelling of several dozens of thin SPEEK films 

and found a positive correlation between the value of Δn and the extent of swelling. The 

observed differences in the swelling behavior can be related to two superimposed phenomena.  

 Firstly, the distinct swelling behavior can be associated with a different initial 

concentration of water in the film. Due to the sulfonic acid groups, SPEEK has a high affinity 

for water. A SPEEK film that is exposed to an ambient with higher relative humidity will have 

a higher concentration of sorbed water. It is known that a higher water concentration in a 

SPEEK film results in a reduction of density and anisotropy [14]. The higher initial 

concentration of water in the film is manifested by a lower value of Δn and less apparent 

swelling during exposure to liquid water. 

 Secondly, the distinct swelling behavior can be due to an inherent relation between 

optical anisotropy in a film and the swelling of this film. The theoretical prediction of penetrant 

induced swelling of polymers is generally based on free energy considerations [22]. Within 

such a context, the contributions to the free energy that ultimately determine the extent of 

swelling, are related to the changes in enthalpy and entropy upon mixing of polymer and 

penetrant, and an elastic contribution due to deformation of the network. The optical anisotropy 

in the thin films is associated with internal stresses, and consequently constitutes a distinct free 

energy status prior to swelling. After swelling with water at a high activity (~1, or liquid water), 

the internal stresses, and hence anisotropy, either vanish or are very minor. This implies that 

the distinct initial free energy must result in a distinct extent of swelling.  

 For both phenomena, a larger extent of optical anisotropy will correspond to a larger 

extent of swelling, which complicates deconvolution of the two phenomena. This is illustrated 

by the swelling of a selection of four films at 40 °C and 2 films at 20 °C, in Figure 3.2. All 

films have been prepared from the batch with a DS of 84 % and have been formed under humid 

conditions. The four samples swollen at 40 °C have been obtained from three different sets, I, 

II and III, and the swelling of the films has been studied at different times under various relative 

humidity conditions. Only samples IIIa and IIIb are from the same set and their swelling is 

studied on the same day, i.e., under the same relative humidity conditions. 

 IIIa and IIIb differ in the extent of optical anisotropy, which has been induced by 

differences in the spinning conditions [14], 2000 and 3000 rpm for IIIa and IIIb, respectively. 

The two samples swollen at 20 °C  have been obtained from two different sets, a and b. Sample 
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b with very low optical anisotropy, Δn=0.014, was exposed prior to swelling to an ambient 

with RH>>80 %. 

 

 

 As we have generally found, the film with the lowest initial optical anisotropy shows 

the lowest degree of swelling. Because the humidity conditions during the swelling studies of 

these films are not well defined, it is not possible to quantify the relative contributions of the 

effect of initial relative humidity and the contribution of the initial stresses and density in the 

film, to the overall extent of swelling. When comparing samples I, IIIa and IIIb, the refractive 

indices of the materials are similar (nxy=1.659, 1.658 and 1.661, respectively). This implies a 

comparable initial density of the samples. Hence, the higher degree of swelling must be 

predominantly due to initially higher internal stresses in this film. Such an observation is further 

supported when comparing samples IIIa and IIIb; for these samples, the synthesis and swelling 

conditions have been identical, except for the spinning speed. The consequent difference in 

optical anisotropy of the two films is accompanied by a significant difference in swelling. In 

this case, this divergent extent of swelling can be attributed to the difference in initial stresses 

in the two films.  
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Figure 3.2 Water-induced swelling recorded for 5 minutes of SPEEK films with a DS of 84 %, and 
with various initial optical anisotropy, at 20 °C (grey lines a and b) and 40 °C (black lines I, II, IIIa and 
IIIb). The initial anisotropy of  ≤0.014 prior to swelling is achieved by film exposure to an ambient with
RH >>80 %. 
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 Thus, the swelling factor in water of thin SPEEK films is dependent not only on the 

degree of sulfonation and water temperature, but also on the initial film properties that are 

strongly responsive to ambient conditions.  

3.3.2 Effect of RH during spinning on thin film swelling  

 In the above section a correlation is discussed between the optical anisotropy and 

swelling of thin SPEEK films, prepared via spin-coating in a humid atmosphere. In a previous 

paper we have found that a spin-coating with a relatively concentrated (5 wt%) SPEEK alcohol 

solution at relatively low spin speed (2000 rpm) can result in SPEEK films with lower 

anisotropy as compared to films spun at 3000 rpm [14]. For less concentrated solutions and 

higher spinning speeds, the extent of optical anisotropy of thin SPEEK films is more or less 

insensitive to variations in the spinning conditions [14]. The anisotropy of the formed films has 

been also found to increase with a decrease in relative humidity of the ambient [14]. In this 

paper, a particular swelling behavior is observed when films are prepared by spin-coating in 

the absence of water (RH=0 % due to flushing with nitrogen). The thickness and optical 

anisotropy of these films is comparable with those of films formed in the presence of water. 

However, the swelling of the films upon exposure to liquid water is very different. This is 

illustrated in Figure 3.3, by the dynamic swelling of two films with a DS of 84 %, of which the 

optical anisotropy is comparable, Δn~0.028. One film is prepared under relatively humid 

conditions (RH~30 %), the other film under dry nitrogen (RH=0 %). The film formed under 

dry conditions shows significantly less swelling. The different swelling is considered to be the 

result of different molecular orientations in SPEEK, due to a different hydration state of the 

polymer during spin-coating in the absence/presence of water.  

 The hydration state of a polyelectrolyte, such as SPEEK, has prominent effects on the 

charge and molecular morphology. In the presence of water, hydration of the negatively 

charged sulfonic acid groups affects the structural separation of the polymer into hydrophilic 

and hydrophobic domains [23, 24]. The hydrophilic domains are responsible for the transport 

of water and ions, such as protons, and the hydrophobic domains give the polymer 

morphological stability [13, 25]. In the absence of water, the lack of hydration of the sulfonic 

acid groups allows them to come closer to each other. This facilitates more pronounced 

attractive non-covalent interactions between the aromatic rings that are present in the polymer 

backbone. These attractive interactions have been considered to result in an ordered 

arrangement of the aromatic rings that is referred to as π-π stacking. Recently, Jarumaneeroj et 
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al. [26] reported reversible π-π stacking in SPEEK films induced by the heating of this material. 

They reported a color change of the material: initially SPEEK is transparent to light in the 

visible range, upon heating to 190 °C a yellow color develops that is attributed to Π-Π stacking. 

The reported color change is reversible; upon cooling in ambient or exposure to water, the 

material becomes transparent again. 

  

 In Figure 3.4 the reversible color change, induced by the removal of water, is shown 

for a thin (~800 nm) SPEEK film on top of a porous ceramic γ/α-alumina support. The film 

was prepared by spin-coating under humid conditions and initially it is colorless to the human 

eye. Figure 3.4a shows the film directly after incubation at 60 °C in a vacuum oven. The yellow 

color is indicative for the changed hydration state and corresponds to the color change reported 

by Jarumaneeroj et al. at high temperature [26]. The occurrence of the color change at relatively 

low temperature, in vacuum, implies that it is actually the removal of the water that causes the 

change in color, rather than an inherent thermochromic characteristic of SPEEK. Upon the 

removal of water, an ordered arrangement of the aromatic rings due to non-polar interactions 

is induced that is destroyed when water molecules are introduced again [26]. Upon exposure 

to the ambient, the sorption of water causes the film to become colorless again (Figure 3.4b). 

We have observed that SPEEK membranes with a thickness >20 μm, also start to appear 

yellowish to the human eye, which is caused by slight absorption in the visible range. This 
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Figure 3.3 Water-induced swelling dynamics at 40 °C of ~300 nm SPEEK films with a DS of 84 %, 
formed under (a) humid, RH~30 % and (b) dry, RH=0 % atmosphere. For both films, the extent of 
optical anisotropy is comparable, Δn~0.028.  
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yellowish color becomes more apparent with increasing film thickness (the thicker the films, 

the higher the light absorption) and transforms to intense yellow, which is induced, as reported 

in [26], by benzene stacking, and is visible in Figure 3.4a.  

 

 

 

 

 An identical colour transformation was observed also for a SPEEK film on top of a 

porous ceramic γ/α-alumina support formed under dry nitrogen. Yet the distinct swelling of 

films prepared under dry conditions (Figure 3.3) implies that in that case the molecular 

arrangement of the aromatic rings does not respond reversibly to the presence of water. In other 

words, the π-π stacking in the films formed under dry conditions is partly irreversible. 

  

 

 

 

 

 

(a) (b) 

Figure 3.4 Photos of a SPEEK film ~800 nm with a DS of 84 % coated on a γ/α-alumina support (a) 
directly after incubation at a 60 °C in a vacuum oven and (b) after few minutes in a humid atmosphere.
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 Figure 3.5 shows the dynamic swelling of films that have been prepared in an identical 

manner, except for a difference in relative humidity during spinning. To investigate the 

reproducibility of this effect on another polymer batch, SPEEK with a DS of 68 % was used. 

  

  

 The experiment confirms the irreversible π-π stacking in the films formed under dry 

conditions for two different batches. This is evidenced by significantly reduced swelling of 

these films prepared under dry conditions, as compared to swelling of the films prepared under 

humid conditions. Additionally, SPEEK films with a lower DS swell less than these with a 

higher DS, which is consistent with the literature [27].  

 As such, the internal structure and consequently, properties of thin SPEEK films can be 

altered without chemical modification, just by varying the humidity during their preparation 

process, which can have important implications for applications of films derived from SPEEK 

or other sulfonated polymers. For instance, in membrane applications, the stacking of the 

aromatic rings will affect the permeability of the films, because the stacking is associated with 

an impermeable crystalline structure of the polymer [28-30]. 
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Figure 3.5 Time-dependent water-induced swelling at 40 °C of ~ 300 nm SPEEK films with a DS of 
84 % (black lines) and 68 % (grey lines), formed (a) in a humid RH~30 % and (b) dry RH=0 % 
atmosphere. Films are formed simultaneously, in an identical manner from the two methanol solutions 
of SPEEK DS 68 and 84 %, except for a difference in humidity during spinning.   
 



Chapter 3 
 

 50

C
hapter 3 

Fluorescence microscopy 

 Total internal reflection fluorescence (TIRF) microscopy is used to reveal the effect of 

relative humidity on the distribution of sulfonic acid groups in SPEEK (Figure 3.6). The 

negatively charged sulfonic acid groups are visualized via marking them with the fluorescent 

cationic dye - Rhodamine 6G. 

 

 The fluorescent images represent the SPEEK films obtained by using the first 

experimental method described in the experimental section (film preparation). For the second 

film formation method, comparable images have been obtained. This confirms that the 

presence of the dye molecules does not interfere or alter the structural arrangements of SPEEK 

in a substantial manner. Figure 3.6a is representative for samples prepared under humid 

conditions. Such films show a homogenous distribution of the fluorescent cations, and thus of 

the sulfonic acid groups. When the film is formed under dry conditions, a cluster-like structure 

is observed (Figure 3.6b). Such clustering can originate from ordered molecular arrangements 

of the aromatic rings that are also associated with the change of color to yellow. The clustering 

produces hydrophobic domains that expel the charged functional groups. Despite of the 

ordering on the molecular scale, the material still combines hydrophilic domains (the sulfonic 

groups) and hydrophobic domains. 

(a) (b) 

Figure 3.6 Fluorescence microscopy images of SPEEK films (DS 84 %) labeled with Rhodamine 6G, 
formed in a (a) humid ambient and (b) dry atmosphere. The Rhodamine 6G was excited using 488 nm 
laser and the emission signal from the green dye was collected at 520 nm. Image size corresponds to a 
region of 28 x 28 µm2 for both images. 
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3.4 Conclusions 

 Water-induced swelling in thin oriented sulfonated poly(ether ether ketone) films has 

been studied using in-situ spectroscopic ellipsometry. For films with a comparable degree of 

sulfonation, the swelling behavior is significantly correlated with the extent of optical 

anisotropy. Films with high optical anisotropy swell considerably more than more isotropic 

films. The correlation is attributed to two superimposed phenomena; a higher anisotropy can 

imply a lower initial water concentration at the start of the experiments, and a higher anisotropy 

is associated with higher internal stresses that imply a distinct free energy status. At very low 

water concentration, assembly of the aromatic rings in the backbone of the polymer can occur, 

which is manifested by a color change from clear to intense yellow. When the polymer is 

deprived of water during film formation, the stacking of aromatic rings is partly irreversible. 

This results in a lower propensity of the films to swell in water, signifying that control of the 

humidity during film formation allows to change the final film properties, without chemical 

modification.  
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Abstract 

 

 

 

Thin film and bulk, sulfonated poly(ether ether ketone) (SPEEK) have been subjected to a 

thermal treatment at 160 – 220 °C for up to 15 hours. Exposing the films to 160 °C already 

causes partial desulfonation, and heating to temperatures exceeding 200 °C results in increased 

conjugation in the material, most likely via a slight cross-linking by H-substitution. It is well-

known that the sulfonate proton plays a major role in the desulfonation reactions, and 

exchanging the protons with other cations can inhibit both protodesulfonation as well as 

electrophilic cross-linking reactions of the sulfonate group with other chains. Yet the 

implications of such ion-exchange for the thermal processing of sulfonated polymer films has 

not been recognized. Our study demonstrates that the ion exchange stabilizes thin films and 

bulk SPEEK up to temperatures exceeding 200 °C, opening up ways for the thermal processing 

of SPEEK in the temperature range of 160 to 220 °C without adverse effects.  
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4.1 Introduction 

 Sulfonated poly(ether ether ketone) (SPEEK, Figure 4.1) is an anionic polymer that 

finds wide use as high-performance membrane polymer that can be applied in water 

purification [1-3], in proton exchange membrane (PEM) fuel cells [4-6] and in dehydration of 

industrial gases [7-9]. For multiple reasons, SPEEK membranes are exposed to higher 

temperatures. PEM fuel cells have operating advantages at higher temperatures [10, 11]. 

Additionally, during membrane preparation high temperature treatments are suggested to 

remove residual high boiling point solvents after membrane formation [12], bring the material 

above its glass transition temperature to remove its thermal history [4], or to perform 

temperature-promoted crosslinking [13, 14]. Whereas temperatures up to 200 °C are not 

uncommon in these procedures [15], they can have detrimental effects on the integrity of 

SPEEK [16].  

 Generally, thermal changes to SPEEK are reported to occur via three separate processes 

[17, 18]: the removal of absorbed water and solvent (T = 50 – 150 °C); temperature-promoted 

crosslinking, annealing and/or removal of the sulfonic acid group (T = 150 – 400 °C); and 

backbone decomposition (T > 400 °C). Especially the second temperature range is of interest, 

as it is associated with both desired and undesired reactions. Desulfonation is one of the major 

undesired reactions, because it affects the sulfonation degree and may enhance degradation 

reactions. Because the desulfonation reaction typically takes place through a 

protodesulfonation mechanism, the thermal stability of the sulfonate group is strongly 

dependent on the presence of a proton that takes the place of the sulfonate leaving group on the 

aromatic ring [19]. In the absence of a proton, desulfonation will not occur. Membrane 

performance studies and thermogravimetric analysis on bulk material, in which the sulfonate 

proton was exchanged by a sodium ion, showed indications of an enhanced thermal stability 

[12, 15, 16, 20]. Nonetheless, the effect of exchanging the sulfonate proton for a different 

counter-ion on the thermal processing has hitherto not been fully appreciated and studied 

systematically for SPEEK films. 

 In this study, we have assessed the thermal stability of SPEEK thin films and bulk 

membranes in the temperature range of 160 to 250 °C over a time scale of 15 hours, and have 

compared the stability of the proton-form H-SPEEK with that of the sodium-form Na-SPEEK. 

Thermogravimetric analysis (TGA) on the bulk membranes indicates an enhanced stability of 
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the material in the sodium-form. By performing thermo-ellipsometric analysis (TEA), the 

stability of thin films has been studied in detail by tracking the thermally induced changes in 

the UV absorption spectrum of the material. These results indicate that already temperatures as 

low as 160 °C induce changes to H-SPEEK. Exchanging the proton by a sodium ion 

significantly enhances the thermal stability of the SPEEK films, allowing for thermal treatment 

at temperatures exceeding 200 °C without adverse effects. 

 

 

4.2 Experimental 

4.2.1 Materials and sample preparation 

 Poly(ether ether ketone) (PEEK) was purchased from Victrex. CaF2 pellets were 

obtained from Crystran. NaCl (99.5% for analysis) was obtained from Acros Organics. 

Methanol (Emsure®) and sulphuric acid 95-98% (EMPROVE®)  were purchased from Merck. 

DMSO-d6 (99.5% atom D) for 1H-NMR measurements was obtained from Sigma-Aldrich. 

Silicon wafers (100-oriented) were obtained from Okmetic. Water was deionized to 18.2 

MΩ·cm using a Milli-Q Advantage A10 system (Millipore). Nitrogen was dried with molecular 

sieve water absorbents, followed by removal of oxygen using an oxygen trap (outlet 

concentration < 1 ppb O2).  

 

PEEK sulfonation 

 Sulfonated poly(ether ether ketone) was obtained by sulfonation of PEEK in sulphuric 

acid following the procedure described by Shibuya and Porter [21]. The obtained SPEEK was 

in the acidic form, where H+ is the counter ion; from hereon, it will be referred to as H-SPEEK. 

The degree of sulfonation was determined by 1H-NMR to be 84 % following the procedure in 

literature [22] (see section 1H-NMR for the details on the calculation).  

Figure 4.1 Structural formula of SPEEK with a degree of sulfonation n. 
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SPEEK conversion to sodium form 

 SPEEK with sodium as the counter ion, referred to as Na-SPEEK, was made by 

immersing H-SPEEK in a 2M NaCl solution, ensuring a Na+ excess of >500x . Each hour, the 

NaCl solution was substituted by a fresh solution, to ensures complete conversion of the proton 

to the sodium form. After three hours, the Na-SPEEK was rinsed with deionized water and 

dried for 48 hours at 30 °C under vacuum. Part of the Na-SPEEK was converted back to the 

proton form. This back-converted SPEEK will be referred to as H*-SPEEK, to distinguish it 

from H-SPEEK. H*-SPEEK was made by immersing Na-SPEEK in a stirred 1M HCl solution 

for 17 hours, ensuring a proton excess of > 200x. Afterwards, H*-SPEEK was rinsed with 

deionized water multiple times and dried for 48 hours at 30 °C under vacuum. 

 

Preparation of freestanding H-SPEEK and Na-SPEEK films 

 A 10 wt% solution of H-SPEEK in methanol was cast onto a glass plate. After methanol 

evaporation under atmospheric conditions for 24 hours, the membranes were detached from 

the glass plate by immersion into deionized water. Subsequently, the membranes were dried 

for 48 hours at 30 °C under vacuum. Na-SPEEK membranes were obtained by immersing H-

SPEEK membranes in a 2M NaCl solution, following the same procedure as described above 

for the SPEEK powder. 

 

Preparation of H-SPEEK and Na-SPEEK thin films on silicon substrates 

 A 5 wt% solution of H-SPEEK or Na-SPEEK in methanol was spin-coated onto 2x2 

cm2 silicon wafers at 2000 rpm for 50 seconds. The spin-coated thin films were dried for 48 

hours at 30 °C under vacuum.  

 

4.2.2 Characterization 

Thermogravimetric analysis 

 Thermogravimetric analysis (TGA) was performed on a STA 449 F3 Jupiter® (Netzch) 

fitted with a TG-only sample holder. Measurements were performed under 70 mL min-1 

nitrogen at a heating rate of 20 °C min-1 from room temperature to 1200 °C. A temperature 

correction by melting standards and a blank correction with an empty cup were carried out 

prior to the measurements. A sample mass of ~50 mg was used, the exact mass being 

determined accurately by an external balance.  
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 Gases evolving during the thermogravimetric analysis were transferred to a mass 

spectrometer (MS, QMS 403 D Aëolos®
, Netzch). TGA and MS start times were synchronised, 

but no correction was applied for the time offset caused by the transfer line time (estimated < 

30 sec, systematic offset). First, a bar graph scan for mass-to-charge ratio (m/z) 1-100 amu was 

performed to determine the evolving m/z-numbers. The detected m/z-numbers were selected 

and recorded more accurately in multiple-ion-detection mode, with a dwell time of 0.5 sec per 

m/z-value and a resolution of 50.   

 

Photographs of heated SPEEK 

 Photographs of SPEEK were taken of fresh, freestanding films of H-SPEEK and Na-

SPEEK, and of freestanding films of H-SPEEK and Na-SPEEK that were heated for 15 hours 

at 190±10 °C in a furnace under ultrapure nitrogen.  

 

ATR-FTIR 

 Fourier Transform Infrared Spectroscopy (FTIR) in Attenuated Total Reflection (ATR) 

mode was performed on freestanding films using a Tensor 27 Spectrometer equipped with a 

diamond crystal (Bruker Optics Inc., Germany), prior to and after a thermal treatment of the 

films under ultrapure nitrogen. The spectra were run against an empty background, baseline 

corrected using a rubberband baseline correction with a single iteration, and normalized before 

plotting.    

 

1H-NMR  

 The 
1H-NMR spectra were recorded on an AscendTM (Bruker) at a resonance frequency 

of 400 MHz. For each analysis, 5 mg of polymer was dissolved in 1 ml of DMSO-d6. NMR 

data were acquired for 16 scans. From the 1H-NMR spectra, the degree of sulfonation was 

calculated following the procedure outlined in literature [22]. In this method, the degree of 

sulfonation is calculated from the ratio of the surface areas of the peaks stemming from the 

proton neighbouring the sulfonic acid to that of the other protons. 

 

UV-VIS absorption spectroscopy 

 UV-VIS spectra were recorded on a Cary 300 Spectrophotometer (Varian) with a 

spectral range of 200 – 800 nm, a resolution of 1 nm and a scan rate of 600 nm/min, on a 

solution of SPEEK in ethanol in a quartz cuvette.  
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Spectroscopic Ellipsometry 

 Spectroscopic ellipsometry measurements were conducted on a M2000X ellipsometer 

(J.A. Woollam Co.) in the full wavelength range of 210 – 1000 nm. For measurements using 

the CaF2-substrate, the ellipsometer was used in transmission mode, and the background was 

taken in air. For room temperature measurements using silicon wafers as substrate, 

measurements were performed at 70° angle of incidence. Temperature-controlled experiments 

were performed on layers on silicon wafers. For these measurements, the M2000X was 

equipped with a HTC200 HeatCell™ accessory. Temperature calibration was performed using 

melting point standards [23]. Measurements were performed at a 70° angle of incidence. 

During experiments, the hot stage was continuously purged with nitrogen. The thermal 

treatment program consisted of a two hour dwell at room temperature, followed by heating the 

material to the desired temperature with a heating rate of 2.5 °C min-1. The dwell time was 15 

hours, and after the dwell the sample was cooled to room temperature at 2.5 °C min-1. 

 

Analysis of ellipsometry data  

 Analysis of the obtained optical spectra was performed using CompleteEase® (version 

4.86, J.A. Woollam Co.). The used optical constants for silicon were taken from the built-in 

library, and the thickness of the native oxide was fixed at 2 nm. 

 Parameterization of the optical dispersion of SPEEK was performed using Kramers-

Kronig consistent B-Splines [24]. In order to obtain the optical dispersion reproducibly, the 

following steps were taken. First, the layer thickness was determined by fitting a Cauchy 

optical dispersion in the transparent range (λ = 500 – 1000 nm). Taking into account optical 

anisotropy in thin SPEEK films [25] was not required to accurately model the absorption 

spectra. With fixed thickness, the layer was parameterized by B-Splines, with the node 

resolution set to 0.15 eV, the B-Splines forced to be Kramers-Kronig consistent, and ε2 forced 

to be a positive number. Subsequently, the wavelength range of the B-Spline was expanded 

with increments of 0.15 eV, until it spanned the full wavelength range of the measurement. 

Finally, all parameters, i.e. thickness and optical dispersion, were fit using the B-Spline 

function.  

 For the temperature-controlled measurements, exactly the same approach was 

followed, with the exception that the temperature-dependent optical model for silicon was 

selected. 
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Conversion of extinction coefficient to absorption coefficient 

 In order to be able to directly compare the results of spectroscopic ellipsometry, 

transmission intensity of spectroscopic ellipsometry, and UV-VIS analysis, the extinction 

coefficient k (-) was converted to the absorption coefficient α (nm-1) by α = 4πk/λ, with λ (nm) 

being the wavelength of the light. The transmission intensity I (-) was converted to the 

absorbance A (-) by A = -ln(I/I0), with I0 (-) being the intensity of the incident beam before 

transmission. 
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4.3 Results and Discussion 

4.3.1 Influence of the counter-ion on the thermal stability of SPEEK 

 Figure 4.2 shows the mass loss and evolved gases that are detected upon heating of H-

SPEEK, Na-SPEEK, H*-SPEEK and PEEK. In these spectra, the identical low mass loss below 

200 °C is accompanied by the release of water and can be attributed to removal of absorbed 

water from the material. For H-SPEEK, mass loss associated with removal of water, CO2 and 

SO2 sets on at 250 °C and reaches a peak at 350 °C. There are two possible sulfur sources for 

the evolution of SO2: the sulfonate group or residual sulfuric acid. The presence of the latter 

has been proposed for SPEEK with high degrees of sulfonation [6]. Indeed, the release of SO2 

takes place close to the boiling point of H2SO4 [26]. To verify this hypothesis, Na-SPEEK, for 

which the SO2 release at 250 °C was absent, was converted back to H*-SPEEK, using hydrogen 

chloride to avoid the sulfuric counter ion. The mass loss spectrum obtained for the H*-form is 

strikingly similar to that of the original H-form, thus rejecting the hypothesis that residual 

H2SO4 is the source of SO2 formation. Hence, it can be concluded that the sulfonate group is 

the origin of the SO2, and that exchange of the proton by sodium prevents the reaction that 

produces SO2. The absence of this SO2-loss in the sodium-exchanged Na-SPEEK is a direct 

evidence of the enhanced thermal stability of the Na-SPEEK compared to H-SPEEK, and 

matches previous experiments [16, 20].   

 Between 450 and 650 °C, all SPEEK-forms show a strong mass loss, associated with 

the evolution of CO2 and SO2, followed by a release of aromatic compounds. The evolution of 

SO2 indicates that sulfur-containing groups were still present at these temperatures in both 

materials. Around 750 °C, a final mass loss step takes place that is accompanied by the release 

of CO2. A similar step is observed in the case of PEEK. This implies that the CO2 loss is due 

to degradation of the polymer backbone, and is independent on the sulfonation history of the 

polymer. 
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 For H-SPEEK, the release of SO2 in two distinct steps with onsets at ~250 °C and ~500 

°C is an indication for the presence of sulfur in two different forms in the material. The majority 

of the SO2-release occurs in the first step (note that the log-scale over-emphasises gases present 

in smaller amounts). Previous studies on SPEEK decomposition only reported SO2 release in 

a unimodal peak between 200 and 400 °C (a temperature shift of some tens of degrees could 

Figure 4.2 TGA-MS spectra of H-SPEEK (top left), Na-SPEEK (top right), H*-SPEEK (bottom left) 
and PEEK (bottom right), all recorded with a heating rate of 20 °C min-1 under a nitrogen atmosphere.
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be the result of differences in heating rate), although not all studies include an evolved-gas 

analysis up to a temperature of 500 °C [13, 15, 17, 27].   

 Scheme 4.1 summarizes the two possible routes for SOx loss from the material: proto-

desulfonation or ipso substitution. If a sulfone (R-SO2-R) bridge is formed by ipso substitution, 

this sulfone bridge can in turn decompose at higher temperatures, yielding the release of a 

second SOx species. Whether SO, SO2, or SO3 is released from the material, depends on the 

reaction mechanism. Thermal protodesulfonation is typically said to yield an SO3 group, 

although a two-stage process with cleavage of a SO2 group has been registered in mass 

spectrometry [28]. Upon ipso substitution, SO2 release would be expected. It has to be noted 

that the ipso substitution reaction was found to depend strongly on the presence of traces of 

solvent: it was found to occur in the presence of DMSO [13, 15], but not with NMP, DMAc, 

or DMF [29]. A third possible reaction, H-substitution, results in cross-linking as well, but will 

not cause SO2 release [13]. It will, however, result in the formation of cross-links inside the 

material under release of water, and can therefore be the origin for the different forms of sulfur 

in the material.  

 

 

  

Scheme 4.1 Two possible reactions involving loss of SOx: 1. protodesulfonation, and 2. formation of a 
SO2

+ electrophile (2a) followed by cross-linking via ipso-substitution on the sulfonic acid moiety (2b 
and 2c), as suggested by Di Vona et al. [13].   

2b
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 Discerning between the two possible mechanisms for the first SO2 loss, which are given 

in Scheme 4.1, is not straightforward. Both routes are effectively blocked by the sodium 

exchange. In addition, SO2 and SO3 are difficult to discern by MS, because SO3 fragments upon 

electron impact to [SO2]+• and [SO3]+• (ratio [SO]+•:[SO2]+•:[SO3]+• is ~2.1:1.2:1) [30]. 

Mikhailenko et al. have suggested that the release of CO2 prior to the SO2 release could indicate 

the formation of an electrophile (RSO2
+) available for cross-linking via ipso or H-substitution, 

under the release of a hydroxyl radical that can directly react with the main chain [27]. 

However, as no further evidence for these degradation reactions is seen, and the CO2 could also 

have been sorbed in the proton-rich watery environment present in the material, we consider 

this reaction unlikely in our system.    

 The combination of visual observation, NMR, and FTIR has been used to conclusively 

assert the thermally induced effects, and to better understand the differences between H-

SPEEK and Na-SPEEK. Figure 4.3 visualizes the differences between the proton and sodium 

forms after thermal treatment of both films. Here, the films are shown before and after heating 

to 190 ± 10 °C for 15 hours. Before thermal treatment, both films are transparent, and the H-

SPEEK has a yellowish appearance. After heating the material, the strong color change into 

red in the H-SPEEK confirms the substantial chemical changes in the material. Although at 

this temperature, the TGA results do not reveal significant mass changes of the material, nor 

the release of gaseous degradation products, the long dwell time can significantly increase the 

progress of the reaction [31]. The red color of the treated H-SPEEK is a manifestation of the 

development of chromophoric groups. Partially, this could result from desulfonation, which 

would cause the color to shift to the brown-greyish color of PEEK. Because of the intense red 

color, this reaction alone cannot be responsible for the color change. Most likely, a heating-

induced cross-linking reaction through H-substitution increases the conjugation of the π-bonds, 

resulting in an increased light absorption. After the thermal treatment, H-SPEEK has lost its 

flexibility and has turned into a brittle material. The color change after the long-term treatment 

is irreversible. This is in contrast to the reversible color changes that have been reported 

previously for short-term treatments in [32] that are attributed to π-π stacking induced by the 

removal of water at elevated temperatures.  
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 Although the effects of thermal treatment on the color of the H-SPEEK appear 

dramatic, the changes in the infrared spectrum upon this treatment are only limited. Figure 4.4 

shows the infrared spectrum for both H-SPEEK and Na-SPEEK prior to and after thermal 

treatments. Again, changes are seen upon thermal treatment of H-SPEEK, whereas Na-SPEEK 

remains unchanged upon heating to 190 °C.  

 Our sodium exchange allows for direct identification of the peaks involving the 

sulfonate group, which are indicated by an asterisk in Figure 4.4. In combination with the peak 

changes upon sulfonation indicated in [29], this allows for accurate identification of phenyl 

and sulfonate peaks. The full band assignment is given in Table 4-S1 in the Supporting 

Information. Here, the most important peaks are found at 1490 cm-1 and 1471 cm-1. The change 

in the ratio between these peaks upon heating shows the identical trend as for a chemically 

obtained lower degree of sulfonation of PEEK [29]. This conclusion is further supported by 

the changes in the peaks at 1078 cm-1, 1020 cm-1, and 767 cm-1, which are all peaks associated 

with either sulfonic acid groups or the substitution of sulfonate groups on a phenyl ring. 

Heating does not introduce new peaks, except for the peaks at 1375 cm-1 (w) after heating to 

300 °C and at 1104 cm-1 (w) and 1737 cm-1 (w) after heating to 300 °C and 400 °C, respectively. 

Figure 4.3 Photographs of H-SPEEK (left) and Na-SPEEK (right) before heating (top) and after heating 
(bottom) in nitrogen at 190 °C for 15 hours. 
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All these peaks fall outside the typical range for sulfone cross-links (R-SO2-R) that is given as 

1370-1290 and 1170-1110 cm-1, and which should be very strong [33]. Therefore, we conclude 

that, if any, the amount of sulfone cross-links formed in the H-SPEEK upon heating is too low 

to be obvious from the infrared analysis.  
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Figure 4.4 ATR-FTIR spectra of H-SPEEK and Na-SPEEK treated at different temperatures. The peaks
marked by an asterisk (*) in the spectrum of fresh Na-SPEEK show a difference from the fresh H-
SPEEK spectrum, and therefore likely involve the sulfonate group. The band assignment is given in
Table 4-S1 and the spectra in the wavelength range 4000-2000 cm-1 are given in Figure 4-S7 in the
Supporting Information.   
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 The thermally induced changes in the 1H-NMR-spectrum of SPEEK, shown in Figure 

4.5, are another demonstration of the distinct characteristics of the proton and sodium form of 

SPEEK. The NMR spectrum for H-SPEEK agrees well with results previously reported in 

literature [34]. As can be seen from the spectrum, the exchange of the sulfonate proton by a 

sodium ion results in a slight deshielding of the HE’-proton, resulting in a small downfield shift.  
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Figure 4.5 Top panel: 1H-NMR spectra of H-SPEEK and Na-SPEEK before and after thermal treatment 
at 190 °C for 15 hours. Assignments given at the top of the graph are for fresh H-SPEEK. Bottom panel: 
structural formula of H-SPEEK with proton assignment. 
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 A similar effect is seen for the HB’-protons. The sodium exchange did not influence any 

of the other peaks. For the sodium form, the thermal treatment step induced no changes at all 

in the material’s structure. For correctly discerning the HA’ and HA-protons, a 2D (1H COSY) 

spectrum was recorded (see Supporting Information, Figures 4-S1 – 4-S3). 

 For H-SPEEK, definite changes are introduced by the thermal treatment, resulting in 

strong changes in the chemical environment of the protons. Although most peaks still remain 

visible, strong peak broadening has occurred. Peak broadening can be a result of reduced 

mobility of the studied molecules and can therefore be an indication of cross-linking reactions. 

Alternatively, it can be the result of a mixture of molecules for which the peaks overlap, for 

instance through cross-linking by H-substitution. As a single peak without overlap with other 

peaks, the HC-peak is an ideal peak to study the effects of the thermal treatment. Upon 

desulfonation, the removal of one sulfonate group results in the creation of four HC-protons at 

the expense of the HC’, HD’, and HE’ peaks. In the case of a thermally induced ipso substitution 

reaction, the electron-withdrawing SO3
- group gets exchanged for an SO2 group that is electron-

withdrawing as well. Consequently, the changes in the 1H-NMR spectra would be minor peak 

shifts. The significant increase in the HC-peak confirms the occurrence of desulfonation 

reactions. This conclusion is further supported by the decrease of the HA’, HB’, HD’ and HE’-

peaks, and in line with spectra of SPEEK at lower sulfonation degrees [22]. The 2D (1H COSY) 

spectrum (see Supporting Information, Figures 4-S2 and 4-S3) confirms the presence of three 

new groups of coupled protons with apparent downfield shifts from the base material, 

indicating the occurrence of side reactions during the desulfonation. 

 

 From the NMR-spectrum of SPEEK, the degree of sulfonation can be determined [22]. 

For the untreated H-SPEEK and both untreated and treated Na-SPEEK, this calculation could 

be applied accurately. For all three SPEEK-types, the degree of sulfonation was determined to 

be unchanged at 84 %, indicating no structural changes in these polymers. For the heat-treated 

H-SPEEK, the apparent degree of sulfonation was calculated to be 78 % after heating at 160 

°C for 15 h and 65 % after heating at 190 °C for 15 h. Because some changes in the spectrum 

could not be assigned to specific groups, wrong groups can be included in the peak integration, 

and these values should be considered with caution. For the treatment at 183 °C for 15 h, the 

loss of sulfonate groups from the material is supported by the detected release of SO2 (see 

Supporting Information, Figure 4-S8). 
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4.3.2 Long-term stability of thin films 

 Figure 4.6 shows the absorption spectra obtained by UV-VIS absorption spectroscopy, 

by transmission mode ellipsometry, and reflectance mode ellipsometry. The close agreement 

between the spectra establishes ellipsometry as a suitable technique to study the changes in the 

thin supported films. This is in particular beneficial for polymers, such as PEEK, that have low 

solubility in common solvents, and are therefore difficult to study with, e.g., UV-VIS. The 

close resemblance between the PEEK and H-SPEEK ellipsometry spectra indicates that the 

sulfonation of the polymer does not induce large changes in its light absorption properties.  

 

  

Figure 4.6 Absorption spectra of H-SPEEK (solid line) and PEEK (dashed line) determined by (a) UV-
VIS on SPEEK dissolved in ethanol, (b) spectroscopic ellipsometry in transmission mode, and (c) 
spectroscopic ellipsometry B-spline modeling. All data were converted to a parameter that is linearly
proportional to the absorbance. The inserts show the original data over the whole wavelength range. 
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 The changes in the absorption spectrum of H-SPEEK upon prolonged exposure to a 

temperature of 164 °C are given in Figure 4.7. The red line corresponds to untreated H-SPEEK 

and has the same shape as in Figure 4.6. The prolonged exposure to 164 °C for 15 h induced 

multiple changes in the absorption spectrum. The increase in absorbance at wavelengths higher 

than 320 nm, and the slight decrease of the peak at λ = 300 nm, are in line with earlier 

observations made by temperature-controlled UV-VIS [32]. Notable is the development of two 

peaks at 250 and 260 nm. The peak at 250 nm shows a progressive growth with increasing 

dwell times; the peak at 260 nm first appears but later disappears during the prolonged exposure 

to this temperature. The clear development of individual peaks corresponds to changes in the 

structure of SPEEK. Absorptions around 250 nm are generally associated with n-π* transitions 

or with π-π* transitions in conjugated systems [35]. It is therefore difficult to assign this peak 

specifically, as it can be due to non-bonding electrons of oxygen in either the sulfonate, the 

ether, or the carbonyl groups, or due to an increase in conjugation within the material because 

of thermal cross-linking.  

 

Figure 4.7 Absorption spectra of H-SPEEK under nitrogen before thermal treatment (red) and after 0
(black) to 15 hours (light grey) of dwell at 164 ± 3 °C, obtained by in-situ ellipsometry. The change
between the untreated and the 0 hour dwell samples is induced by the heating ramp.  
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 Given the results of the TGA-MS, FTIR, and NMR on the bulk SPEEK, a higher 

electron density in the aromatic rings resulting from protodesulfonation would be the most 

plausible explanation. Treatment of H-SPEEK at temperatures of 183 and 193 °C (see 

Supporting Information, Figures 4-S4 and 4-S5) resulted in similar, but more pronounced 

trends. For Na-SPEEK, treatment at 183 °C introduces only minor changes in the spectrum, 

indicating that the absence of the sulfonate proton prevents the thermal reactions from taking 

place (see Supporting Information, Figure 4-S4).   

 At a treatment temperature of ~220 °C (Figure 4.8) and higher (~250 °C, Supporting 

Information Figure 4-S6), the differences between the proton and sodium form are even more 

pronounced. Here, the region of interest is the wavelength range of 300 nm upwards, in which 

chromophoric behavior is typically limited to strongly conjugated structures [35]. For 

H-SPEEK, light absorption increases over nearly the full wavelength range, and strong changes 

take place around λ = 380 nm. The increase in absorption is in line with the visual observations 

presented in Figure 4.3. For Na-SPEEK, the changes in the spectrum are limited to minor 

changes in the absorption in the 300 – 400 nm wavelength range. 

 

Figure 4.8 The absorption spectrum of H-SPEEK (left) and Na-SPEEK (right) under nitrogen before
thermal treatment (red) and after 0 (black) to 15 hours (light grey) of dwelling at 213 ± 3 °C, obtained
by in-situ ellipsometry. The change between the untreated and the 0 hour dwell samples is induced by
the heating ramp.   
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4.4 Conclusions 

 The thermal stability of SPEEK (H-SPEEK) and its sodium-exchanged form (Na-

SPEEK) have been studied at temperatures of 160 to 220 °C, in shorter heating rate experiments 

and for longer experiments by dwelling for 15 hours. For H-SPEEK, desulfonation reactions 

are found to occur already at temperatures as low as 160 °C, followed by increased conjugation 

in the material, most likely via slight cross-linking on phenyl rings by H-substitution at 

temperatures exceeding 200 °C.  

 The thermal stability of SPEEK is found to be strongly enhanced upon ion exchange of 

the sulfonate proton with a sodium ion. For the bulk polymer, this exchange shifts the onset of 

the first SO2 removal to higher temperatures by 100 °C. This shift is attributed to the inhibition 

of the protodesulfonation reaction. Experiments, in which the Na-SPEEK is converted back to 

the proton form, eliminate residual sulfuric acid as a possible cause for sulfur release at 

250 to 350 °C [6]. The absence of sulfonated solvents in our synthesis, and the fact that H2SO4 

could be excluded as a sulfur source, is a strong indication for the involvement of the sulfonate 

groups for both mass losses. For H-SPEEK, TGA-MS, FTIR, and 1H-NMR are separately not 

conclusive whether the SO2 loss from the material is due to protodesulfonation or cross-linking 

through sulfone bridges via ipso substitution. However, the fact that all three techniques 

individually show evidence for desulfonation and only limited evidence for the formation of 

sulfone bridging groups at temperatures exceeding 160 °C, suggest that the SO2 loss is mainly 

due to the protodesulfonation mechanism. Although this would indicate a possibility of using 

a specifically designed thermal treatment program to obtain SPEEK with a targeted degree of 

desulfonation, the fact that not all sulfur can be removed from the material before main-chain 

degradation occurs, indicates that some sulfur moieties remain stable inside the material. As a 

result, full desulfonation of a SPEEK thin film into a PEEK thin film appears to be impossible. 
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Supporting Information 

 
1H COSY NMR spectrum 

 

 Figure 4-S1 shows the 1H-COSY spectrum of fresh H-SPEEK for δ = 6.9 – 8.0. From 
the off-diagonal elements, the homonuclear correlation of protons can be determined. From the 
figure, the following peaks could be coupled:  
 

 δ7.17 to δ7.82 (establishing that δ7.82 belongs to the HA-proton); 

 δ7.02 to δ7.76 (establishing that δ7.76 belongs to the HA’-proton); 

 δ7.22 to δ7.50 (confirming the coupling between HC’ and HE’); 

 δ7.22 to δ7.11 (confirming the coupling between HC’ and HD’); 

 

  
 
 
 
 
 
 
 
 

Figure 4-S1 1H COSY spectrum in DMSO-d6 at 400 MHz of fresh H-SPEEK.  
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Figure 4-S2 shows the 1H-COSY spectrum of H-SPEEK treated at 160 °C for 15 hours, for δ 
= 6.9 – 8.1. Again, the spectrum shows the correlation between the peaks as given above for 
the fresh SPEEK. However, in the spectrum, additional correlations can be found: 
 

 δ6.85 to δ7.55 

 δ7.0 to δ7.7 and to δ7.95 

 δ7.15 to δ8.03 

 

 

 

 

 

 

 

 

 

Figure 4-S2 1H COSY spectrum in DMSO-d6 at 400 MHz of H-SPEEK treated at 160 °C for 15 hours.
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 Figure 4-S3 shows the 1H-COSY spectrum of H-SPEEK treated at 190 °C for 15 hours, 
for δ = 6.9 – 8.5. Please note that the H-SPEEK was treated in a different batch as the H-SPEEK 
given in the article, and that as a result, the treatment temperature may be slightly different. 
Again, the spectrum shows the correlation between the peaks as given above for the fresh 
SPEEK. However, in the spectrum, additional correlations can be found: 
 

 δ6.93 to δ7.6 

 δ7.0 to δ7.7 and to δ7.95 

 δ7.15 to δ8.03 
 
Assigning these peaks to specific compounds is difficult, because of the numerous possible 
reactions that could occur in the material. The upfield shift of all these peaks is an indication 
of the increasing shielding of these protons. Furthermore, the correlation between the δ7.0, 
δ7.67 and δ7.95 indicates that these groups are part of the same structure. 
 
 
 

 

 

 

 

Figure 4-S3 1H COSY spectrum in DMSO-d6 at 400 MHz of H-SPEEK treated at 190 °C for 15 hours.
The chemical shift is not locked to the solvent peak. 
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Absorption spectra H-SPEEK and Na-SPEEK 

  

 In addition to the spectra already given in the manuscript, the spectra in the Figures 4-

S4 – 4-S6 show the changes in the absorption of H-SPEEK and Na-SPEEK upon prolonged 

exposure to different temperatures between 180 and 250 °C.  

 
 Figure 4-S4 shows that the changes in H-SPEEK follow the same trend for treatment at 

163.8 and 183.3 °C. For the 183.3 °C treatment, the changes in the absorption peaks at ~250 

nm is stronger, and a significant absorption peak develops over the course of a 15 hour 

treatment. For Na-SPEEK treated at the same temperatures, only minor changes are recorded. 

 

  

 

 

Figure 4-S4 The absorption spectrum of H-SPEEK (left) and Na-SPEEK (right) under nitrogen before 
thermal treatment (red) and after 0 (black) to 15 hours (light grey) of dwell at 183.3 ± 2.8 °C. The
change between the untreated and the 0 hour dwell samples is induced by the heating ramp.   

200 300 400 500

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

see inset

increasing 
dwell time

k 
(-

)

Wavelength (nm)

increasing 
dwell time

T
dwell

 = 183.3 ± 2.8 °C

Na-SPEEK

240 250 260
0.18

0.20

0.22

0.24

0.26

0.28

0.30

0.32

increasing 
dwell time

k 
(-

)

Wavelength (nm)

200 300 400 500

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
H-SPEEK

see inset

increasing 
dwell time

k 
(-

)

Wavelength (nm)

increasing 
dwell time

T
dwell

 = 183.3 ± 2.8 °C

240 250 260

0.18

0.20

0.22

0.24

0.26

0.28

increasing 
dwell time

increasing 
dwell time

k 
(-

)

Wavelength (nm)



Chapter 4 
 

 

 

82

C
hapter 4 

 Figure 4-S5 shows that the changes in H-SPEEK at 193 °C are in line with those 
obtained at 183.3 °C. No significant differences are seen between the spectra. 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-S5 The absorption spectrum of H-SPEEK under nitrogen before thermal treatment (red) and 
after 0 (black) to 15 hours (light grey) of dwell at 193 ± 2.8 °C. The change between the untreated and
the 0 hour dwell samples is induced by the heating ramp.  
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 In addition to the figures in the manuscript, Figure 4-S6 substantiates the pronounced 
differences in the absorption spectra of H-SPEEK when heating to temperatures higher than 
210 °C.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-S6 The absorption spectrum of H-SPEEK under nitrogen before thermal treatment (red) and
after 0 (black) to 15 hours (light grey) of dwell at 241.8 ± 2.8 °C. The change between the untreated
and the 0 hour dwell samples is induced by the heating ramp.  
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Infrared band assignment 

 

 Table 4-S1 gives the infrared band assignment, based on general infrared bands in 

Pretsch et al. 1, supplemented with characteristic peaks for SPEEK from Xing et al.2 and 

Maranesi et al.3 

 

Table 4-S1: Infrared band assignment for fresh SPEEK. 

Wavenumber 
(intensity) 

Group Extra information 

3600-3200 (s, broad) -OH Stretching of O-H in water and/or acid 
3100-3020 =C-H Stretching of aromatic hydrogens 
1644 (m) C=O Symmetric stretching 
1595 (s) Phenyl Skeletal in-plane 3 
1490 (s) Phenyl Skeletal in-plane 2,3 
1472 (s) Phenyl Skeletal in-plane 3 
1416-1400 (m) Phenyl Symmetric stretching aromatic C-C 3 
1308 (m)*   
1281 (w, shoulder)*  1,2,4-substituted phenyl 3 
1251 (s)*  SO3H 2,3 
1220 (s)*  1,2,4-substituted 2,3 
1186 (s)*   
1158 (s)*  Assigned to Ph-SO2-Ph in 3  
1078 (m) O=S=O In SO3H, Stretching 2,3 
1020-1005 (m) SO3H Bending 2,3 
955 (w) 

All: Possibly ar C-H 
δ, C-O-C γ, S-O st  

 
928 (s) Most likely C-H or C-O-C 
863 (s) Most likely C-H or C-O-C 
839 (m) Most likely S-O (affected by Na-

exchange) 
767 (m) Most likely C-H or C-O-C 
708 (w)  
682 (w) Most likely S-O (affected by Na-

exchange) 



 Thermal stability of SPEEK: on the role of protodesulfonation
 

 

 

85

C
ha

pt
er

 4
 

 * Strong overlap between the peaks, possibly all present in PEEK,2 and therefore most 

likely vibrations in the phenyl rings and ether group. Because changes in these peaks are 

difficult to follow because of the strong overlap, specific assignment is difficult and could be 

inaccurate. Therefore, these peaks have not been assigned. Previously made assignments are 

given in the last column. 
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Figure 4-S7 ATR-FTIR spectra of H-SPEEK and Na-SPEEK treated at different temperatures, in the 
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Detection of evolved SO2 by ICP-AES 

 

 To determine whether the detected chemical changes in the H-SPEEK structure are the 

result of a reaction by the sulfonic acid groups, the amount of SOx in the gases that evolve 

during heating was measured. Gaseous products that were released during isothermal treatment 

of H-SPEEK at 183 °C were absorbed in water. ICP-AES was used to analyse the sulfur content 

in the water. Measurements were performed on a ICPE-9000 (Shimadzu). Samples were 

analyzed in triplicate and in axial direction. 
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Figure 4-S8 Overview of the evolved SO2 per hour of the experiment as determined by ICP-AES at 
183 °C. 
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Abstract 

Chemical modification of thin films of sulfonated poly(ether ether ketone) (SPEEK) using 

polyols (i.e. ethylene glycol and glycerol), is investigated using spectroscopic ellipsometry. For 

a glycerol/SPEEK molar ratio >1, temperature treatment at 140 °C for 48 h induces structural 

changes and plasticization of the SPEEK films. The plasticization is evident from a depression 

in the glass transition temperature and a reduction in the optical anisotropy. When ethylene 

glycol is used instead of glycerol, less pronounced changes in the film properties are observed. 

After the chemical modification, the films are less susceptible to water-induced swelling, and 

no longer exhibit overshoot swelling dynamics. This reduced tendency to take up water is 

attributed predominantly to the reduced number of sulfonic acid groups, due to their reactions 

with the polyols.  
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5.1 Introduction 

Reinforcement of membranes derived from sulfonated poly(ether ether ketone) 

(SPEEK) has been studied since decades [1-5]. SPEEK membranes have distinctive properties 

that can be beneficial in, for instance, fuel cells, redox flow  batteries, and dehydration 

applications [6-10]. In these applications, SPEEK membranes are to be exposed to water or 

organic solvents, frequently at elevated temperatures. Strategies are required to moderate the 

extensive swelling that SPEEK membranes can exhibit under such conditions. Swelling 

generally has negative effects on membrane processes, because it deteriorates the mechanical 

stability and selectivity of  the membranes.  

The attentiveness for SPEEK membranes with moderated swelling tendency is evident 

from the fact that nowadays, great majority of research is concerned with modified materials 

compared to the number of articles devoted to pure SPEEK. Researchers, who have recently 

investigated the performance of pure SPEEK membranes in liquids, such as Winardi et al. [11], 

have also concluded that the swelling of the SPEEK is detrimental for membranes and hence, 

membrane strengthening is needed [11].     

Numerous articles present a variety of methods to perform membrane reinforcement. 

Hou et al. have reviewed the methods to chemically modify membranes derived from 

sulfonated polymers [12]. Chemical modification includes formation of covalent and ionic 

bonds. Formation of covalent bonds can, for instance, be activated thermally [13] or by 

radiation [14, 15]. Ionic bonds can be formed when the acidic sulfonated polymers are mixed 

with basic (aminated) polymers [2]. Besides via chemical modification, the stability of SPEEK 

has been reported to improve after blending with other polymers, such as 

polytetrafluoroethylene [16], poly(vinylidene fluoride) [17], polusulfone [18], poly(ether 

sulfone) [19], sulfonated poly(ether sulfone) [20], sulfonated tetrafluoroethylene 

basedfluoropolymer-copolymer (Nafion®) [21], sulphated poly(vinyl alcohol) [22], and the 

polyimide Matrimid® [23]. Furthermore, incorporation of various inorganic fillers in the 

SPEEK membrane matrix has been applied to improve mechanical stability of the membrane, 

thereby preventing excessive swelling. Some examples of the investigated fillers are: 

zirconium phosphate [24], zirconium oxide [25], titanium oxide [26], organically 

functionalized titanium oxide [27], silica additives [28] and sulfonated graphene oxide [29]. 

The enhancement of structural stability in SPEEK has also been accomplished in composite 
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SPEEK membranes by using a novel fusion technique for membrane formation [30]. This 

technique improved the compatibility between a selective SPEEK layer and a PMMA/PVDF 

substrate, resulting in suppressed swelling.    

One of the chemical modification methods of SPEEK membranes is based on the 

thermally activated reaction of the polymer with aliphatic polyols, such as ethylene glycol and 

glycerol. This has been studied in detail by Mikhailenko et al. [31, 32], who have reported that 

the polyol molecules attach to the sulfonic acid groups and form oligomers that generate an 

interpenetrating network with the main SPEEK chains. [32]. SPEEK membranes modified with 

this method exhibited reduced swelling [32]. 

In the present study, we evaluate the chemical modification of thin supported SPEEK 

films with ethylene glycol and glycerol. The usage of ethylene glycol and glycerol is 

advantageous, because of the simple reaction procedure, activated at reasonably low 

temperatures of 130 – 150 °C [31]. Glycerol is also a non-toxic additive, commonly used in 

various processes [33]. In contrary to the previous studies, here anhydrous methanol is used as 

a casting solvent instead of an aqueous alcohol or acetone. The investigation of the properties 

and stability of thin supported films is of importance, as decreasing the membrane thickness to 

thin and ultra-thin films in composite hollow fiber membranes increases the permeance of 

species. Therefore, we study the effects of polyol content and temperature treatment on the 

structural modification of thin SPEEK films and the impact on swelling behavior. 

Measurements on unsupported SPEEK membranes are also conducted to verify the findings 

concerning thin films.  
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5.2 Experimental 

5.2.1 Materials 

SPEEK with a degree of sulfonation (DS) of 84 % was obtained by sulfonation of PEEK 

using sulphuric acid [34]. Methanol (Emsure® grade of purity) and anhydrous glycerol were 

obtained from Merck (The Netherlands). Anhydrous ethylene glycol (99.8 %) was obtained 

from Sigma-Aldrich (The Netherlands). Milli-Q Advantage A10 system (Millipore) was used 

to produce deionized water of 18.2 MΩ·cm. Polished, <100> -oriented silicon wafers were 

obtained from Okmetic (Finland).  

5.2.2 Sample preparation 

Samples were formed from various 5 wt% SPEEK-methanol solutions: native SPEEK, 

SPEEK with the addition of ethylene glycol, EG (EG/SPEEK molar ratio: 0.5, 1, 2, 3 and 5) 

and with glycerol, GL (GL/SPEEK molar ratio: 0.5, 1, 2, 5 and 7). The chemical structure and 

physical properties of ethylene glycol and glycerol are shown in Table 5.1. 

Table 5.1 Properties of ethylene glycol and glycerol. 

 

Thin SPEEK films coated on a silicon wafer 

 Films were formed by spin-coating using above described solutions onto pre-cut pieces 

of silicon wafers at 2000 rpm for 50 s under atmospheric conditions. All films were prepared 

in duplicate and were treated under vacuum for 48 hours: one part was treated at 30 °C and the 

second part at 140 °C. The thickness of the thin films varied between 300 – 450 nm.  

 

 

Polyol Structure 
Tb   

[°C] 
Mw  

[g·mol-1] 
Viscosity 

[Pa·s] 
Ref. 

Ethylene 
Glycol (EG) 

 
 
 
 

198 62 

 

0.02 (20 °C) 

 

[35] 

Glycerol (GL)  290 92 

 

1.5 (20 °C) 

 

[33] 
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Unsupported SPEEK membranes 

 Membranes were formed from the same solutions as for the thin films, by pouring the 

solutions into petri dishes. All membranes were prepared in duplicate. After solvent 

evaporation under atmospheric conditions for 24 hours, membranes were treated under vacuum 

for 48 hours: one part was treated at 30 °C and the second part at 140 °C. Subsequently, 

membranes were detached from the petri dishes by immersion into deionized water and dried 

under vacuum at 30 °C for 48 hours. The thickness of the unsupported membranes varied 

between 20 – 60 μm.   

5.2.3 Sample characterization 

Differential scanning calorimetry (DSC) 

 DSC was performed on a Perkin Elmer DSC 8000 to determine the glass transition 

temperatures of unsupported membranes. Approx. 3.5 mg of the sample was placed in an 

aluminum sample holder. The sample was held for 1 minute at 50 °C, heated subsequently till 

240 °C at 80 °C/min and cooled down to 50 °C. The cycle was repeated twice. The data from 

the second heating cycle were used for determination of the glass transition temperature, Tg, 

which is defined as the midpoint of the heat capacity transition. 3 different samples of each 

membrane were measured and the average value was taken. 

 

Thermogravimetrical analysis (TGA) 

 TGA was performed on a Perkin Elmer DSC 4000 to determine the thermal 

decomposition behavior of unsupported membranes. Approx. 3.5 mg of the sample was placed 

in a small aluminum sample holder. The sample was held for 1 minute at 30 °C and heated 

subsequently till 900 °C at a heating rate of 20 °C/min under constant nitrogen flow of 20 

mL/min. 

 

Spectroscopic ellipsometry (SE)  

  SE was used to determine the thickness, the optical properties and the swelling 

behaviour in 40 °C water of thin SPEEK films coated on a silicon wafer. Details on how SE is 

applied to characterize the thin SPEEK films are described in our previous study [36]. Details 

concerning swelling experiments of thin SPEEK films are described in Chapter 3.  

 An Alfa SE spectrosopic ellipsometer (J.A. Woollam Co., Inc.) was used for sample 

measurements and the CompleteEase 4.64 software (J.A. Woollam Co., Inc.) was used for 
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spectroscopic data modelling. The size spot of the light beam was 2 mm and the angle of 

incidence was 70°. The swelling experiments in water were conducted using a custom-made, 

temperature-controlled 70 ml-volume glass cell [37]. The recording of the data started in the 

first half minute after immersion in water.  

 

 Data are represented by the swelling factor SF(t), defined as: 

 

( ) swollen
F

initial

d
S t

d
      Eq. 5.1 

Here, dswollen is the film thickness in water at time t and dinitial is the initial film thickness 

measured ex-situ prior to the swelling experiment.  
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5.3 Results and discussion 

SPEEK membranes, with and without polyols treated at 30 °C, all possess a similar 

yellowish color. After thermal treatment at 140 °C under vacuum, the color of the films that do 

not contain a polyol, does not alter. In contrast, the films containing polyols become brownish. 

This color change is consistent with previous studies [31, 38]. It has been reported that polyols 

are covalently bound to SPEEK [32, 38, 39] and the color change is indicative of the fact that 

this chemical modification have occurred. 

Here, we further analyze the differences in properties between native SPEEK 

membranes and SPEEK membranes with various contents of ethylene glycol (EG) and glycerol 

(GL). Membranes with unbound polyols (the ones treated at 30 °C) serve as a reference for 

chemically modified membranes (treated at 140 °C). 

5.3.1 DSC 

Changes in the glass transition temperature, Tg, of polymeric membranes after their 

chemical modification can be indicative of structural changes. Upon membrane reinforcement 

caused by the formation of cross-links, the glass transition temperature increases, due to 

decreased polymer chain mobility. More flexible networks show a depression in the glass 

transition temperature compared to more rigid ones.  

Figure 5.1 compares the Tg of the native and modified SPEEK membranes prepared. The 

Tg of the native membranes was ~ 215 °C. Changes in Tg were only observed for GL-modified 

membranes treated at 140 °C, in which the GL/SPEEK molar ratio was >1. In those 

membranes, a depression in Tg to values of 162 – 175 °C occurred. For the rest of the samples, 

the Tg did not vary significantly.  
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The absence of changes in Tg for the EG-modified membranes (EG-140) is in contrast to 

the study of Mikhailenko et al., in which SPEEK membranes with a similar degree of 

sulfonation and EG content, but formed from water/alcohol mixtures, showed a 15 °C increase 

in Tg in comparison to native membranes [32]. This Tg increase was attributed to the restrained 

chain mobility of SPEEK after grafting with EG. In more detail, as inferred by Mikhailenko et 

al. [32] and Gupta et al. [38], a polyol molecule attaches to SPEEK by a polyaddition reaction 

with the sulfonic acid groups and undergoes oligomerization that ultimately forms an 

interpenetrating network. Chains which are possibly terminated with the OH group, can interact 

with the ketone group of the other main chains (Scheme 5.1a) or can react with a second 

sulfonic acid group (Scheme 5.1b) [32]. Such long-chain networks reinforce the membrane 

matrix. Mikhailenko et al. termed this type of reinforcement using EG as ‘cross-linking by 

grafting’ [32]. In another study on the modification of resins using EG, a similar modification 

is referred to as ‘cross-linking by polyaddition reactions’ [40]. The corresponding 

interpenetrating networks are the reason for decreased polymer chain mobility and the increase 

of the glass transition temperature. In our samples, possibly due to the anhydrous conditions 

during membrane preparation, the formation of interpenetrating networks is different than 

when an aqueous solvent is used, and no effect on Tg is observed. This is in line with 

Mikhailenko et al. who have concluded (based on membrane stability experiments in various 
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Figure 5.1 Glass transition temperatures of native SPEEK membranes with a DS of 84 %, and ethylene 
glycol (EG)- and glycerol (GL)-modified ones, treated at 30 °C (closed symbols) or 140 °C (open
symbols). The lines are added to guide the eye.   
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organic solvents) that the final properties of modified SPEEK membranes and their degree of 

cross-linking, vary strongly with polyol and solvent used, which is caused by distinct solvent-

polyol-sulfonic acid groups interactions influencing polyaddition reactions [31, 32]. The 

altered chemical structure of EG-modified membranes from our study will be nevertheless 

apparent from other measurements, as will be discussed later.  

 

 

 

Scheme 5.1 Schematic representation of the possible interpenetrating networks attached to SPEEK,
which are formed from EG oligomers: (a) chains terminated with the OH group reacting with the ketone 
group of another main chain, (b) two main chains linked via sulfonic acid groups and EG oligomers 
[32, 37].   

(a) 

(b) 
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DSC studies on GL-modified membranes have not been presented elsewhere. An 

increased stability of GL-modified membranes in the previous study was concluded from the 

fact that the water uptake of those membranes was reduced [32]. The decreased Tg of the GL-

modified membranes from our study (GL-140, Figure 5.1) indicates that the grafting reaction 

of glycerol molecules on sulfonic acid groups (in given formation conditions) results in the 

internal plasticization of SPEEK membranes. This outcome is not unexpected: GL is a highly 

flexible molecule that can form both intra- and intermolecular hydrogen bonds. This causes a 

high viscosity (see Table 5.1). GL is used as a plasticizer in many applications to induce 

flexibility [33].  

The lack of plasticization effects in samples with unbound GL (GL-30) would be 

surprising since GL is a widely applied external plasticizer, used for instance to increase the 

flexibility of the sulfonated polystyrene [41]. Evidently, the DSC technique is not suitable to 

reveal the presence of unbound GL. Yet the plasticization of SPEEK, caused by unbound GL, 

will be visible from spectroscopic ellipsometry (SE) measurements, elaborated on later.  

5.3.2   TGA 

The thermal behavior of polymers can reveal differences in chemical structure between 

native and modified materials. Figure 5.2 shows the mass loss upon heating of the native 

SPEEK membranes and of the representative EG- and GL-modified ones treated at 140 °C with 

a polyol/SPEEK molar ratio of 5. The TGA data of membranes treated at 30 °C are not shown, 

because these do not deviate significantly from native ones.  

A comprehensive analysis of the thermal decomposition of SPEEK with the same DS 

of 84 % has been discussed in more detail in Chapter 4. For conciseness, in this chapter only 

the relevant differences between native and chemically modified SPEEK membranes are 

discussed. The most relevant differences occur below ~ 400 °C. Above ~ 450 °C, all films 

exhibit a strong mass loss that can be associated with the degradation of aromatic compounds.  
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Below 200 °C, the mass loss is attributed to removal of physically sorbed water. A 

lower mass loss occurred at that range for the grafted membranes (EG-5-140 and GL-5-140) 

as compared to the native one. This is because grafted samples take up less water from the 

ambient, since they have less hydrophilic sulfonic acid groups than native samples. 

Furthermore, in native SPEEK, above 250 °C the release of CO2 and SO2 starts, as has been 

shown in Chapter 4. For the grafted samples, the onset of degradation is shifted towards lower 

temperatures, as visible in Figure 5.2. This is consistent with the observations of Mikhailenko 

et al. They determined, based on the TGA-MS measurements that the release of CO2 and SO2 

takes place at lower temperatures as compared to the native SPEEK [32]. Additionally, the 

evolution of CO2 in the grafted membranes has been detected at 50 °C earlier than that of SO2 

[32]. This indicates that the splitting of the sulfonic acid groups with attached polyols occurs 

easier as compared to pure sulfonic acid groups. Distinct susceptibility of EG and GL 

molecules to split upon heating could also explain their different thermal behavior 

(decomposition of GL shifted towards lower temperatures) between 250 and 400 °C, as shown 

in Figure 5.2.  

 

Figure 5.2 Mass loss of the native SPEEK membrane and of the representative SPEEK membranes
treated at 140 °C with a polyol/SPEEK molar ratio of 5. 
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5.3.3 Optical anisotropy 

Changes in the optical anisotropy, Δn, in modified materials as compared to native ones 

can be a further indication of changes in chemical structure [42]. Optical anisotropy arises in 

oriented and stressed polymers. In SPEEK, optical anisotropy is affected by the presence of the 

sulfonic acid groups [36]. Sulfonic acid groups cause stiffness of SPEEK [38] and an increase 

in the glass transition temperature compared to PEEK [43]. Chemical modification is the 

method to induce internal plasticization of oriented and rigid materials [44], which can be  

visible from the reduced Δn value [42].  

Figure 5.3 shows the Δn of the thin SPEEK films investigated in this research. The Δn 

values of the native films were ~ 0.028. Significant changes were observed in GL-modified 

films treated at 140 °C, in which the GL/SPEEK molar ratio was >1. In those films, a 

depression in Δn to values of 0.005 – 0.01 occurred. For the rest of the samples, the Δn values 

did not differ significantly. These results are consistent with our DSC measurements. Samples 

with significantly changed Δn correspond to samples having significantly affected Tg.   

Figure 5.3 Optical anisotropy of native thin SPEEK films (DS 84 %) and ethylene glycol (EG)- and 
glycerol (GL)-modified ones, coated on a silicon wafer and treated at 30 °C (closed symbols) or 140 °C 
(open symbols). The average value is taken from two samples, each sample is measured at 4 different
spots. The lines are added to guide the eye.  
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 As mentioned before, plasticization of thin SPEEK films with unbound GL (GL-30) 

also occurs and is detectable using SE on samples that have been aged for a certain time. The 

Δn of samples which are measured directly after preparation procedure, is similar to that of 

native films (as shown in Figure 5.3), but it declines with time after diffusion of GL molecules 

and polymer relaxation.  

Here, the swelling behavior of modified thin SPEEK films will be evaluated. 

5.3.4 Swelling   

Short-exposure swelling 

 

Figure 5.4 shows the swelling dynamics for thin SPEEK films exposed to 40 °C water, 

recorded for 30 minutes. Due to a problem with the equipment alignment, only the swelling of 

grafted films was performed. The swelling behavior of native films with a DS of 84 % has been 

found to be more complex, as shown in our previous study (Chapter 3). Here, we will shortly 

discuss the most relevant findings in connection to the properties of the chemically modified 

films. Also, films treated at 30 °C cannot be exposed to water because of layer delamination. 

The treatment at 140 °C for 48 h allows adhesion of a SPEEK film to a substrate and prevents 

delamination upon contact with water.  
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Figure 5.4 Short-exposure time-dependent swelling at 40 °C water of thin SPEEK films. 
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 The performed swelling experiments are sufficient to observe differences between 

various samples. The swelling factor is reduced for GL-140 samples as compared to the EG-5-

140 sample. For GL-modified samples, a GL/SPEEK molar ratio of 2 is sufficient to cause the 

same swelling reduction as for a ratio of 7. Possibly, this is caused by the maximum occupation 

of the functional sulfonic acid groups at a molar ratio of 2. The swelling reduction is not caused 

by a structural reinforcement or cross-linking, since the GL-140 films exhibited decreased Tg 

as compared to the EG-5-140 sample. The reduced swelling and water uptake are caused by 

the chemical change at the cost of the sulfonic acid groups and consequential reduction of the 

affinity for water. Mikhailenko et al. also explained that for GL-modified membranes (no data 

on Tg), the water uptake was less than for native samples, but the swelling was still high, which 

they attributed to incomplete cross-linking [32].  

Long-exposure swelling  

 

We assumed that the temperature treatment, next to the casting solvents, can be a factor 

impacting the grafting reaction of polyols. Therefore, a quick experiment was performed to 

verify this hypothesis. An additional EG-5 sample was prepared, which was treated under 

vacuum at 145 °C for 48 h, instead at 140 °C. To stay brief, a modification was initiated that 

in turn reduced the optical anisotropy in this sample to a value of ~ 0.01. The effect on Tg for 

this sample is not known. Figure 5.5 shows the long-time swelling behavior of the additionally 

synthesized EG-5-145, and a new sample, GL-3-140. Clearly, ethylene glycol and glycerol 

require different temperature treatment to cause significant structural changes in SPEEK, in 

order to reduce swelling. In Chapter 3, the minimum and maximum swelling factor recorded 

at 40 °C for two different native SPEEK films after 2000 min was ~ 1.7 and 3.5, respectively. 

In Figure 5.5, the swelling factor is shown to be reduced to ~ 1.2-1.4. Within 4000 min, the 

slow polymer relaxation towards increasing film thickness occurs in both samples, due to the 

sorption of water and reorganization of the polymers chains, probably coupled with rinsing out 

of unbound polyols. Such swelling profile in these chemically modified films is different as 

compared to what is observed in native thin SPEEK films. The native films, prepared in an 

identical manner as in this study, exhibit overshoot swelling and negative relaxations after ~ 

500 min (Chapter 3). 
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In the last years, we performed swelling experiments on several GL-modified films 

(GL/SPEEK molar ratio of 3) and found that the time dependent swelling factor at 40 °C water 

is reproducible (initial value of ~ 1.2 with slow positive relaxations). Thus, the swelling of 

those films can be controlled, in contrary to that of native thin SPEEK films. In native thin 

SPEEK films, due to various properties (described in Chapter 3), the swelling process is more 

complex, and it is impossible to correlate the exact swelling factor to the degree of sulfonation 

and/or water temperature only.  

In summary, DSC, TGA and SE studies confirm changes in chemical structure of SPEEK 

films after introducing EG or GL. We show that with SE the property changes can be easily 

monitored and therefore, optimum conditions, such as polyol content and temperature 

treatment, and the effect on swelling performance can be adjusted.  
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Figure 5.5 Long-exposure time-dependent swelling at 40 °C water of additionally synthesized samples. 
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5.4 Conclusions 

Swelling reduction of chemically modified thin SPEEK films has been investigated with 

spectroscopic ellipsometry. Chemical modification by grafting on functional sulfonic acid 

groups in SPEEK has been accomplished using polyols (i.e. ethylene glycol and glycerol). 

Ethylene glycol and glycerol require different temperatures to initiate a grafting reaction that 

causes significant structural changes, and consequently, reduction of swelling. Thin films with 

the lowest swelling factor exhibited a depression in the glass transition temperature. This 

indicates that the mechanism to reduce swelling, accomplished in our study, is chemical 

modification at the cost of sulfonic acid groups (reducing the affinity for water) rather than the 

chemical reinforcement by cross-linking or extended grafting.  
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Abstract 

Dehydration of supercritical carbon dioxide using hollow fibers has been simulated in Aspen 

Plus®, and an economic evaluation has been performed. High energy consuming adsorption by 

zeolites is currently used to perform the dehydration process.  Membrane technology can be a 

promising alternative. In this membrane process of supercritical carbon dioxide dehydration, 

carbon dioxide has been also used as a sweep gas. Two types of systems have been investigated: 

1) simple systems with a single membrane unit, in which carbon dioxide is released to the 

atmosphere; 2) hybrid systems with two membrane units, in which the permeate stream is 

partially recirculated. The flow rate and the pressure of a sweep gas determine the effectiveness 

of water removal from the permeate side. More effective sweeping results in lower required 

membrane surface area. In a small pilot plant (feed of 2,000 kg/h) and at certain conditions, 

simple systems can be more beneficial than hybrid systems. For a larger scale process (feed of 

100,000 kg/h), high emissions of carbon dioxide make the hybrid systems a favorable option. 

High water permeance (250,000 GPU), and consequently, low required membrane surface area, 

can reduce the annual costs by 20 %. Still, the need for carbon dioxide recirculation causes that 

the main costs come from compressors used in the recirculation lines.    
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6.1 Introduction 

Supercritical fluids (SCF) find applications in many technological processes [1, 2]. For 

several reasons, carbon dioxide (scCO2) is the predominant SCF. Carbon dioxide is non-toxic 

and can replace hazardous organic solvents. Its easily accessible critical point (73.8 bar, 31.1 

°C), low price, non-toxicity, and large scale production, all together make applications 

attractive [3]. Successfully commercialized applications include extraction processes [4], 

processing of polymers [5] and textile dying [6]. The most common are extractions 

implemented in the food industry, such as decaffeination of coffee and tea, recovery of flavors, 

fragrances and essential oils from natural sources [7].  

The high demand for the recovery of scCO2 after extractions has made membrane 

technology a potential regeneration technique. Membrane processes can be more energy 

efficient compared to other separation methods, such as pressure swing, adsorption or 

absorption [8]. Several studies have investigated the separation of carbon dioxide from the 

extracts, and permeation behavior of high pressure and supercritical carbon dioxide through 

various membrane materials has been studied. For instance, Chiu et al. studied a caffeine 

rejection using nanofiltration and polycarbonate membranes [9]. Sarmento et al. studied the 

retention of essential oils using commercial reverse osmosis membranes [10]. Semenova et al. 

studied the separation of ethanol from scCO2 using polyimide Kapton® membranes [11]. Patil 

et al. studied the permeation of sub and supercritical CO2 using polyvinyl alcohol (PVA) and 

polyamide copolymer (PA) membranes, and considered the effect of cross-linking on 

membrane stability [12]. Verkerk et al. studied permeation of sub and supercritical carbon 

dioxide through microporous silica membranes [13]. 

Another industrially important process, which implements scCO2, is the extraction of 

water [1, 14]. Extraction of water, or drying, is applied in the food industry as the alternative 

for hot air drying and freeze drying. The last two techniques possess various disadvantages. 

Hot air drying can damage the microstructure of sensitive products and can cause the loss of 

nutrients [15]. Freeze drying is suitable for sensitive products, but requires long drying times 

and high energy consumption [16]. Supercritical carbon dioxide is intended for drying of 

sensitive products; due to the low surface tension, no capillary stresses are induced in the food 

structure [17].  
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Currently, the regeneration of carbon dioxide used in a drying process is performed by 

adsorption of water on zeolites [18]. However, in a continuous drying process, shown in 

Scheme 6.1a, such an approach is undesired. Premature saturation of zeolites might occur 

before the food in a drying chamber is sufficiently dried. A premature saturation of zeolites 

forces a premature depressurization of the recirculation system. Additionally, regeneration of 

the zeolites is energy demanding, since it is performed by heating to high temperatures to 

supply the required high enthalpy of desorption. Temperatures up to 600 °C are required to 

completely restore the adsorption capacity of the zeolites [19]. Therefore, regeneration of 

scCO2 via membrane technology is a promising method. This process is shown in Scheme 6.1b. 

The separation of carbon dioxide and water can be performed using highly water 

selective membranes. Membranes derived from the glassy polymer, sulfonated poly(ether ether 

ketone) (SPEEK), are considered to be appropriate for this application. SPEEK membranes 

have already been tested in a low pressure gas dehydration processes by Sijbesma et al. [20] 

and Liu et al. [21]. Their experiments showed excellent selectivity for water over gases 

(nitrogen, carbon dioxide) and high water permeance. Experimental data concerning high 

pressure dehydration performance have not been yet reported in the literature.   

 

 

 

 

 

 

 

Scheme 6.1 Food drying process using supercritical carbon dioxide with (a) zeolite beds [1] and with 
(b) an alternative for zeolites - a membrane unit, as dehydration units. 
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However, removal of water from gases using membranes is also challenging. In a 

typical gas separation, the diffusion of gases passing the membrane is spontaneous. Those gases 

do not residue at the permeate side, so no extra removal step is required for their collection. On 

the contrary, in a gas dehydration process, permeating water condenses and remains at the 

permeate side. Increased water concentrations at the permeate side decreases the driving force. 

Therefore, efficient and continuous water removal has to be implemented, such as the 

incorporation of sub-pressure or of sweep gas on the permeate side. A disadvantage of the first 

option is the high energy consumption needed to maintain a sub-pressure, combined with the 

increased driving force for permeation of feed gases that lead to decreased selectivity. On the 

other hand, incorporation of a sweep gas different than the feed gases, is accompanied by the 

back-diffusion of such a sweep gas and consequently contamination of the feed. A promising 

option is thus the usage of a sweep medium, which is present in the feed as well.   

Therefore, in this study, we simulate and analyze a membrane recovery process for 

supercritical carbon dioxide loaded with water, in which the sweep medium is also carbon 

dioxide. The simulation is performed in Aspen Plus® using a membrane gas permeation model. 

The impact of a flow rate and pressure of a sweep gas, and of membrane permeance/selectivity 

is elaborated on. Two types of systems are investigated: 1) simple system with a single 

membrane unit, 2) hybrid system with two membrane units and recirculation of the permeate 

stream. Depending on the operating time, both systems can be beneficial in terms of economy. 

For long term operation and high feed flows, hybrid systems are more feasible.  

The configuration of the hybrid system used in this study is taken from the paper of 

Lohaus et al., in which six various hybrid configurations have been simulated in the similar 

dehydration process of supercritical carbon dioxide, and of which an economic evaluation has 

been made [22]. The chosen hybrid configuration was the most economical system and less 

sensitive to changes in membrane selectivity.        
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6.2 Modelling and process details  

6.2.1 Hollow fiber gas permeation model 

A model for a hollow fiber membrane module was used, in which the selective polymeric 

dense layer is coated on the shell side of a porous fiber. Transport through the membrane is 

described with the solution-diffusion mechanism. The initial 3-End configuration model (feed, 

retentate and permeate) was developed in Aspen Custom Modeler® (ACM) by Scholz et al. for 

the separation of carbon dioxide/propane and carbon dioxide/methane mixtures [23]. Because 

the feed pressure in those processes was low (<15 bar), preferential, inside-out operation was 

applied. To simulate a high pressure separation of water/carbon dioxide, this initial model has 

been accordingly adjusted by Lohaus et al. [22]. The 3-End configuration has been adapted to 

a 4-End configuration, to include an additional sweep stream on the permeate side. Inside-out 

operation at high feed pressure would damage the selective layer coated on the shell side of the 

fiber, and therefore, the outside-in operation has been used. Simulations were performed in 

Aspen Plus®. This modelling tool provides a large integrated model library for calculations of 

unit operations, such as the ones used in this work: compressors, turbines and flash vessels. 

Membrane operations are not included, but require modelling in Aspen Custom Modeler®. 

Models created in Aspen Custom Modeler® can be subsequently integrated with Aspen Plus®. 

Further information about Aspen Plus® can be found in [24]. 

The model divides the length of the module into 100 elements. The balance equations 

for all elements are solved simultaneously. Boundary conditions link the framing elements to 

the feed, retentate, permeate and sweep ports. The model is built in a counter current flow 

(Scheme 6.2).  
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 The model includes the thermodynamic non-idealities that play a fundamental role in 

predicting the operating performance. The real fluid behavior and determination of fugacity 

coefficients are required for high pressure applications [25]. The real fluid properties at the 

chosen process conditions were determined using the Predictive Soave-Redlich-Kwong 

(PSRK) method. The choice of this property method was rationalized by the good agreement 

of the isothermal saturation curve at 50 °C up to 100 bar generated by the PSRK method with 

the experimental data reported in [26-31]. Accurate fugacity coefficients are essential, as these 

determine the driving force and therefore, the transmembrane fluxes, according to:  

 

( e ) ( )
, , ( ) , , ( ) ,( )R t Perm

k j j k j Feed k j k j Perm k jN P x p y p          Eq. 6.1 

 

 

where ,k jN is the transmembrane flux in element k for component j [mol m-2 h-1], Pj is the 

permeance of component j [mol m-2 h-1 bar-1]; xk,j and yk,j are mole fractions in element k for 

component j at the retentate and permeate side, respectively [-]; ( e )
,
R t

k j and ( )
, Perm

k j  are fugacity 

coefficients in element k for component j at the retentate and permeate side, respectively [-]; 

p(Feed) and p(Perm) are the pressure on the feed and permeate side, respectively [bar]. Based on a 

water mole flow rate and flux over the membrane, the required membrane surface area, A [m2], 

is calculated from: 

driving force 

Scheme 6.2 Schematic representation of a 4-End hollow fiber model, which is divided into 100 k 
elements and operates in a counter current flow.  
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   Eq. 6.2 

where 
2( )H OFeedn and 

2( e )H OR tn are the mole flow rates of water in the feed and retentate stream, 

respectively [mol h-1] and 
2H ON  is the transmembrane flux of water [mol m-2 h-1].  

The dehydration degree, D [%], of the final stream, termed in this research as a product 

stream, is defined as: 

   

2

2

( )

( )

100%H OProduct

H OFeed

n
D

n
 



  Eq. 6.3 

 

where 
2( )H OProductn and

2( )H OFeedn are the mole flow rates of water in the final product stream and 

in the feed stream, respectively [mol h-1]. The dehydration degree was set to 95 %. The previous 

study of Lohaus et al. showed that to reach dehydration degrees >95 %, required membrane 

surface areas considerably increase, making the process much less profitable [22].  

The Joule-Thompson effect is included and accounts for the temperature decrease 

caused by the decompression of permeating carbon dioxide. Generally, temperature changes 

influence membrane permeability and selectivity. In membranes derived from glassy polymers, 

with decreasing temperatures, the permeability declines and selectivity increases [32]. To 

simplify current simulations, a constant membrane performance at a temperature range of 30 – 

50 ° C was assumed. The temperature changes had though an impact on heating and cooling 

demand for the streams, and were included in the simulations.  

The membrane performance was also independent on pressures and concentrations 

along the fiber. As an alternative, the water permeance was varied from high to low values. A 

high water permeance of 250,000 GPU1 was estimated based on permeability values reported 

for SPEEK membranes at low pressures and using a thin selective layer of 400 nm [22]. 

However, according to the research of Metz et al. [33], significantly lower water permeances 

can be obtained due to the boundary layer resistance on the feed side, caused by concentration 

                                                 

 
1 GPU (Gas Permeation Unit) = 10-6 cm3(STP) cm-2 s-1 cmHg-1 = 0.1205 mol m-2 h-1 bar-1  
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polarization. In such case, water permeance of 5,000 GPU is realistic [33]. Additionally, an 

increase in the feed pressure results in a larger resistance of the stagnant feed boundary layer, 

lowering the total water vapor flux [33]. Such layer is difficult to be reduced in gaseous and 

gas-like supercritical systems, because of poor mixing. Therefore, low water permeances can 

be also expected in supercritical carbon dioxide. The base membrane selectivity was chosen to 

be 5,000, which is realistic for a swollen SPEEK membrane. 

Parameters, which are fixed in the process, are listed in Table 6.1, and dimensions of 

the hollow fiber used are listed in Table 6.2. The amount of hollow fibers required to perform 

the dehydration, can be calculated based on the required membrane surface area, obtained from 

the performed simulations.  

The feed flow, membrane permeance and membrane selectivity were varied and are 

discussed in section - Results and discussion.  

 

Table 6.1 Fixed process parameters. 

Parameter Unit Value 

Feed mass fraction H2O - 0.0017 

Feed mass fraction CO2 - 0.9983 

Feed mol fraction H2O - 0.0043 

Feed mol fraction CO2 - 0.9957 

Feed pressure bar 100 

Feed temperature °C 50 

Sweep gas - CO2 

 

 
Table 6.2 Dimensions of the hollow fiber used. 

 

Parameter Unit Value 
Outer fiber diameter m 3.2·10-4 

Thickness of the porous support m 0.59·10-4

Thickness of the dense layer m 0.004·10-4

Fiber length m 1 
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6.2.2 Economic evaluation 

In the economic evaluation, the operating and investment costs are included and 

recalculated as annual operating expenditures (OPEX) and annualized capital expenditures 

(CAPEX) [€/year]. The parameters used in the economic evaluation are listed in Table 6.3. 

 

 
Table 6.3 Parameters for the economic evaluation. 

 

 

 

 

 

 

 

 

 

 

 

 Parameter Unit Value Ref. 
 
 
Plant 

Annual operating hours h/year 8,000  
Interest rate % 8  
Depreciation period year 8  
Update factor (UF) - 5.041 [34] 
Exchange rate ($ in €) $/€ 1.28 [35] 

Operating costs 

Electrical energy price €ct/kWh 9 [36] 
Heat price €ct/kWh 4.6 [37] 
Coefficient of performance (COP) - 4.16 [38] 
CO2 price €ct/kg 10 [est] 

Membrane 
investment costs 

Membrane price €/m2 55 [37] 
Peripheral factor - 1.86 [37] 
Membrane lifetime year 4 [est] 
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The operating costs include the energy demand for compression of the streams, cooling 

for compressors, heating of streams and the demand for carbon dioxide. 

 

Annual operating costs 

 Compression costs are calculated from: 

Compressionannual = Compression demand∙Annual operating hours∙Electrical energy price  

 Cooling costs are calculated using the coefficient of performance (COP): 

Coolingannual = Cooling demand∙Annual operating hours∙Electrical energy price /COP 

 Heating costs are calculated from: 

Heatingannual = Heating demand∙Annual operating hours∙Heat price 

 Costs of carbon dioxide are calculated from: 

Carbon dioxideannual = Demand for carbon dioxide∙Annual operating hours∙ CO2 price 

 

 The compression, cooling and heating demand [kW] and the demand for carbon dioxide 

[kg/h] are obtained from simulations and are listed in Table 6.6 and 6.7 for particular systems. 

Annual operating hours [h], electrical energy price and heat price [€ct/kWh], CO2 price [€ct/kg] 

and COP [-] are listed in Table 6.3.  
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Investment costs 

The investment costs include the equipment and the membrane costs. Equipment costs 

are calculated using Guthrie’s method as described in Biegler et al. [39]. This method considers 

the equipment size based on mass and energy balances for each unit. In this research, mass and 

energy balances are obtained from simulations and are listed in Table 6.6 and 6.7 for particular 

systems. The base equipment costs, BC [$], of compressors and turbines, are calculated with 

an exponential method from: 

       0
0

S
BC C

S


 

  
 

       Eq. 6.4 

where C0 are base (reference) costs [$], S0 are base capacities (base energy consumption) [bhp], 

S is the energy consumption of a given unit [bhp] and α is a correlation factor [-]. The base 

equipment costs, BC, for pressure vessels (flashes), are calculated from: 

0
0 0

 
   

    
   

l d
BC C

l d
  Eq. 6.5 

where C0 are base (reference) costs [$], l0 and d0 are the base vessel length and diameter, 

respectively [m], l and d are the length and diameter of a particular vessel, respectively [m], 

and α and β are correlation factors [-]. The diameter and length of a flash vessel are calculated 

based on the volume flow of condensed water leaving the flash vessel [m3/s]. In the 

calculations, the unit of brake horse power (bhp) is converted to kilowatt (kW) and dollar ($) 

is converted to euro (€). The reference costs are given in prices from the year 1968 and have to 

be updated to account for inflation and cost development. The update factor UF is calculated 

from the Chemical Engineering Plant Costs Index (CEPCI) from 2012 and 1968: 

 

2012

1968

572.7
5.041

113.5

CEPCI
UF

CEPCI
    Eq. 6.6  

The total investments costs have to be corrected with the module factor, MF, that 

accounts for components, such as labor, piping, control systems, shipping, taxes and 

supervision. The value of MF depends on the bare costs and is taken from Biegler et al. [39]. 

For more accurate calculations, Hirschberg et al. [40] proposes to add a value of 2 to the MF 

values from Biegler et al. [39].  
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Further, the costs have to be corrected with the material and pressure correction factor, 

MPF that accounts for a material used, high pressures and special designs. The total 

investments costs, Ctotal, are finally given as:  

( 1)totalC BC UF MF MPF     Eq. 6.7 

All above described parameters and factors regarding compressors, flashes and turbines, are 

taken from Biegler et al. [39] and are listed in Table 6.4. 

 

Table 6.4 Parameters for the investment cost estimation using Guthrie’s method for different units. 

Units MPF MF d0 [m] l [m] C0 [$] S0 [bhp] α  β  

Compressors 1.29 5.11 - - 23,000 100 0.77 - 

Turbines 1.15 5.11 - - 23,000 100 0.77 - 

Flash vessels2 9.175 6.23 0.91 1.2 1,000 - 0.81 1.05 

 

 

Regarding the membrane, the lifetime of 4 years is assumed, thus, within 8 years it has 

to be replaced once. The total investments costs for the membrane, Ctotal (membr) are given from: 

( ) 2total membr membr membrC P A f     Eq. 6.8 

where Pmembr is the membrane price per m2 [€/m2], A is the membrane area [m2] and f is a cost 

factor for peripheral costs.   

 

 

 

 

 

 

 

                                                 

 
2 Vertical fabrication 
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Calculation of annual operating expenditures (OPEX) and annualized capital 

expenditures (CAPEX) 

 

The annual expenditures are calculated from: 

OPEXannual = Σ Operating costsannual 

CAPEXannual = Σ {Investment costs·(1+i)n·i/[(1+i)n-1]}/n 

where i is the interest rate of 0.08 and n is depreciation period of 8 years (Table 6.3). CAPEX 

calculations include that the membrane unit operates for 4 years instead of 8, so that it has to 

be replaced once. 

 

NPV – Net Present Value 

 Simple and hybrid systems are characterized by various payment schedules. They have 

different investment and operating costs. Calculation of NPV values [€/year] allows to 

determine, after which operating year one system becomes more beneficial than the other. The 

NPV calculation methods at specified conditions are described in Biegler et al. [39]. The system 

with the lowest NPV cost is superior. Here, NPV is calculated from: 

 

NPVn = {Investment costs·(1+i)n·i/[(1+i)n-1]} + n·Operating costsannual}/n 

where i is the interest rate of 0.08 and n is the operating time [years]. Basically, the NPVn is the 

sum of OPEXannual and CAPEXannual calculated assuming n operating years. The n was varied 

from 1 to 8 years. Calculations include that the membrane unit has to be replaced in the 5-th 

operating year.   
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6.3 Results and discussion 

6.3.1 Sweep stream 

The effective removal of water from the permeate side is essential in the dehydration 

process. Therefore, the pressure and flow rates of sweep streams have to be accordingly 

adjusted.  

With a high sweep pressure, the transmembrane pressure is low. The low transmembrane 

pressure enhances membrane stability and increases selectivity for water over carbon dioxide. 

However, as shown in Table 6.5 (data taken from Wiebe [41]), water solubility in carbon 

dioxide decreases with increasing pressure. At a certain pressure (dependent on the 

temperature), the water solubility increases again. Still, the greatest saturation abilities for 

carbon dioxide are at low pressures. The usage of pressurized carbon dioxide as a sweep stream 

would require large amounts of this fluid to dissolve water. Therefore, in all simulations, the 

sweep pressure was chosen to be 1, 1.1 or 2.5 bar.  

 

Table 6.5 Solubility of water in carbon dioxide as a function of pressure and temperature. Data are 
taken from Wiebe [41]. 

Pressure [bar] 
Solubility of water in carbon dioxide [g/dm3

(STP)] 

25 °C 31.04 °C 50 °C 75 °C 

1 0.023 0.032 0.093 0.242 

25 0.00132 0.00183 0.00498 0.00855 

50 0.00104 0.00129 0.00308 - 

60 - - 0.00287 - 

75 - - 0.00281 - 

100 0.00267 0.00293 0.00361 0.00666 

 
 

 

The sweep flow rate has a direct influence on the driving force for water permeation and 

therefore, on the required membrane surface area. Higher water fluxes through the membrane 

are obtained at larger sweep streams, because of the reduced water activity at the permeate side. 

However, a large sweep stream causes high operating costs, as will be shown later. Therefore, 
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the optimum conditions have been adjusted for particular simulations such that the dehydration 

degree of 95 % is reached, and the operating costs for carbon dioxide are sensible. The role of 

the sweep stream on the driving force along the length of the fiber is elaborated on in more 

detail in the research of Lohaus et al. [22].   

Here, we discuss the operating principle of the simple and the hybrid systems, which are 

schemed in Figure 6.1 and 6.2, respectively. Temperatures and pressures of particular streams 

are presented in the figures.  

6.3.2 Operating principle of the simple system 

The simple system consists of a single membrane unit and a refill. Feed at 100 bar and 

50 °C enters the membrane unit, A, in counter current to Sweep of 1 bar and 50 °C, respectively. 

The expansion of permeating carbon dioxide causes a temperature decrease of Permeate by 

few degrees. Permeate is released to the atmosphere. The losses of carbon dioxide in Retentate 

are compensated by Refill. Refill, which is delivered at 1.2 bar at 50 °C, is compressed to 100 

bar before mixing with Retentate. A mixture of Retentate and Compressed Refill is termed as 

Product. This system is characterized by high CO2 emissions, and therefore, by high operating 

costs (OPEX), whereas investment costs, or annualized investments cost (CAPEX), are low.  

 

 

 

Figure 6.1 Scheme of a simple system process and the distribution of the pressure/temperature values
of the particular streams. 
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6.3.3 Operating principle of a hybrid system 

To prevent high CO2 emissions, a hybrid system is considered. This system is 

characterized by high investment costs (CAPEX) but reasonably lower operating costs 

(OPEX). The hybrid system has two membrane units, two compressors, a turbine and a flash 

vessel. Water from the feed is removed via the first membrane unit. The water collected by the 

sweep gas in the first membrane unit, is further removed from this sweep stream, mainly via 

condensation steps, and finally, via the second membrane unit.  
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Feed at 100 bar and 50 °C enters the first membrane unit, A1, in counter current to Sweep 

1 of 2.5 bar and 50 °C. Sweep 1 is a mixture of freshly supplied Sweep and Recycle Sweep, 

both at 2.5 bar and 50 °C. Permeate 1, of which the temperature deceases to ~ 40 °C due to 

carbon dioxide expansion, is compressed to 55 bar in Compressor 1. Due to compression, 

condensation of water occurs. In this compression step, the majority of water from Permeate 1 

is removed. The stream of condensed water coming from Compressor 1 is termed as Stream 

H2O 1. The compressed stream leaving Compressor 1 is indicated in the scheme as Stream 1. 

Stream 1 at 50 °C is passed subsequently to the Flash vessel of a lower temperature, 25 °C. 

Due to decreased temperature, condensation of water occurs. The stream of condensed water 

coming from the Flash vessel is termed as Stream H2O 2. The compressed stream leaving the 

Flash vessel is indicated in the scheme as Stream 2. Stream 2 is passed further to the second 

membrane unit, A2, in counter current to Sweep 2 of 1.1 bar and 50 °C. Permeate 2 leaves the 

A2 at 1.1 bar and ~30 °C, and is released to the atmosphere. Retentate 2 from the A2 is split 

into two streams – Stream 3 and Stream 4. The split ratio is defined as: 

 

Split	=	
Stream 4

Stream 3
 

 

Figure 6.2 Scheme of a hybrid system process and a distribution of the pressure/temperature values of
the particular streams. 
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 Stream 3 is compressed to 100 bar in Compressor 2. The stream leaving the Compressor 

2 is indicated in the scheme as Recycle Feed. Recycle Feed is mixed subsequently with 

Retentate 1. A mixture of Retentate 1 and Recycle Feed gives the final stream, termed as 

Product. The second fraction of Retentate 2, Stream 4, is expanded to 2.5 bar. There, an 

additional benefit is obtained from implementing a Turbine that generates electricity. The 

stream leaving the Turbine is indicated in the scheme as Stream 5. The temperature of Stream 

5 is -67 °C due to carbon dioxide decompression. This stream after heating till 50 °C is further 

termed as Recycle Sweep. A mixture of Recycle Sweep and freshly supplied Sweep gives stream 

Sweep 1. In that way, the loop is closed.  

The operating principle of the simple and hybrid systems has been discussed. The 

results from the simulations are shown in Table 6.6 and 6.7 for the simple and hybrid systems, 

respectively. The simulation results comprise of the required membrane area and energy 

demand for compression and cooling of compressors. For a hybrid system, there is additionally 

a turbine that generates electricity and the demand for heating of streams leaving the turbine. 

Table 6.8 shows investment and operating costs for particular simulations. In the Supporting 

information, Table 6-S1 and 6-S2 show the compositions of particular streams (mass balances) 

for the simple and hybrid systems, respectively. 

Simulation results are divided into two parts. First, we consider a low feed flow of 2,000 

kg/h that corresponds to a small pilot plant. High water permeance of 250,000 GPU and 

selectivity of 5,000 are used. Systems at those conditions are referred to as S1 and H1. These 

simulations clearly represent the operating differences between a simple and a hybrid system.  

 Second, we consider a larger process with a feed flow of 100,000 kg/h. Various water 

permeances and selectivities are used. Consequently, in S2 and H2, high water permeance of 

250,000 GPU and selectivity of 5,000 are maintained, as in the systems S1 and H1. In S3 and 

H3, water permeance is significantly reduced to 5,000 GPU, but the selectivity of 5,000 is 

maintained. In S4, S5 and H4, H5, the low water permeance of 5,000 GPU is maintained, but 

the selectivity is varied. These simulations clearly represent factors that mostly determine 

investment and operating costs, and show the impact of a membrane unit on the process. 
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Table 6.6 Varied process parameters and simulation results for simple systems. 

                                                  Simple system 

                                             Low feed High feed  
 Design number S1 S2 S3 S4 S5 

Process 
parameters 

Feed [kg/h] 2,000 100,000 100,000 100,000 100,000 
P H2O [GPU] 250,000 250,000 5,000 5,000 5,000 
P CO2 [GPU] 50 50 1 0.2 0.2 
Selectivity [-] 5,000 5,000 5,000 25,000 25,000 
Sweep [kg/h] 62 3,100 3,100 3,100 5,000 

Simulation 
results 

Membrane A [m2] 1.3 64.6 3,256 10,020 1,173 
Compressor [kW] 2.5 121.9 121.9 75.5 8.84 
CoolingCompressor [kW] 3.7 164.8 164.8 102.1 12.0 

 

Table 6.7 Varied process parameters and simulation results for hybrid systems. 

 

 

                                                 

 
3 Dehydration degree of the product reached in this system is 97 %, instead of 95 %. 
4 With the split of 0.59, the dehydration degree of the product would be 51 %.  

                                                 Hybrid system 

 Low feed High feed 
 Design number H1 H2 H3 H43 H5 

Process 
 

parameters 

Feed [kg/h] 2,000 100,000 100,000 100,000 100,000 
P H2O [GPU] 250,000 250,000 5,000 5,000 5,000 
P CO2 [GPU] 50 50 1 1.5 0.5 
Selectivity [-] 5,000 5,000 5,000 3,333 10,000 
Sweep    [kg/h] 1.69 84.5 84.5 56.6 84.5 
Sweep 2 [kg/h] 1.4 70 70 46.9 70 
Split [-] 0.59 0.59 0.59 0.59 0.7854 

 
 
 
 

Simulation  
results 

Membrane A1 [m2] 5.2 260 13,000 13,000 13,000 
Membrane A2 [m2] 0.16 8 400 400 400 
Compressor 1 [kW] 16.5 824.1 824.1 1,229.7 808.3 
CoolingCompressor1 [kW] 20.7 1,034.5 1,034.5 1,523.8 1,045.8 
Compressor 2 [kW] 0.8 39.5 39.5 58.6 20.1 
CoolingCompressor2 [kW] 2.0 97.0 97.0 144.1 49.4 
CoolingFlash [kW] 2.5 124.0 124.0 184.0 120.0 
Turbine power [kW] 2.5 122.9 122.9 182.5 158.9 
HeatingTurbine [kW] 5.6 281.9 281.9 418.6 364.6 
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Table 6.8 Investment and operating costs and the turbine benefit calculated based on simulation results. 

Simple system 
 S1 S2 S3 S4 S5 

Investment costs [€] 6,175 126,140 224,743 395,212 52,685 

Operating costs [€/year] 69,426 3,462,351 3,463,486 3,089,147 4,071,321 

Turbine benefit [€/year] - - - - - 

Hybrid system 
 H1 H2 H3 H4 H5 

Investment costs [€] 185,776 3,808,438 6,495,557 7,845,971 6,552,552 

Operating costs5 [€/year] 17,334 866,716 866,665 1,279,084 838,895 

Turbine benefit [€/year] -1,770 -88,479 -88,530 -131,383 -114,410 

 

6.3.4 Simulation results and economic evaluation  

Low feed flow systems  

 

System S1 and H1 

Based on variable process parameters and the simulation results listed in Table 6.6 and 

6.7, and investment and operating costs listed in Table 6.8, the annual costs are calculated. 

Figure 6.3 compares the annual operating (OPEX) and capital (CAPEX) costs for S1 and H1.  

The simple system S1 is characterized by low capital costs and high operating costs. A 

great demand on CO2 results from the lack of recycle streams and consequently, from releasing 

of carbon dioxide to the atmosphere. On the other hand, the hybrid system H1 is characterized 

by higher capital and lower operating costs compared to S1. The greatest capital costs in H1 

are for compressors (mainly Compressor 1 used to compress the permeate stream from the first 

membrane unit, A1 – Table 6.7) and a turbine. A flash vessel is of minor expenses and is not 

visible in the graph. In both systems, due to the very high water permeance, the required 

membrane surface area is very low and therefore, the costs are not visible in the graph. 

Operating costs for H1 are mainly caused by electricity costs and cooling demand for the 

compressors. Heating of the stream leaving the turbine is not so pronounced, and CO2 

emissions are reduced compared to system S1.  

                                                 

 
5 Including turbine benefit 
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NPV for S1 and H1 

The net present value (NPV) of the systems indicates which system is superior at 

specific operating times. Figure 6.4 shows the breaking point at the ~3.5 years of operation. 

System S1 has low investment but high operating costs. However, when a dehydration process 

is operated for less than 3.5 years, system S1 is more economical compared to the hybrid system 

H1. System H1 has the higher investment but lower operating costs, and is more beneficial 

assuming operating times longer than 3.5 years. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3 Annual costs for the low feed, simple
(S1) and hybrid (H1) systems for a period of 8
years. 
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High feed flow systems  

 

Here, we discuss the factors that determine the compression costs and we elaborate on 

the role of the membrane unit. 

Simple systems S2 – S5 

Based on the variable process parameters and simulation results listed in Table 6.6, and 

investment and operating costs listed in Table 6.8, the annual costs are plotted. Figure 6.5 

compares the annual operating (OPEX) and capital (CAPEX) costs for the systems S2, S3, S4 

and S5. Their annual costs are much higher than those of system S1, due to upscaling of the 

feed stream from 2,000 to 100,000 kg/h.  

System S2 has selectivity of 5,000 and an optimized sweep flow of 3,100 kg/h. This 

system is characterized by low investment costs for membrane unit (not visible on the bars). 

The low membrane investment costs are due to the high water permeance of 250,000 GPU, and 

consequently, due to the small membrane surface area required. The annual demand on carbon 

dioxide, due to its continuous releasing to the atmosphere, is very high (~3 Million €/year).  

When shifting from system S2 to S3, the water permeance is reduced from 250,000 to 

5,000 GPU, whereas the selectivity and the sweep stream of 5,000 and 3,100 kg/h, respectively, 

are maintained.  The demand for compression and cooling of the refill stream is still the same 

for both, system S2 and S3. This is caused by equal losses of CO2 in these two processes. The 

CO2 permeance in S2 (50 GPU) is 50 times higher than that in S3 (1 GPU) but the membrane 

surface area in S2 (64.6 m2) is 50 times smaller than that in S3 (3,256 m2). Overall, the flow of 

CO2 through the membrane remains unchanged for both S2 and S3. Instead, system S3 has 

significantly increased investment costs for a membrane module, because of the high required 

membrane surface area. 
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When shifting from system S3 to S4, CO2 permeance of the membrane is decreased, so 

that the selectivity increases from 5,000 to 25,000. At the same time, the sweep flow of 3,100 

kg/h is maintained, as in the systems S2 and S3. As a consequence, a large membrane surface 

area is required to perform the dehydration, since the sweep flow is not sufficient. Therefore, 

system S4, due to the increased selectivity and not adjusted sweep flow, has high membrane 

investment costs. Simultaneously, the demand for compression and cooling of the refill stream 

becomes reduced, because of the decreased CO2 flow over the membrane. These results also 

show that CO2 that permeates through the membrane causes “self-sweeping”. Upon selectivity 

enhancement, the flow rate of the fresh sweep has to be increased. Otherwise, a higher 

membrane surface area is required. Notably, system S4, with such a large membrane surface 

area, has lower annual costs than system S2, which has very low costs for the membrane 

module. This is because the refill stream in S4 (671 kg/h) is smaller as compared to S2 and S3 

(1,084 kg/h) (see mass balances in Table 6-S1, Supporting Information) and requires less 

demand for compression.    

When shifting from system S4 to S5, the sweep flow is increased from 3,100 to 5,000 

kg/h. This significant increase of the sweep flow results in more effective removal of water 

from the permeate side, and therefore, in a decrease in the required membrane surface area. 

Furthermore, the decreased membrane surface area causes a reduction of the CO2 flow over the 

membrane, which leads in turn to the reduced refill costs. However, the demand for fresh CO2 

is large.  
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In summary, the electricity and cooling demand for a compressor, which compresses 

the refill stream, depends mainly on the feed capacity and the membrane selectivity. Increasing 

the membrane selectivity reduces the demand for compression. The membrane surface area is 

on the other hand dependent on the water permeance and on the sweep stream flow. High water 

permeance and high sweep flow significantly reduce the investment costs for the membrane 

unit. From all these options the optimum can be taken, and the system can be designed 

according to the requirements. CO2 that permeates through the membrane causes “self-

sweeping”. When the selectivity significantly increases, thus reducing the CO2 flow through 

the membrane, the flow of fresh CO2 has to be increased such that water can be still effectively 

removed from the permeate side. If the selectivity increases during operation and the sweep 

flow is not accordingly adjusted, sufficient dehydration degree will not be reached. On the 

contrary, if the selectivity decreases during operation, e.g. due to membrane plasticization, the 

dehydration degree can increase (assuming constant water flow). Using simple systems with a 

feed flow of 100,000 kg/h, the yearly CO2 emissions to the atmosphere are 24,800 – 40,000 

t/year. Notably, the annual costs can be reduced slightly by using a membrane with high 

selectivity, so that the refill costs are reduced, as compared to using a membrane with high 

water permeance. Still, the annual costs are similar for system S2, S3 and S4 (3.48 – 3.68 

Million €/year), and 4.12 Million €/year for S5. 

 

Hybrid systems HD2 – HD5 

Based on the variable process parameters and simulation results listed in Table 6.7 for 

the hybrid systems, and investment and operating costs listed in Table 6.8, the annual costs are 

plotted. Figure 6.6 compares the annual operating (OPEX) and capital (CAPEX) costs for 

systems H2, H3, H4 and H5. Their annual costs are much higher than those of system H1, due 

to upscaling of the feed stream from 2,000 to 100,000 kg/h. These are also lower than the 

annual costs of the simple systems. 

 In the hybrid systems, the split, the CO2 flow through the membrane and the flow of 

the fresh sweep streams determine whether the desired dehydration degree can be reached.  

System H2 has a selectivity of 5,000 and the optimal flows of Sweep and Sweep 2 (see 

the process scheme - Figure 6.2) are 84.5 and 70 kg/h, respectively. The split is set to 0.59 such 

that the necessary flow rates of Recycle Sweep and Recycle Feed are ensured. This system is 

characterized by the high demand for compressors (mainly for Compressor 1 - Table 6.7) 
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caused by the high feed stream and consequently, by the high Permeate 1 stream. Due to the 

high water permeance of 250,000 GPU, smaller membrane surface areas are required. The 

annual demand on carbon dioxide is lower as compared to simple systems.  

When shifting from system H2 to H3, the water permeance is reduced from 250,000 to 

5,000 GPU, while the selectivity of 5,000, the flows of Sweep and Sweep 2 of 84.5 and 70 kg/h, 

and the split of 0.59, are maintained. The demand for compression and cooling of the refill 

stream is still the same for both system, H2 and H3. This is caused by equal losses of CO2 in 

these two processes. CO2 permeance in H2 (50 GPU) is 50 times higher than that in H3 (1 

GPU), but the membrane surface areas in H3 (13,000 and 400 m2) are about 50 times higher 

than those in H2 (260 and 8 m2). Overall, the flow of CO2 through the membrane remains the 

same for both, H2 and H3. However, system H3 has significantly increased investment costs 

for the membrane units. 

 When shifting from system H3 to H4, the selectivity is decreased from 5,000 to 3,300. 

As a result, more CO2 permeates through the membrane, causing enhanced “self-sweeping”. 

This enhanced “self-sweeping” allows decreasing the flow of the fresh sweep streams. In 

system H4, the flow rates of Sweep and Sweep 2 were decreased from 84.5 to 56.6 kg/h, and 

from 70 to 46.9 kg/h, respectively, as compared to H3. At the same time, the membrane surface 

areas were kept the same for H3 and H4, i.e. 13,000 m2 and 400 m2 for the A1 and A2 membrane 

units, respectively. However, the sweep flows at reduced membrane selectivity have not been 

optimized. The sweep flows were too high such that in turn, the obtained dehydration degree 

of the product stream was 97 %, instead of 95 % (see Supporting Information – mass balances 

Table 6-S2, water content in Product streams). A further consequence is that the demand on 

compressors increases considerably due to the increased flow of Permeate 1 (H3 - 10,634 kg/h 

and H4 - 15,711 kg/h) and of Stream 3 (H3 – 4,257 kg/h and H4 - 6,320 kg/h). The electricity 

benefit from the turbine increases due to the increased flow of Stream 4 (H3 - 6,126 and H4 - 

9,095 kg/h) but also the heating demand for this stream is higher (H3 – 289.1 kW and H4 – 

418.6 kW). 

When shifting from system H4 to H5, the selectivity is increased from 3,300 to 10,000. 

As a consequence, the CO2 flow through the membrane decreases, causing reduced “self-

sweeping”. The flow rates of Sweep and Sweep 2 in H5 maintain equal as in systems H2 and 

H3, 84.5 and 70 kg/h, respectively. Therefore, the flow of Permeate 1 in H5 is reduced as 

compared to H2 and H3 (H2, H3 – 10,634 kg/h and H5 – 10,299 kg/h). If we keep the split 
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ratio of 0.59, the flow of Recycle Sweep is not sufficient. Since Recycle Sweep is needed to 

sweep water from the first membrane unit A1, its insufficient flow results in this simulation in 

a dehydration degree of only 51 % (see Table 6.7 – H5). An alternative way to increase Recycle 

Sweep flow and to obtain a dehydration degree of 95 % is to increase the split from 0.59 to 

0.785. Simultaneously, a higher amount of CO2 is passed to the turbine; therefore, more 

electricity is generated in H5 as compared to H2 and H3, but also the heating costs of the stream 

leaving the turbine increase. Additionally, lower compression costs and cooling demand are 

required for Permeate 1 and Recycle Feed.  

In summary, the performance of the process can be optimized in various ways – 

selectivity determines the required sweep flow rate and the split factor determines the 

dehydration degree. When more specific data are available, such as compressor lifetimes and 

maintenance costs, the price for a membrane module, the operating costs for zeolites, the size 

of the factory, profits from selling of dried food. etc., the process can be optimized. One can 

decide if a higher membrane surface area is more beneficial, or the usage of high sweep flows 

and connected to that compression costs.  

Generally, the demand for recirculation lines depends on the feed flow. The main costs 

are generated by compressors. Furthermore, it is questionable if the process can be facilitated 

by reaching the membrane permeance of 250,000 GPU, if much lower values are obtained due 

to concentration polarization. For membranes derived from SPEEK, a promising polymer for 

dehydration, the ideal selectivity reported by Liu et al. is 1·107 [19]. However, in a highly 

swollen state caused by the high water activity, the selectivity drastically decreases and values 

of 3,000 – 5,000 are estimated. Yet our simulations show that a selectivity enhancement from 

5,000 to 10,000 does not decrease the annual costs when comparing system H3 and H5. Those 

costs are 1.93 and 1.92 Million €/year, respectively. This is because the split ratio and the fresh 

sweep flow can be accordingly adjusted, based on a given selectivity. Using hybrid systems 

with a feed flow of 100,000 kg/h, the yearly CO2 emissions to the atmosphere are 828 – 1236 

t/year, which is about 32-fold less than in the simple systems. 
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NPV for S2-S5 and H2-H5 

The net present value (NPV) of the systems indicates which system is superior, 

depending on the considered operating time. Figure 6.7 shows that for a large scale process, 

the simple systems are only beneficial assuming operating time of 1 year. 

Concerning simple systems, the most expensive is S5, due to the large emission of CO2 

to the atmosphere. S2, S3 and S4 have actually very similar NPV values, indicating that the 

variations in membrane properties, selectivity (5,000 to 250,000) and water permeance (5,000 

to 25,000 GPU), do not impact the annual costs significantly.  

 

 

 

Hybrid systems are already more beneficial when the process is operated for longer 

than 1 year. System H4 is the most expensive. However, this is because of the higher 

dehydration degree of 97 %, instead of 95 %, due to not optimized sweep flows. H3 and H5 

follow the same NPV, indicating that selectivity variations from 5,000 to 10,000 have no 

influence on the cost reduction. H2 is the most economical system because of the high water 

permeance of 250,000 GPU, which however, might not be reachable due to concentration 

polarization. 
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6.4 Conclusions 

Dehydration of supercritical carbon dioxide (CO2) at 100 bar and 50 °C has been simulated 

in Aspen Plus® using a hollow fiber gas permeation model. In this dehydration process, the 

incorporation of a sweep gas is necessary to effectively remove water from the permeate side. 

CO2 was also used as a sweep gas. The advantage of using CO2 as a sweep is lack of 

contamination of the feed with other gases and increased selectivity. For a large scale process 

with a feed capacity of 100,000 kg/h, the usage of a single membrane unit to perform 

dehydration is not beneficial. This is caused by high emissions of CO2 to the atmosphere. 

Hybrid systems with two membrane units and a recirculation line of the permeate streams are 

a cheaper alternative.  
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Supporting Information 

Mass balances obtained from the simulations 

 

 
Table 6-S1 Mass balances for the simple systems. 

 

 

 

 

 

 

S2 Feed Retentate Sweep Permeate 
Refill/Compressed 

Refill 
Product 

Mole flow 
[kmol/h] 

2,278 2,244 70.44 104.24 24.60 2,269 

Mole 
fraction 

CO2 0.9958 0.9998 0.99999 0.9117 0.99999 0.9998 

H2O 0.0042 0.0002 0.00001 0.0883 0.00001 0.0002 

Mass flow [kg/h] 100,000 98,751 3,100 4,349 1,083 99,834 

Mass 
fraction 

CO2 0.9983 0.9999 0.999996 0.9619 0.999996 0.9999 

H2O 0.0017 0.0001 trace 0.0381 trace 0.0001 

S1 Feed Retentate Sweep Permeate 
Refill/Compressed 

Refill 
Product 

Mole flow 
[kmol/h] 

45.56 44.88 1.41 2.09 0.50 45.38 

Mole 
fraction 

CO2 0.9958 0.9998 0.99999 0.9118 0.99999 0.9998 

H2O 0.0042 0.0002 0.00001 0.0882 0.00001 0.0002 

Mass flow [kg/h] 2,000 1,975 62 87.10 21.77 1,997 

Mass 
fraction 

CO2 0.9983 0.9999 0.999996 0.9620 0.999996 0.9999 

H2O 0.0017 0.0001 trace 0.0380 trace 0.0001 
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S3 Feed Retentate Sweep Permeate 
Refill/Compressed 

Refill 
Product 

Mole flow 
[kmol/h] 

2,278 2,244 70.44 104.27 24.63 2,269 

Mole 
fraction 

CO2 0.9958 0.9998 0.99999 0.9117 0.99999 0.9998 

H2O 0.0042 0.0002 0.00001 0.0883 0.00001 0.0002 

Mass flow [kg/h] 100,000 98,750 3,100 4,350 1,084 99,834 

Mass 
fraction 

CO2 0.9983 0.9999 0.999996 0.9619 0.999996 0.9999 

H2O 0.0017 0.0001 trace 0.0381 trace 0.0001 

S4 Feed Retentate Sweep Permeate 
Refill/Compressed 

Refill 
Product 

Mole flow 
[kmol/h] 

2,278 2,253 70.4 94.90 15.26 2,269 

Mole 
fraction 

CO2 0.9958 0.9998 1 0.9030 1 1 

H2O 0.0042 0.0002 trace 0.0970 trace trace 

Mass flow [kg/h] 100,000 99,163 3,100 3,937 671.41 99,834 

Mass 
fraction 

CO2 0.9983 0.99999 1 0.9579 1 1 

H2O 0.0017 0,0001 trace 0.0421 trace trace 

S5 Feed Retentate Sweep Permeate 
Refill/Compressed 

Refill 
Product 

Mole flow 
[kmol/h] 

2,278 2,267 113.61 124.59 1.79 2,269 

Mole 
fraction 

CO2 0.9958 0.9998 0.99999 0.9262 0.99999 0.9998 
H2O 0.0042 0.0002 0.00001 0.0738 0.00001 0.0002 

Mass flow [kg/h] 100,000 99,756 5,000 5,244 78.61 99,834 

Mass 
fraction 

CO2 0.9983 0.9999 0.999996 0.9684 0.999996 0.9999 

H2O 0.017 0.0001 trace 0.0316 trace 0.0001 
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Table 6-S2 Mass balances for the hybrid systems. 

 

 

 

 

 

 

 

 

 

H1 Feed Ret. 1 
Sweep 

1 
Perm. 

1 
H2O 1 1 H2O 2 2 Ret. 2 

Mole flow 
[kmol/h] 

45.56 43.44 2.82 4.94 0.15 4.79 0.03 4.76 4.72 

Mole 
fraction 

CO2 0.9958 0.9998 0.9991 0.9620 0.9966 0.9924 0.0236 0.9987 0.9991 

H2O 0.0042 0.0002 0.0009 0.0380 0.0034 0.0076 0.9764 0.0013 0.0009 

Mass flow [kg/h] 2,000 1,912 124.21 212.69 2.75 209.94 0.58 209.36 207.67 

Mass 
fraction 

CO2 0.9983 0.99999 0.9996 0.9841 0.0084 0.9969 0.0558 0.9995 0.9996 

H2O 0.0017 trace 0.0004 0.0159 0.9916 0.0031 0.9442 0.0005 0.0004 

 
Sweep 

2 
Perm. 

2 
3 

Rec. 
Feed 

4 5 
Rec. 

Sweep 
Sweep Product 

Mole flow 
[kmol/h] 

0.03 0.07 1.94 1.94 2.79 2.79 2.79 0.038 45.38 

Mole 
fraction 

CO2 0.99999 0.9703 0.9991 0.9991 0.9991 0.9991 0.9991 0.99999 0.9998 

H2O 0.00001 0.0297 0.0009 0.0009 0.0009 0.0009 0.0009 0.00001 0.0002 

Mass flow [kg/h] 1.4 3.09 85.14 85.14 122.52 122.52 122.52 1.69 1,997 

Mass 
fraction 

CO2 0.99999 0.9876 0.9996 0.9996 0.9996 0.9996 0.9996 0.99999 0.9999 

H2O trace 0.0124 0.0004 0.0004 0.0004 0.0004 0.0004 trace 0.0001 

H2 Feed Ret. 1 
Sweep 

1 
Perm. 

1 
H2O 1 1 H2O 2 2 Ret. 2 

Mole flow 
[kmol/h] 

2,278 2,172 141.19 247.18 7.60 239.59 1.55 238.04 236.05 

Mole 
fraction 

CO2 0.9958 0.9998 0.9991 0.9620 0.0034 0.9924 0.0236 0.9987 0.9991 
H2O 0.0042 0.0002 0.0009 0.0380 0.9966 0.0076 0.9764 0.0013 0.0009 

Mass flow [kg/h] 100,000 95,576 6,211 10,634 137.54 10,497 28.89 10,468 10,383 

Mass 
fraction 

CO2 0.9993 0.9999 0.9996 0.9841 0.0084 0.9969 0.0558 0.9995 0.9996 
H2O 0.0017 0.1111 0.0004 0.0159 0.9916 0.0031 0.9442 0.0005 0.0004 

 
Sweep 

2 
Perm. 

2 
3 

Rec. 
Feed 

4 5 
Rec. 

Sweep 
Sweep Product 

Mole flow 
[kmol/h] 

1.59 3.57 96.78 96.78 139.27 139.27 139.27 1.92 2,269 

Mole 
fraction 

CO2 1.0000 0.9703 0.9991 0.9991 0.9991 0.9991 0.9991 1.0000 0.9998 
H2O 0.0000 0.0297 0.0009 0.0009 0.0009 0.0009 0.0009 0.0000 0.0002 

Mass flow [kg/h] 70.00 154.51 4,257 4,257 6,126 6,126 6,126 84.50 99,834 

Mass 
fraction 

CO2 1.0000 0.9876 0.9996 0.9996 0.9996 0.9996 0.9996 1.0000 0.9999 
H2O 0.0000 0.0124 0.0004 0.0004 0.0004 0.0004 0.0004 0.0000 0.0001 
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H3 Feed Ret. 1 
Sweep 

1 
Perm. 

1 
H2O 1 1 H2O 2 2 Ret. 2 

Mole flow 
[kmol/h] 

2,278 2,172 141.19 247.18 7.60 239.59 1.55 238.04 236.05 

Mole 
fraction 

CO2 0.9958 0.9998 0.9991 0.9620 0.0034 0.9924 0.0236 0.9987 0.9991 
H2O 0.0042 0.0002 0.0009 0.0380 0.9966 0.0076 0.9764 0.0013 0.0009 

Mass flow [kg/h] 100,000 95,576 6,211 10,634 137.54 10,497 28.89 10,468 10,383 

Mass 
fraction 

CO2 0.9983 0.9999 0.9996 0.9841 0.0084 0.9969 0.0558 0.9995 0.9996 
H2O 0.0017 0.0001 0.0004 0.0159 0.9916 0.0031 0.9442 0.0005 0.0004 

 
Sweep 

2 
Perm. 

2 
3 

Rec. 
Feed 

4 5 
Rec. 

Sweep 
Sweep Product 

Mole flow 
[kmol/h] 

1.59 3.57 96.78 96.78 139.27 139.27 139.27 1.92 2,269 

Mole 
fraction 

CO2 1.0000 0.9703 0.9991 0.9991 0.9991 0.9991 0.9991 1.0000 0.9998 
H2O 0.0000 0.0297 0.0009 0.0009 0.0009 0.0009 0.0009 0.0000 0.0002 

Mass flow [kg/h] 70.00 154.51 4,257 4,257 6,126 6,126 6,126 84.50 99,834 

Mass 
fraction 

CO2 1.0000 0.9876 0.9996 0.9996 0.9996 0.9996 0.9996 1.0000 0.9999 
H2O 0.0000 0.0124 0.0004 0.0004 0.0004 0.0004 0.0004 0.0000 0.0001 
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H4 Feed Ret. 1 
Sweep 

1 
Perm. 

1 
H2O 1 1 H2O 2 2 Ret. 2 

Mole flow 
[kmol/h] 

2,278 2,123 208.06 362.71 7.02 355.70 2.30 353.39 350.46 

Mole 
fraction 

CO2 0.9958 0.9999 0.9990 0.9733 0.0043 0.9924 0.0236 0.9987 0.9990 
H2O 0.0042 0.0001 0.0010 0.0267 0.9957 0.0076 0.9764 0.0013 0.0010 

Mass flow [kg/h] 100,000 93,440 9,151 15,711 127.23 15,584 42.89 15,541 15,415 

Mass 
fraction 

CO2 0.9983 1.0000 0.9996 0.9889 0.0103 0.9969 0.0558 0.9995 0.9996 
H2O 0.0017 0.0000 0.0004 0.0111 0.9897 0.0031 0.9442 0.0005 0.0004 

 
Sweep 

2 
Perm. 

2 
3 

Rec. 
Feed 

4 5 
Rec. 

Sweep 
Sweep Product 

Mole flow 
[kmol/h] 

1.07 4.00 143.69 143.69 206.77 206.77 206.77 1.29 2,267 

Mole 
fraction 

CO2 1.0000 0.9704 0.9990 0.9990 0.9990 0.9990 0.9990 1.0000 0.9999 
H2O 0.0000 0.0296 0.0010 0.0010 0.0010 0.0010 0.0010 0.0000 0.0001 

Mass flow [kg/h] 46.90 172.93 6,320 6,320 9,095 9,095 9,095 56.60 99,760 

Mass 
fraction 

CO2 1.0000 0.9877 0.9996 0.9996 0.9996 0.9996 0.9996 1.0000 0.9999 
H2O 0.0000 0.0123 0.0004 0.0004 0.0004 0.0004 0.0004 0.0000 0.0001 

H5 Feed Ret. 1 
Sweep 

1 
Perm. 

1 
H2O 1 1 H2O 2 2 Ret. 2 

Mole flow 
[kmol/h] 

2,278 2,220 181.98 239.59 7.70 231,9 1.50 230.39 229.38 

Mole 
fraction 

CO2 0.9958 0.9998 0.9990 0.9606 0.0034 0.9990 0.0236 0.9987 0.9990 
H2O 0.0042 0.0002 0.0010 0.0394 0.9966 0.0010 0.9764 0.0013 0.0010 

Mass flow [kg/h] 100,000 97,705 8,004 10,299 139.32 10,160 27.96 10,132 10,089 

Mass 
fraction 

CO2 0.9983 0.9999 0.9996 0.9835 0.0082 0.9996 0.0558 0.9995 0.9996 
H2O 0.0017 0.0001 0.0004 0.0165 0.9917 0.0004 0.9442 0.0005 0.0004 

 
Sweep 

2 
Perm. 

2 
3 

Rec. 
Feed 

4 5 
Rec. 

Sweep 
Sweep Product 

Mole flow 
[kmol/h] 

1.59 2.61 49.32 49.32 180.06 180.06 180.06 1.92 2,270 

Mole 
fraction 

CO2 1.0000 0.9701 0.9990 0.9990 0.9990 0.9990 0.9990 1.0000 0.9998 
H2O 0.0000 0.0299 0.0010 0.0010 0.0010 0.0010 0.0010 0.0000 0.0002 

Mass flow [kg/h] 70.00 112.70 2,169 2,169 7,920 7,920 7,920 84.50 99,875 

Mass 
fraction 

CO2 1.0000 0.9876 0.9996 0.9996 0.9996 0.9996 0.9996 1.0000 0.9999 
H2O 0.0000 0.0124 0.0004 0.0004 0.0004 0.0004 0.0004 0.0000 0.0001 
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 In the process of dehydration of compressed carbon dioxide, several technical and 

economic challenges have to be overcome. Within this context, membrane technology is 

considered a potential commercially competitive alternative for the zeolite adsorbents that are 

currently used [1]. To assess the potential of membrane technology in dehydration of 

compressed carbon dioxide, comprehensive research is required that covers a variety of 

aspects, ranging from membrane material science to process design. This thesis aims to identify 

and investigate a number of essential aspects of membrane-based dehydration processes. 

Findings, results, and conclusions are condensed in this last chapter, and suggestions for further 

research are provided. 

7.1 Conclusions 

7.1.1 Intrinsic properties of thin SPEEK films and their implication on 

swelling behavior in high water activity systems  

 Chapter 2 covers intrinsic properties of thin SPEEK films that are relevant for 

membrane applications. The SPEEK films exhibit optical anisotropy that implies orientations 

of the polymer chains. Such molecular orientations are associated with internal stresses in a 

material that will have an impact on the performance of the material in a molecular separation. 

A variety of experiments have been devoted to the relations between the stresses in the thin 

SPEEK films and the synthesis method/conditions. The thin films have been prepared via spin-

coating and solution deposition. These two methods imply different forces imposed on the 

polymer chains during film formation. Spin-coating has been done from either methanol or 

ethanol solutions containing 3, 5 or 7 wt% of SPEEK, and at spin speeds of 1000 – 4000 rpm. 

In solution deposition technique, the film is formed without spinning, using either the highly 

volatile methanol or the non-volatile N-methylpyrrolidone (NMP).  

 The SPEEK films are found to be preferentially oriented parallel to the surface of a 

film, more or less independently of the spin-coating conditions. The optical anisotropy is also 

not affected by whether methanol or ethanol is used as solvent. Variations in the optical 

anisotropy are only observed for relatively high concentrations of SPEEK (≥5 wt%) combined 

with low spin speeds (2000 rpm). After one year storage, the spin-coated films still exhibit 

optical anisotropy. Films formed by solution deposition using methanol as solvent, are also 

found to exhibit orientations in the in-plane direction, with values of optical anisotropy that are 
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comparable to the spin-coated films. Bulk SPEEK membranes were found to be preferentially 

oriented in the in-plane direction elsewhere [2] These observations substantiate that the 

molecular orientations in SPEEK films do not originate from hydrodynamic or other forces 

imposed in the formation procedure. As a consequence, the orientations, and hence internal 

stresses, are inherent to thin films of this sulfonated polymer and cannot be prevented in a 

straightforward manner.  

 The internal stresses in SPEEK films can be released only upon sorption of water and 

consequently, plasticization of the material. Upon the removal of the water, the internal stresses 

re-establish. Prior to thermal conditions, NMP-derived SPEEK films are isotropic. Yet the 

anisotropy of these films returns upon progressive removal of the NMP by heat treatment from 

30 to 140 °C. For the alcohol-derived films, a temperature of 140 °C has no impact on film 

properties as compared to 30 °C.  

 Chapter 3 describes the relation between internal stresses present in a film and the 

swelling behavior of the film in liquid water. Also the effects of the presence of water during 

film formation on the final molecular assembly in SPEEK is discussed. It is found that distinct 

molecular arrangements occur in SPEEK films when formed in either a humid or a dry 

atmosphere.  

 The water-induced swelling of SPEEK films which are formed in a humid atmosphere 

shows overshoot swelling dynamics. These dynamics are correlated with the optical anisotropy 

of the film. Films that exhibit lower anisotropy prior to the exposure to liquid water swell less 

in water, as compared to films with an equal degree of sulfonation, but with more pronounced 

initial anisotropy. We ascribe this correlation to two phenomena. Firstly, the optical anisotropy 

in a film is directly dependent on the ambient relative humidity degree, and therefore, on the 

water vapor absorbed from the ambient by this film. The higher initial concentration of water 

vapor in the film prior to swelling causes a pre-saturation of this film with water molecules. 

Therefore, a subsequent swelling upon contact with liquid water is less apparent for such film. 

Secondly, the optical anisotropy corresponds to internal stresses in the film that affect the free 

energy of the film, and hence its potential to swell. In essence, a higher optical anisotropy 

corresponds to more residual stresses, and thus a higher free energy status, which results in 

more pronounced swelling. Combined, both effects cause that films with higher initial values 

of the anisotropy exhibit a higher propensity to swell.  
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 A particular swelling behavior has been observed for films that were deprived of water 

during formation. This is attributed to a specific internal molecular structure of SPEEK that is 

generated due to lack of the hydration of the polymer during membrane formation. The 

dependency of molecular arrangements in SPEEK on humidity/dryness during formation has 

been described elsewhere [3], and another study explains that the removal of water from 

SPEEK membranes enables formation of attractive non-covalent interactions between the 

benzene rings, termed as π-π stacking, that fade upon polymer rehydration [4]. Our research 

shows that in the case when water is removed specifically during formation step, the stacking 

of aromatic rings in SPEEK films is partially irreversible. SPEEK films formed at relative 

humidity degree, RH=0 %, swell considerably less than their counterparts, prepared in an 

identical manner except for humidity conditions (RH ≥20 %). This finding is of importance 

since the benzene stacking is associated with a crystalline structure [5] and such structures will 

affect membrane performances; it is relatively impermeable but in general enhances membrane 

stability [6].  

 Chapter 5 presents a possible method to chemically modify SPEEK membranes. It is 

apparent from Chapter 3 that native SPEEK films require stabilization. Distinct swelling of 

those films, in spite of their equal degree of sulfonation, and high internal stresses in a material, 

which cannot be eliminated, can result in unstable membrane performance (e.g., swelling 

affects selectivity) and propensity of the films to swell excessively. Chemical modification of 

inherently stressed polymers is a way to irreversibly affect material properties [7]. Chemical 

modification of SPEEK was accomplished by adding polyols, ethylene glycol or glycerol, to 

the casting solutions, and thermal treatment of membranes formed from those solutions. This 

procedure has been described elsewhere for grafting of polyols on sulfonic acid groups [8]. The 

modification was systematically studied for both polyols in equal conditions to compare their 

effectiveness, with the polyol/SPEEK molar ratio between 0.5 – 7 and using anhydrous 

methanol as a casting solvent. 

 In glycerol-modified membranes with the glycerol/SPEEK molar ratio >1, the glass 

transition temperature was significantly reduced as compared to native membranes, which was 

measured using DSC on bulk membranes. The modified thin films exhibited significantly 

reduced optical anisotropy. Those films were also less susceptible to water-induced swelling, 

and no longer exhibited overshoot swelling dynamics, but positive relaxations. The extent of 

swelling, expressed by the time dependent swelling factor, is found to be reproducible for 
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glycerol-derived films, and is found similar for the films with the molar ratio of 2, 3 or 7. The 

effects on ethylene glycol-derived membranes and films in the same experiments were less 

apparent.  

 The results imply that the chemical modification of SPEEK using polyols can stabilize 

membranes from this material, and the sufficient polyol concentration can be adjusted. The 

moderate swelling of glycerol-modified films is likely caused by the reduced number of 

sulfonic acid groups, and hence the reduced affinity for water. The effect cannot be ascribed to 

the improvement of mechanical properties, because the glass transition temperature of the 

membranes is actually reduced.  

 The onset of thermal degradation, for both ethylene glycol- and glycerol-derived 

membranes, is shifted towards lower temperatures, as compared to native SPEEK. A more 

detailed characterization of thermal stability of native SPEEK is described in Chapter 4.      

7.1.2 Thermal stability of SPEEK 

 Chapter 4 compares the thermal stability of SPEEK films with two distinct counter 

ions: proton (SPEEK-H) and sodium (SPEEK-Na). Films are exposed to elevated temperatures 

for shorter and longer periods. Exchanging the proton by a sodium ion significantly enhances 

the thermal stability of sulfonated polymers.  

 Short-term heating of bulk SPEEK membranes, performed using TGA-MS, initiated 

degradation accompanied with the release of SO2 at ~ 250 °C for the H-form and by 100 °C 

higher for the Na-form. On the other hand, long term exposure (15 hours) of the proton form 

to temperatures as low as 160 °C also induced polymer degradation, with more pronounced 

changes when exceeding 200 °C. The chemical changes occurring in membranes that are 

exposed to long-term treatment, have been tracked using the 1H-NMR and ATR-FTIR 

techniques. Degradation of bulk SPEEK membranes can be inspected visually. SPEEK-H 

membranes are yellowish and develop some chromophoric groups upon thermally-induced 

changes; here, the membranes treated at 190 °C turned red. At the same temperature of 190 °C, 

the colorless SPEEK-Na membranes remained unchanged in term of visible color.  

 Thin SPEEK films, coated on a silicon wafer, possess a variety of colors due to light 

interference effect with a substrate. The thermal evolution of thin SPEEK films can be 

inspected by tracking the UV-Vis absorption spectrum of the material via thermo-ellipsometric 
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analysis (TEA). The results regarding thermally induced changes in thin films are in line with 

those of bulk membranes. Long-term exposure of thin films to temperatures as low as 160 °C 

caused changes in the UV-Vis absorption spectra of SPEEK-H, and no changes in the SPEEK-

Na spectrum. At a treatment temperature of 220 °C, the differences between the proton and 

sodium forms were more pronounced. For H-SPEEK, light absorption increases over nearly 

the full wavelength range, and strong changes occur around 380 nm. For Na-SPEEK, the 

changes in the spectrum are limited to minor changes in the absorption in the 300 – 400 nm 

wavelength range.  

 Exchanging sodium for proton indicates the prolonged thermal stability of thin films 

and bulk membranes certainly up to ~ 220 °C, which have a positive implication of membrane 

post-treatment, for instance, for the removal of high boiling point casting solvents. 

7.1.3 Process design 

 Chapter 6 presents Aspen Plus® simulations of dehydration of supercritical carbon 

dioxide using a membrane unit. Two types of systems have been simulated: (1) Simple - 

without a recirculation of the permeate stream and consequently, with CO2 emissions to the 

atmosphere; (2) Hybrid - with a recirculation of the permeate stream, in which water from the 

permeate is removed by condensation (due to compression and cooling), and via an additional 

membrane unit. For both types of systems , the membrane permeance and selectivity have been 

varied. 

 It is not straight forward which system type is superior. In this research, the economic 

viability of the systems is considered based on the duration of the dehydration process and the 

size of the feed. For hybrid systems, the recirculation and regeneration of the permeate requires 

high investment and operating costs for compressors. On the other hand, simple systems can 

be considered environmentally unfriendly and have high operating costs, caused by the high 

CO2 emissions. In general, for a pilot plant with low feed stream (2,000 kg/h), the investments 

in recirculation are not beneficial up to 3.5 years of operation. For the higher feed stream 

process, (100,000 kg/h), the investments in recirculation is sensible when operating for longer 

than 1 year.  

 In hybrid systems, with a currently reported water permeance of 5000 GPU, the 

membrane costs comprise ~20 % of all costs. Assuming very high water permeance of 250,000 
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GPU, the membrane costs would be very minor. Still, the rest of the costs comes from the 

energy demanding compressors. Variation of membrane selectivity in the range 3,000 – 10,000 

does not strongly impact the economics of the process, because these variations affect other 

parameters in the process, ultimately resulting in similar process costs. For the simple systems, 

a significant reduction of the CO2 flow through the membrane (at selectivity of 25,000) can 

significantly reduce process costs, because a lower refill stream to compensate the CO2 loses 

from the retentate is in such case required. 

7.2 Outlook 

 Here, an outlook is presented with some suggestions for future research. Process design 

and membrane properties are correlated. In fact, viable process designs will impose 

requirements with respect to membrane performance. In this context, the outlook starts with a 

discussion on process design. 

7.2.1 Membrane development based on process design  

1) Recirculation and regeneration of the permeate from Chapter 6 

 

For materials scientists, it could be more interesting to try to improve the selectivity 

rather than water permeance. We have shown that significant reduction of the CO2 flow 

through the membrane reduces the demand for the refill stream. Moreover, 

concentration polarization effects may limit the actual permeance of water. In this 

respect, a reduction of the membrane price can be advantageous. If concentration 

polarization is the limiting factor, other hydrophilic polymeric materials that are 

cheaper and involve less issues with respect to internal stresses, can be an option.  

In addition, the effects of rapid depressurization and phase changes of compressed 

carbon dioxide on membranes should be addressed, as these can cause membrane 

foaming and lead to other material defects.   
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2) Removal of water from the permeate by liquid absorption  

 

Absorption dehydration using diethylene glycol or triethylene glycol is used to remove 

water from the natural gas [9]. Glycols are put in a contact with a wet gas stream to 

absorb water. Afterwards, the glycols are regenerated by heating such that water, which 

has much lower boiling temperature than glycols, evaporates. Such approach could be 

an alternative way to regenerate the permeate in the process of carbon dioxide 

dehydration, instead of water condensation by compression and cooling, as it has been 

simulated in Chapter 6.  

Alternatively, a hydrophilic absorbing liquid could be pressurized and brought semi-

directly into contact with the feed, by implementing a membrane contactor between the 

two phases. In such configuration, the undesired usage of a sweep gas is avoided and 

there is no real need for a pressure difference over the membrane, which enhances 

membrane stability. The membrane properties would need to be adjusted, for instance, 

to prevent the diffusion of the absorbing liquid to the retentate side. Low solubility of 

carbon dioxide in an absorbing liquid could facilitate high water/carbon dioxide 

selectivity. 

7.2.2 Fundamental research on SPEEK 

Further fundamental research on the anisotropy and molecular orientations, especially 

on benzene stacking in SPEEK or other sulfonated polymers would contribute to better 

understanding of those phenomena. (Non)crystallinity influences mechanical properties 

of polymers and internal stresses affect membrane permeance [10]. For scientist starting 

the research involving SPEEK membranes, it is advised to accurately control humidity 

and temperature conditions at which membranes are formed and exposed to. 

Additionally, it is advised to synthesize SPEEK from monomers, rather than from 

sulfonation of PEEK, such that the degree of sulfonation is homogenous. Treatment of 

PEEK with sulfuric acid, generates a polymer that is relatively inhomogenously 

sulfonated; this can lead to discrepancies in results.  

 

 

 

 



Conclusions and Outlook
 

 

 

157

C
ha

pt
er

 7
 

References 

1. Lohaus, T., et al., Drying of supercritical carbon dioxide with membrane processes. 
The Journal of Supercritical Fluids, 2015. 98: p. 137-146. 

2. Reyna-Valencia, A., S. Kaliaguine, and M. Bousmina, Structural and mechanical 
characterization of poly(ether ether ketone) (PEEK) and sulfonated PEEK films: 
Effects of thermal history, sulfonation, and preparation conditions. Journal of Applied 
Polymer Science, 2006. 99(3): p. 756-774. 

3. Zhang, Y., et al., Proton conductivity enhancement by nanostructural control of 
sulphonated poly (ether ether ketone) membranes. International Journal of Hydrogen 
Energy, 2010. 35(15): p. 8337-8342. 

4. Jarumaneeroj, C., K. Tashiro, and S. Chirachanchai, Shifting from hydrogen bond 
network to π-π Stacking: A key mechanism for reversible thermochromic sulfonated 
poly(ether ether ketone). Macromolecular Rapid Communications, 2014. 35(16): p. 
1397-1401. 

5. Dahl, T., The Nature of Stacking Interactions between Organic Molecules Elucidated 
by Analysis of Crystal Structures. Acta Chemica Scandinavica, 1994. 48: p. 96-106. 

6. Freeman, B., Y. Yampolskii, and I. Pinnau, Materials Science of Membranes for Gas 
and Vapor Separation. 2006: Wiley. 

7. Zhang, Z., et al., Novel approach to reducing stress-caused birefringence in polymers. 
Journal of Materials Science, 2004. 39(4): p. 1415-1417. 

8. Mikhailenko, S.D., et al., Properties of PEMs based on cross-linked sulfonated 
poly(ether ether ketone). Journal of Membrane Science, 2006. 285(1-2): p. 306-316. 

9. Processing Natural Gas.  [cited 2015 23 March]; Available from: 
http://naturalgas.org/naturalgas/processing-ng/. 

10. Huang, Y. and D.R. Paul, Physical aging of thin glassy polymer films monitored by gas 
permeability. Polymer, 2004. 45(25): p. 8377-8393. 

 
  



Chapter 7 
 

 

 

158

C
hapter 7 

 
 



 

 

 

 

S
um

m
ar

y 

 

 

Summary 
 

 

  



Summary 
 

 

 

160

S
um

m
ary 

 In this thesis, the properties of thin films from highly sulfonated poly(ether ether 

ketone) (SPEEK) have been investigated within the context of their application as membranes 

for the dehydration of compressed carbon dioxide. Spectroscopic ellipsometry has been used 

as the predominant measurement technique. The relationships between the presence of water 

during film formation and final film properties have been investigated, as well as the water-

induced dynamic swelling and changes in molecular orientations of the final films. 

Additionally, the feasibility of using composite hollow fibers in the dehydration of compressed 

carbon dioxide has been evaluated with simulations in Aspen Plus®.  

 

 Chapter 1 explains why there is an interest to dehydrate carbon dioxide with membrane 

technology. Despite the potential of membranes in this process, some difficulties are involved 

and require research. Although a good performance of membranes in molecular separation is a 

prerequisite, the membrane stability and integrity in harsh process conditions are decisive for 

the applicability of the membrane. In the case of strongly hydrophilic polymers, such as 

SPEEK, a high water activity in compressed carbon dioxide can be detrimental for this 

material. Additionally, the removal of water from the permeate side to maintain high driving 

force for water permeation is challenging from the economic point of view.  

 Chapter 2 starts with the investigation of optical anisotropy in thin SPEEK films. 

Optical anisotropy indicates the presence of internal stresses in a material. The experiments 

conclusively show that SPEEK films are always anisotropic and therefore, have inherent 

internal stresses. This is independent on formation procedures or solvent used. The stresses can 

be reversible relieved via plasticization by sorbents, such as water vapor from the ambient or 

residual organic solvents. The relief of stresses is manifested by a reduction in value of the 

optical anisotropy. Upon removal of the plasticizer, the anisotropy is restored.  

 Chapter 3 assesses the impact of optical anisotropy in thin SPEEK films on swelling 

experiments in liquid water. The experiments revealed that swelling, at the particular 

temperature, of SPEEK films (coated in a humid atmosphere) with an equal degree of 

sulfonation, can be dissimilar. This divergence was found to be dependent on the anisotropy in 

the material. Films with higher initial optical anisotropy prior to swelling swell more than films 

with lower initial anisotropy. A distinct swelling behavior has been observed for SPEEK films 

that were coated in absolutely dry atmosphere. In those films, a stacking of benzene rings (π-π 

stacking) is induced and results in an irreversible, significantly lower propensity to swelling. 
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 Chapter 4 focuses on thermal behavior of SPEEK films and thermal stability at 

relatively high temperatures (160 – 220 °C). Additionally, the thermal stability has been 

investigated for films, in which the protons in the sulfonic acid groups were exchanged with 

sodium ions. Results showed that a sodium counter-ions strongly impedes the desulfonation of 

the material, as protodesulfonation can no longer occur. No thermally-induced changes have 

been observed for SPEEK-sodium films when these are heated up to 220 °C for 15 hours. In 

contrast, SPEEK-proton films that are heated up to only 160 °C for 15 hours exhibit significant 

decomposition.  

 Chapter 5 aims at chemical modification of SPEEK films to control and suppress 

penetrant-induced swelling. Aliphatic polyols, i.e., ethylene glycol and glycerol, were grafted 

on the sulfonic acid groups via a thermally activated reaction. The effect of reduced and 

controlled swelling in water (comparing to pure SPEEK films) is more apparent for glycerol-

modified films than for ethylene glycol-modified ones. For glycerol-modified films, a 

depression in the glass transition temperature and in the optical anisotropy has been detected. 

This implies that the films are internally plasticized and not structurally reinforced. This result 

is indicative that reduced swelling of SPEEK films can be achieved by chemical modification 

at the cost of sulfonic acid groups, primarily reducing the tendency of the polymer to take up 

water.     

 Chapter 6 reports Aspen Plus® simulations of the dehydration of supercritical carbon 

dioxide using a hollow fiber membrane module, and an economic evaluation based on these 

simulations. The choice of a feasible method to remove water from the permeate side is 

challenging. Here, the usage of a sweep gas (carbon dioxide) has been investigated. The 

application of a membrane unit itself is considered promising (compared to currently used 

zeolites adsorbents to dehydrate carbon dioxide). But the release of the sweep to the atmosphere 

is more or less impossible; it would imply significant loses of this gas and consequently, high 

operating costs. On the other hand, recirculation of the sweep and its regeneration can be also 

financially unattractive. Additional equipment, such as compressors and condensers, studied in 

this chapter to recirculate and recover the sweep gas, are also energy consuming and require 

high investment costs.  

 Chapter 7 presents the conclusions from the experimental chapters and provides 

derived recommendations. It is advised to focus on SPEEK with reduced predisposition to 

swell. From a scientific point of view, it is interesting to analyze further the anisotropy-related 
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thermodynamic of swelling and the stacking of aromatic rings. The latter one has direct 

implication on membrane properties. Additionally, the impact of fast depressurization and 

phase changes of compressed carbon dioxide on membranes should be investigated, as well as 

alternative methods to remove water from the permeate side, in the process of the carbon 

dioxide dehydration.  
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 In deze dissertatie zijn de eigenschappen van dunne films, gemaakt van hoog 

gesulfoneerd poly(ether ether keton) (SPEEK) onderzocht, binnen de context van hun 

toepasbaarheid als membraan voor de ontwatering van gecomprimeerd CO2. Spectroscopische 

ellipsometrie is gebruikt als voornaamste meetmethode. De relatie tussen de aanwezigheid van 

water tijdens de filmformatie en de uiteindelijke filmeigenschappen zijn onderzocht, als mede 

de door water geïnduceerde zwelling en de veranderingen in de moleculaire oriëntatie van de 

uiteindelijke films. Ook is de toepasbaarheid van het gebruik van composiet holle vezels voor 

de ontwatering van gecomprimeerd CO2 geëvalueerd met simulaties in Aspen Plus®. 

 

 Hoofdstuk 1 verklaart waarom er een interesse is voor de ontwatering van CO2 met 

membraantechnologie. Ondanks de potentie van membranen in dit proces, gaan er nog 

moeilijkheden mee gepaard die onderzoek vereisen. Hoewel een goede prestatie van de 

membranen voor het scheidingsproces een vereiste is, zijn de membraanstabiliteit en                 

integriteit tijdens extreme procescondities beslissend voor de toepasbaarheid van de 

membranen. In het geval van zeer hydrofiele polymeren, zoals SPEEK, is een hoge water 

activiteit schadelijk voor het materiaal. Bovendien is het vanuit een economisch oogpunt 

uitdagend om het water aan de permeaat zijde te verwijderen, zodat een hoge drijvende kracht 

behouden kan blijven. 

 Hoofdstuk 2 begint met het onderzoek van optische anisotropie in dunne SPEEK films. 

Optische anisotropie wijst op interne stress in het materiaal. Uit de experimenten kan men 

concluderen dat SPEEK films altijd anisotropisch zijn en dus inherent interne stress bevatten. 

Dit is onafhankelijk van de formatieprocedure of het oplosmiddel dat gebruikt is. De stress kan 

reversibel verminderd worden door plastificering door oplosmiddelen, zoals waterdamp uit de 

omgeving, of resterende organische oplosmiddelen. De stressverlichting uit zich door een 

reductie in de optische anisotropie waarde. Wanneer de plastificerende stof weer verwijderd 

wordt, keert de anisotropie terug naar de originele waarde. 

 Hoofdstuk 3 evalueert de impact van optische anisotropie in dunne SPEEK films met 

zwellingsexperimenten in vloeibaar water. De experimenten tonen aan dat de zwelling van 

SPEEK films (gecoat in een vochtige omgeving), bij een bepaalde temperatuur en met een 

gelijke sulfonatiegraad, verschillend kunnen zijn. Deze afwijking was afhankelijk van de 

anisotropie van het materiaal. Films met een initieel hogere optische anisotropie voor de 

zwellingsexperimenten zwellen meer dan films met een initieel lagere anisotropie. Een 
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duidelijk verschil in het zwellingsgedrag is waargenomen bij SPEEK films die gecoat zijn in 

absoluut droge condities. In deze films vindt een opeenstapeling van benzeenringen plaats (π-

π stacking), wat resulteert in een onomkeerbare en significant lagere neiging tot zwelling. 

 Hoofdstuk 4 focust op het thermisch gedrag van SPEEK films en de thermische 

stabiliteit bij relatief hoge temperaturen (160 – 220 °C). Ook is de thermische stabiliteit 

onderzocht van films waarbij de protonen van de sulfonzuurgroep zijn uitgewisseld met 

natriumionen. De resultaten laten zien dat natriumionen de desulfonering van het materiaal 

sterk belemmeren, aangezien protondesulfonatie niet langer kan plaatsvinden. Er zijn geen 

thermisch geïnduceerde veranderingen waargenomen voor SPEEK-natrium films wanneer 

deze zijn verhit tot 220 °C gedurende 15 uren. Dit in tegenstelling tot SPEEK-proton films die 

significante decompositie ondergaan wanneer deze verhit worden tot slechts 160 °C gedurende 

15 uur. 

 Hoofdstuk 5 probeert de chemische modificatie van SPEEK films te controleren en de 

penetrant geïnduceerde zwelling te onderdrukken. Alifatische polyolen, zoals ethyleenglycol 

en glycerol zijn gegraft aan de sulfonzuurgroep via een thermische activatiereactie. Het effect 

van verminderde en gecontroleerde zwelling in water (in vergelijking tot pure SPEEK films) 

is meer aanwezig voor glycerol gemodificeerde films dan voor de ethyleenglycol 

gemodificeerde films. Bij de glycerol gemodificeerde film is een verlaging in de 

glasovergangstemperatuur en in de optische anisotropie waargenomen. Dit impliceert dat de 

films intern geplastificeerd zijn en niet structureel verstrekt. Dit resultaat toont aan dat een 

gereduceerde zwelling van SPEEK films bereikt kan worden door chemische modificatie, ten 

koste van de sulfonzuurgroep, waarbij voornamelijk de neiging van het polymeer om water op 

te nemen, verminderd wordt. 

 Hoofdstuk 6 rapporteert Aspen Plus® simulaties van de ontwatering van superkritisch 

CO2 in een holle vezel module en de hierop gebaseerde economische evaluatie. De keus van 

een geschikte methode om water aan de permeaatzijde te verwijderen is uitdagend. Hiervoor is 

het gebruik van een veeggas (CO2) onderzocht. De applicatie van een membraanmodule zelf 

wordt als veel belovend beschouwd (in vergelijking tot de huidige gebruikte zeoliet 

absorbeerders om CO2 te ontwateren). Toch is het vrijlaten van het veeggas in de atmosfeer 

min of meer onmogelijk; Dit zou een significant verlies van dit gas impliceren en daar gaan 

hoge kosten mee gepaard. Aan de andere kan recirculatie van het veeggas en de regeneratie 

ook financieel onaantrekkelijk zijn. Additionele apparatuur, zoals compressoren en 
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condensatoren die bestudeerd zijn in dit hoofdstuk om het veeggas te recirculeren en terug te 

winnen, kosten ook energie en vereisen hoge investeringskosten. 

 Hoofdstuk 7 presenteert de conclusies van de experimentele hoofdstukken en geeft 

afgeleide aanbevelingen. Het is aangeraden om de focus te leggen op SPEEK met een 

gereduceerde aanleg tot zwelling. Vanuit een wetenschappelijk oogpunt is het interessant om 

de anisotropie gerelateerde thermodynamica van zwelling en de opeenstapeling van 

benzeenringen verder te analyseren. Dit laatste heeft een directe implicatie op de 

membraaneigenschappen. Ook zou de invloed van een snelle vermindering van de druk en de 

faseovergang van gecomprimeerd CO2 op membranen onderzocht moeten worden, evenals een 

alternatieve methode om water te verwijderen aan de permeaatzijde voor het CO2 

ontwateringsproces.  
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