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Abstract 
Porous polysulfone membranes prepared by phase inversion can be tailored to suit 

filtration requirements by the choice of solvent and coagulant. In the current research 

polysulfone membranes were prepared by inverting a solution in N-methyl pyrrolidinone 

(NMP) in isopropanol to form uniform sized pores. Phase inversion resulted in the 

formation of an asymmetric membrane. The membranes have a characteristic “skin” 

which is supported by a highly porous substructure. Water-wet membranes experience 

capillary force during water evaporation. Since the modulus of the membranes is lower 

than the capillary force, the membrane walls shrink and thicken giving rise to a 

condensed structure.  

The “skin” regulates permeation through the membranes which is essential for 

filtration. A change in the pore structure of the skin alters the permeability. The current 

research investigates the influence of amine plasma treatments on the surface pore 

structure of polysulfone membranes. The permeation of a rhodamine dye through the 

plasma treated membranes and through non-plasma treated membranes is used to 

examine the influence of the plasma treatment. Furthermore, the influence of plasma 

treatment on the loss of water from the membranes leading to pore collapse is also 

explored. 

The study revealed that a plasma ablates the skin, increasing the permeation. An 

ammonia plasma treatment produced more etching, and hence increased permeation 

compared to permeation for an aniline plasma-treated membrane. A one-minute aniline 

plasma treatment only caused a moderate increase in permeation. Plasma treatments 

introduced significant surface modification by the introduction of new functionalities. 

However, permeation was not influenced by the surface modification.  

Water trapped in the pores is essential to maintain the pore structure of the 

membrane. The surface treatment dictates the pore size and therefore, the convection 



 iii

allowing water evaporation, leading to pore collapse. Heat treating also increases the rate 

of water removal. Using thermogravimetric analysis (TGA) and scanning electron 

microscopy (SEM) the role of heat and surface treatments on the extent of pore collapse 

was investigated. The ammonia plasma treated samples showed maximum water loss and 

the control samples showed a minimum loss of water when stored at room temperature. 

All the samples stored at 90 °C exhibited equivalent water loss. Water loss was not 

affected by the plasma treatments.  
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1. Polymeric Membranes 
1.1. Introduction  

Since the introduction of polymeric membranes for reverse osmosis by Leob and 

Sourirajan1 in the early 1960s, the use of synthetic membranes has been extended to other 

applications such as ultrafiltration, microfiltration and gas separation. Membrane 

preparation often employs the phase inversion method, which involves the formation of a 

ternary mixture, by the introduction of a coagulant, to a polymer solution mixture. Upon 

introducing the third component, the mixture phase separates, resulting in “polymer-rich” 

and “polymer-lean” phases. The “polymer-rich” phase, which is predominantly the 

polymeric membrane, precipitates out of the mixture as a porous solid film. Although 

modifications are incorporated to tailor the membrane properties to suit the requirements 

of the individual applications, most of the fabrication methods use the same basic 

principles of phase inversion. The pore dimensions can be controlled to a desirable size 

using a specific solvent/non-solvent system during phase inversion. Reverse osmosis 

requires a membrane with a pore size of about 1 nm2, while ultrafiltration membranes 

have a pore size of the order of 1-10 nm3, and microfiltration membranes have pores 

ranging from 0.05-5 µm.4  

The membranes prepared by phase inversion are asymmetric along the axis 

perpendicular to the plane of the film, the z-axis, as indicated in the schematic in Figure 

1.1. The x and y axes constitute the plane of the membrane. The membrane has a highly 

porous substructure, which supports a comparatively less porous “skin”. The pore sizes 

increase steadily from tens of nanometers on the surface to hundreds of microns in the 

bulk. The skin typically accounts for 1-2 % of the entire thickness of the film. The skin 

forms the most dense part of the membrane and controls the transport properties of the 

membrane (such as selectivity to permeants). The sub-structure offers less resistance to 

transport than the skin. 
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Figure 1.1 Schematic of the cross-section of an asymmetric membrane 

 

1.2. Surface modification of polymers 

Surface modification is commonly used to change the functionality on a polymer 

surface.  Desired changes include increasing hydrophobicity or hydrophilicity, removal of 

contaminants or a weak boundary layer, increasing the surface crystallinity, modulating 

the surface energy5, changing the surface morphology (increasing roughness)6 etc. 

Surface modified polymers are utilized in numerous applications e.g. adhesives, 

protective coatings, biomaterials and microelectronics. Surface modification can be 

carried out by different techniques, including physical and chemical methods. Chemical 

methods include chemical etching6-9, chemical functionalization10,11 and grafting5.  

Solvent cleaning12, abrasion12, corona5 and plasma treatments5,6,13,14 constitute the 

physical methods.  

 

1.2.1. Plasma surface modification of polymers 
A plasma, a mixture of reactive species (ions, radicals, electron), is formed by the 

interaction of microwave or radio-frequency radiation with gases. A plasma interacts with 

the polymer surface, causing three major phenomena: ablation or etching, surface 

activation by formation of radicals, and surface modification.5 An inert gas plasma 

activates the surface by forming radicals which can recombine with one another to form 

crosslinks and networks. In the presence of reactive gases such as ammonia, the radicals 

on the substrate combine with species in the ammonia plasma to form new surface 

groups.15 It is important to define the plasma conditions such as the gas used and the 

operating conditions, because the plasma conditions dictate the dominant process that 

occur. For example under conditions of high power and long treatment times, etching is 

the dominant process resulting in the removal of material from the substrate.5   

x

z
y

30 – 50 µm
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1.3. Surface modification of membranes 

 Surface modification of membranes influences the flux, selectivity to permeants, 

mechanical strength and resistance to fouling.16  The formation of blends with a 

copolymer17, coating of the surface with a highly selective membrane material18, 

preparation of a composite membrane by depositing thin layers of desired materials2 and 

treatment of the membranes in a plasma16 are some of the methods of surface 

modification. Plasma treatment is often preferred over other techniques because it is both 

convenient and efficient in modifying the surface. 

 

1.3.1. Plasma treatment of membranes 
Plasma treatment is one of the commonly used surface modification methods. 

This treatment is primarily used to increase degradation resistance, to increase the surface 

tension and to increase adsorption or selectivity of a desired permeant over others.19 

Plasma polymerization has been used successfully to construct reverse osmosis and gas 

separation membranes. Plasma polymerization deposits an ultra thin layer of plasma 

polymer, 50-500 nm thick, on a substrate. Gas separation improves as a result of plasma 

polymerization of a mixture of carbon tetrafluoride and tetramethylsilane on a cellulose 

ester membrane. The separation ratio of oxygen to nitrogen increased from 1.94 to 3.10 

for commercially available filters20. According to Inagaki20, the fluorine component 

permits greater separation of a mixture of oxygen and nitrogen and the silane unit 

increases oxygen permeation. Enrichment of oxygen from air showed a slight increase 

after coating porous hollow glass fibers via plasma polymerization of 

hexamethyldisiloxane.21 Plasma treatment of polymeric membranes by non-

polymerizable gases such as air22, nitrogen23 and ammonia24 has reduced protein fouling 

and clogging of pores. 

During plasma treatment a number of different processes take place 

simultaneously. The processes of importance in the current study are surface 

functionalization and etching. The skin, being very thin, can be easily etched by a plasma. 

Since the skin is responsible for the transport across the membrane, any change in the 

pore structure of the skin influences transport. Thus, etching by a plasma increases the 

surface pore sizes, thereby increasing transport through the membrane. The schematic in 
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Figure 1.2 (b) shows that the pores on the surface of the membrane are larger due to 

plasma treatment compared to an “as prepared” membrane shown in Figure 1.2 (a). 

 

 

 

 

 

Figure 1.2 A representation of (a) an “as cast” membrane surface and (b) after etching by plasma 
treatment  

 

1.4. Pore collapse in phase inverted membranes 

During phase inversion, demixing leads to a mostly polymer portion, the polymer-

rich phase, and a polymer-lean phase, which consists of mainly the solvent and non-

solvent. The polymer rich phase (the membrane) precipitates, retaining small amounts (< 

4 % of the total weight) of water and solvent in the pores. When stored under dry 

conditions, water and the residual solvent in the pores tends to evaporate. Evaporation 

introduces capillary forces on the pore walls, which causes shrinkage and compaction of 

the pores.16 The capillary force can be expressed in terms of the pressure difference 

caused by evaporation, using the Young Laplace equation, where r is the average radius 

of the pores and γ is the surface tension of the fluid (water and solvent):  

r
p γ2=∆  Equation 1.1

A membrane will exhibit pore collapse if the modulus (in the membrane form) is lower 

than the capillary pressure. Most commercially used membrane materials are stored in 

water and water has a high surface tension to induce capillary force during evaporation. 

Cellulose acetate and polycarbonate are examples of membranes which exhibit pore 

shrinkage.25 

   

 

1.5. Polysulfone 

Polysulfone was chosen as a model system for the current investigation. It is an 

amorphous thermoplastic polymer with a glass transition temperature of 185 °C. It 

(a) (b)
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possesses many interesting properties. It is a flame retardant, possesses high mechanical, 

thermal and oxidative stability.26 It can be readily synthesized27 and is soluble in common 

organic solvents.28 Thus, it is very attractive for high performance applications e.g. 

medical devices, household and electronic applications.27 

Polysulfones are widely used in the preparation of filters. In the current study, the 

filtration aspects are examined. Preparation of polysulfone filtration membranes by phase 

inversion is well known.16,29 Following the preparation they are generally stored in water. 

During drying, capillary force cause pore shrinkage and densification. 

 

1.6. Problem description 

Polysulfone membranes are commonly formed from a solution in N-

methylpyrrolidinone (NMP) and coagulated in isopropanol. After preparation, the 

membranes are washed and stored in water until further use. The pores are sized <250 nm 

on the surface and in the range of 5 -10 µm in the bulk. Isopropanol in the pores during 

phase inversion is replaced by water during washing.29 As indicated earlier, if the 

membranes are stored under dry conditions, water is lost. Water loss is accompanied by 

capillary force on the pore walls, and potential collapse.  

Plasma treatment of the membranes, using an inert or reactive gas, is carried out 

regularly to enhance performance. However, the plasma can also etch the surface of the 

membrane, exposing the interior of the membrane. As a result of pore opening, more 

surface area is exposed to free convection, leading to greater evaporation and faster pore 

collapse in the membrane, compared to non-plasma treated samples.  

The objective of this study is to examine the influence of plasma treatment on the 

rate of pore collapse in polysulfone membranes prepared by phase inversion. The current 

investigation will examine the pore collapse in phase inverted polysulfone membranes in 

general as fundamental study, not tied to any particular application. Hence, the thesis 

statement for this research is: 

 

1.6.1. Thesis statement 
Plasma treatment of polysulfone membranes opens the pore structure, increasing 

transport, but allows for faster pore collapse due to enhanced free convection.  
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2. Phase Inversion 
2.1. Introduction 

The membranes, as mentioned in Chapter 1 are asymmetric across the thickness, 

have a dense skin and a highly porous sublayer. The porosity increases progressively 

from the skin to the interior of the membrane. The asymmetry is a characteristic feature 

of membranes prepared by phase inversion.16  

The term “phase inversion” refers to the formation of the membrane (in the solid 

form) from a solution in which the polymer is present in the liquid form. Membrane 

formation by phase inversion can be explained using a ternary phase diagram as in Figure 

2.1.16 Each corner of the phase diagram represents 100 % composition of the component 

indicated. The axes connecting the three corners represent binary mixtures. The axis 

connecting the solvent to the polymer represents composition of a polymer solution (in 

the solvent) varying from 0 – 100 %. Reciprocally, the solvent concentration varies from 

100 – 0 %. Along this axis the non-solvent concentration is 0. The same relationship is 

true for the other two axes. The axis connecting the polymer and the non-solvent 

represents different compositions of the two in a mixture and contains no solvent, while 

the axis connecting the solvent and the non-solvent has no polymer content. Introducing 

the third component to any of the binary mixtures moves the composition from any one 

of the axes to a point inside the phase diagram, the sum totaling 100 %.  
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Figure 2.1 A representative phase diagram of a ternary mixture indicating the spinodal, the binodal 
curves, the critical point and the tie line16,29 

 

The curves in the interior of the compositional triangle represent binodal and 

spinodal decomposition zones of the ternary mixture. The position of the binodal and the 

spinodal curves is characteristic for each polymer/solvent/non-solvent system. The 

binodal curve separates the stable region from the metastable region of the mixture, while 

the spinodal curve divides the metastable region from the unstable region. In the 

metastable region, phase separation occurs by nucleation and growth i.e. the energy 

barrier of phase separation is high enough that the presence of critical nuclei is required 

to initiate demixing. When the composition lies within the spinodal line, the unstable 

region, phase separation occurs by spinodal decomposition. The energy barrier in this 

region is a minimum. The fluctuations in the composition steadily grow resulting in phase 

separation.30 The mixture exists as one phase outside the binodal curve.29 The point at 

which the binodal and the spinodal lines intersect is termed the critical point. When the 

polymer concentration is lower than the composition at the critical point, no solid three-

dimensional membrane structure is formed. Instead, the polymer forms powdery 

agglomerates. At concentrations higher than the critical point, “sponge-like” or “channel-

like” structures are formed based on the phase separation mechanism. The tie line 

represents the path followed during demixing. Any composition on the tie line will phase 
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separate and the compositions are given by the points of intersection with the spinodal 

curve and the solvent-nonsolvent axis.  A detailed discussion on phase separation during 

phase inversion based on the thermodynamics is presented in the following section. 

 

2.1.1. Thermodynamics of phase inversion 
The thermodynamics of phase separation can be explained using the Flory-

Huggins theory of polymer solutions. The Gibbs free energy of mixing for a ternary 

mixture can be given as:31 

322331132112332211 lnlnln ϕϕϕϕϕϕ nXnXnXnnn
RT

G +++++=∆  Equation 2.1

where the subscripts 1, 2 and 3 represent nonsolvent, solvent and the polymer (also 

shown in Figure 2.1), ni represents the number of moles of the component i and ϕi, the 

molar volume fraction of the ith component. Xij is the Flory-Huggins interaction 

parameter for any two components in the mixture. R and T have their usual significance 

of ideal gas constant and absolute temperature, respectively. The chemical potential of 

each component can be obtained from Equation 2.1:29  

ki nnTPi

i

n
RTG

RT
,,,

)/(








∂

∆∂=
∆µ

 Equation 2.2

Under conditions of equilibrium, the chemical potential of each component in either 

phase should be equal. Hence ∆µ’i (ϕ’i,ϕ’j,ϕ’k) = ∆µ”i (ϕ”i,ϕ”j,ϕ”k), where the primes 

and double primes represent the “polymer-rich” and the “polymer-lean” phases, 

respectively. The composition of any two coexisting phases can be determined by solving 

for the unknowns ϕ’1, ϕ’2, ϕ’3, ϕ”1, ϕ”2, ϕ”3. The solutions to the Equations 2.1 and 2.2 

define the positions of the binodal and spinodal curves in the phase diagram. Phase 

diagrams for polysulfone/NMP/isopropanol and polysulfone/NMP/water systems 

generated in this manner are used to explain the membrane morphology in the later 

sections.  
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2.1.2. Morphology of the membranes 
Researchers agree that two different phenomena occur during phase inversion, 

resulting in a porous asymmetric structure.31-33 According to Koros and Fleming,18 

membranes resulting from nucleation and growth are formed by instantaneous 

decomposition, resulting in a very thin microporous skin and a substructure of 

interconnected, finger-like pores. Spinodal decomposition leads to membranes formed by 

slow demixing due to diffusion of the solvent outward, leading to uniform closed pores 

and a thicker skin.18 Hence, membrane formation by either mechanism is controlled by 

kinetics. Figure 2.2 is a schematic of nucleation and growth (a), and the spinodal 

decomposition (b) phenomena during phase inversion.16 In addition to the mechanism of 

formation, the concentration of the polymer solution also plays a role in determining the 

morphology of the membrane. A lower concentration of polymer solution leads to larger 

pores; the solvent percentage of the solution is larger, so when solvent is removed during 

phase inversion, more volume is left behind as pores. At higher concentrations of the 

polymer less solvent is present and smaller volumes are left behind as pores upon 

removal of the solvent.34 The same argument holds for the skin and the bulk structure. 

Lower concentrations of the polymer lead to larger pores at the surface as well as in the 

bulk. The final morphology of the membrane is dictated by both the mechanism of 

demixing and the polymer solution concentration. 

 

 

 

 

 

 
 
 
 
 
 
Figure 2.2  A schematic of the membrane formation by (a) nucleation and growth of the (a) polymer-
rich phase and (b) spinodal decomposition16,30  

(a)

(b)
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          2.1.2.1.  Other membrane systems investigated 
Many researchers have investigated systems to study the dependence of 

membrane structure on processing parameters. Ruaan and coworkers35 relate the structure 

of the porous membrane to the solubility parameter, Φ. A higher value of Φ resulted in 

the formation of a “finger-like” cross-section while a lower value resulted in a “sponge 

like” structure. Based on results from four different polymers: polymethylmethacrylate, 

cellulose acetate, polysulfone and polyvinylidene fluoride, they concluded that films cast 

from NMP/H2O yielded a finger-like structure while, those cast from acetone/n-hexane or 

NMP/n-hexane formed a sponge-like structure.  

 Wang and coworkers36 in a study of polyethersulfone (PESf) and polyetherimide 

(PEI), argue that the coagulant interaction with the polymer is important in determining 

the pore structure. The PEI/NMP system has a lower precipitation value than PESf/NMP, 

meaning faster coagulation and larger pore formation for the PEI/NMP system.36 

Tanaka37 discusses controlling the porosity of these membranes by varying the 

concentration of the solvent in the solution. Higher solvent concentration leads to a larger 

pore size. The reverse i.e. lower solvent concentration gives rise to smaller pores.  

Polymethylmethacrylate (PMMA) is one of the most widely researched polymers 

for membrane preparation. Microvoids (“sponge-like” pores) and macrovoids (“finger-

like” pores) in PMMA are formed by two different mechanisms. Lai et al.38 present 

thermodynamic and kinetic evidence for the formation of macro versus micro voids. In 

the case of PMMA/NMP/water mixtures, precipitation of the membrane is very fast. Fast 

precipitation gives little time for movement of the polymer chains and aggregation to 

form a dense skin and a substructure. For PMMA/acetone (with a hydrophilic surfactant) 

/water mixtures, slow precipitation yielded compact membranes with finer pores in the 

skin as well as in the cross-section. In PMMA/NMP/water mixtures convection caused 

larger pore formation while for PMMA/acetone/water mixtures, diffusion caused smaller 

pores.  

Yao et al.32 conducted an in-depth study on the effect of non-solvent fractions, on 

the formation of the skin and pore size. Among polyamides, increasing the pH of the 

coagulation medium from neutral to 0.1M NaOH (pH 13) to more basic conditions 

produced a “finger like” structure in the sublayer, whereas a lower pH or a more acidic 
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condition formed a “sponge like” structure. High pH conditions also gave rise to a more 

porous skin. They also observed that the coagulation front moved faster in systems with a 

higher pH, resulting in larger “finger-like” pores. 

Reuvers et al.39 studied the demixing of cellulose acetate in the solvents dioxane, 

acetone and tertrahydrofuran (THF). They investigated the role of the inversion medium 

on the mechanism of pore formation by varying the solvent/water composition. The cloud 

point appearance (beginning of demixing) and the pore size were determined. The cloud 

point appeared faster in solutions for a higher water/solvent ratio. Electron microscopy of 

the membranes revealed that the average pore size increased as the water content 

increased. 

2.1.3. Formation of the skin 
The formation of the skin has been extensively studied by Wood and Sourirajan.40  

They found that polymer molecules migrated to the surface during phase inversion. Due 

to overcrowding and the lack of solvent at the surface, an impermeable skin formed. The 

skin, thus formed, resembles a monolayer of spherical molecules with a definite radius. 

The structure of the skin layer is controlled by the system chosen, the composition of the 

polymer solution and the casting method. Radovanovic41 and others have also 

corroborated the observation that the skin thickness of the asymmetric membrane is 

proportional to the concentration of the polymer in the solution. At lower concentrations, 

the skin becomes more porous and the pores within become channels.  

 The structure of the skin depends on kinetics of two different processes that occur 

during phase separation. Asymmetric membrane formation is dictated by (a) gelation and 

(b) liquid-liquid phase separation. The formation of the impermeable skin, is due to 

gelation of the super-saturated top layer of the polymer solution. The porous sub-layer is 

formed by liquid-liquid phase separation followed by gelation. Competition between the 

two transitions controls density and thickness of the skin and the porosity of the sub-

structure.31 Figure 2.3 shows the phase separation taking the paths of liquid-liquid 

demixing and gelation. Direction 1 represents gelation and direction 2 indicates liquid-

liquid demixing.  
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Figure 2.3  Ternary phase diagram showing demixing of the surface (path 1) and the substructure 
(path 2) 33  

 

Although, a number of systems have been studied, polysulfone was chosen for the 

current research. Polysulfone can form a solution with common organic solvents28 and 

undergoes phase inversion to form an asymmetric membrane. Depending on the medium 

of inversion (water or isopropanol) it forms different pore structures (“finger-like” or 

“web-like”, respectively).29 Polysulfone membranes are likely to exhibit pore collapse 

due to evaporation of water leading to compaction and densification of the membranes. 

These membranes are routinely plasma treated to improve performance,23,24,42 the details 

of which are given in chapter 3. For these reasons, polsulfone is a good model system to 

use for the further study of pore collapse and the effects of surface treatment. 

 

2.2. Polysulfone 

 Figure 2.4 shows the ternary phase diagram for the polysulfone/NMP system with 

water and isopropanol as the non-slovents as determined by Han and Bhattacharyya.29 It 

is evident from the positions of the binodal curves that a small concentration of water can 

cause phase separation of the solution, while a higher concentration of isopropanol is 

required to cause the solution demixing. Han and Bhattacharyya argue that fast 

coagulation and demixing in water, compared to isopropanol, are due to the stronger 

affinity of the solvent, NMP, for water than the isopropanol. Further, fast demixing in 
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water leads to larger pore formation, while slow coagulation leads to smaller and more 

uniform sized pores.34  

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Phase diagram of polysulfone/NMP system for water and isopropanol coagulants29 

 
 
 

2.3. Experimental 

2.3.1. Materials 
Bisphenol A polysulfone of molecular weight, Mn, 35,000 g/mol, in the form of 

pellets, sold under the tradename name BASF Ultrason S 2010, was used to prepare 

the membranes. The structure of the polysulfone repeat unit is shown in Figure 2.5. 

Laboratory reagent grade N-methyl pyrrolidinone (NMP) and isopropanol were 

purchased from Fisher™ Scientific Company. Doubly distilled deionized water was used 

as a coagulant as well as for washing and storage. 

 

 

 

 

 

 

Figure 2.5 Repeat unit of bisphenol A polysulfone 

 

C

CH3

CH3

O S O

n

 

O

O

Water

Isopropanol 

Water/IsopropanolNMP 

Polysulfone 



 14

2.3.2. Preparation of the membrane 
The polysulfone membranes were prepared by following the procedure laid out by 

Han and Bhattacharyya.29 15 and 11 % w/w polysulfone solutions were prepared in 

NMP. The solutions were cast on a glass plate. Using a doctor blade, a thin film of the 

solution was drawn to a uniform thickness of 200 µm. The cast films were immersed in a 

bath containing isopropanol or water at room temperature. Upon separation of the 

membrane from the glass plate, the membrane was kept immersed in isopropanol for 24 

hr to complete phase inversion. After 24 hr the membrane was removed, washed with 

water and stored under water until used. A schematic of the preparation of the membrane 

is shown in Figure 2.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Preparation of membranes by phase inversion 

 

 

2.4. Characterization of the polysulfone membrane 

2.4.1. Scanning electron microscopy 
A Leo 1500 model field emission scanning electron microscope, equipped with a 

tungsten wire Schottky Field Emission cathode and operating at 5 kV and 10-8 Torr, was 

Solution of 
polysulfone in NMP.

Dish containing isopropanol or water. 
Upon immersion of the film on the 
glass plate, phase inversion occurs. 

Solution cast on a 
glass plate. 



 15

used to observe the structure of the specimens. The scope was equipped with an in-lens 

backscattered electron detector and a chamber secondary electron detector.  

In all the cases a sample size of 1 cm x 1 cm was used. The samples were coated 

with a platinum-palladium alloy to a thickness of 4 nm to minimize sample charging. The 

signal received by either detector was displayed as an image. To examine the cross-

section of the films, the sample was cryogenically fractured under liquid nitrogen to 

obtain an unsheared section. 

 

2.4.2. Surface Analysis 
X-ray photoelectron spectroscopy (XPS) analysis was carried out using a Perkin-

Elmer model PHI 5400 x-ray photoelectron spectrometer with a Mg Kα x-ray source (hν 

= 1253.6 eV) operated at a voltage of 14 kV and 300 W power. A spot size of 3 mm x 1 

mm was analyzed. The electrons, ejected at an angle of 45°, with respect to the electron 

analyzer, were recorded. The spectrometer binding energy scale was calibrated using the 

Au 4f7/2 photopeak at a binding energy of 83.7 eV.43  The spectra used the C 1s 

photopeak at 285.0 eV as an internal standard.44 The spectrum was recorded as the 

intensity (number of counts received by the analyzer, N(E)/E) versus the binding energy.  

The atomic concentrations were calculated from the respective peak areas using the 

formula: 

100 
factor y Sensitivit / Area

factory Sensitivit / Area ×
∑

 Equation 2.3

Curve fitting of the multiplex photopeaks was performed using Gaussian 

functions and the peak areas were determined by numerically integrating the equations. 

The binding energies of the curve fit peaks were assigned using literature values for each 

bonding state. The values of the binding energy for different groups used for peak 

assingments are given in Table 2.1. The full width at half maximum (FWHM) for the C 

1s photopeak was 1.6 eV as determined using polyethylene as a standard. 
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Table 2.1 Binding energy ranges for the relevant functional groups, the assignments referring to the 
starred element in each bonded state24,44-48 

Binding Energy (eV) Peak Assignments 

285.0 C-C* 

286.3-286.7 C*-O, C*-N 

288.0-288.5 C*=O, N-C*=O, N-C*=N, O-C*=N 

289.0 O-C*=O 

530.9 O*=C-N 

531.6-532.0 O*=Si=O* 

532.2-532.5 C=O*, S=O* 

533.2-533.7 O=C-O*, C-O*-C, O*-SO2 

398.7-399.3 C=N*, C≡N* 

399.7-400.2 C-N*, N*-C=O, C-N*=O 

401.2 -N*H3
+ 

401.6 -N*RH2
+ 

402.6 -N*R3
+ 

169.7-169.9, 168.7-168.9 O-S*O2 

168.9-169.2, 167.7-168.0 O=S*=O 

168.0, 167.1 O=S*-NH2 

167.1, 165.9 S*-NH2 

164.7, 165.9 S*-CH3 

164.9-165.1, 164.0-163.7 S* 

 

 

2.5. Results and Discussion 

2.5.1. Characterization of the membranes 
 A photograph of an “as prepared” membrane is shown in Figure 2.7. Scanning 

electron micrographs of the cross-section of the membranes prepared from 15 and 11 % 

w/w solutions are shown in Figures 2.8 (a) and (b), respectively. It is clear from the 

micrographs that a higher concentration of polymer in solution (15%) leads to the 

formation of a denser and more uniformly sized “web-like” pores. A lower concentration 
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(11%) forms larger “channel-like” pores that are inter-connected. Moreover, Figure 2.8 

(a) shows the presence of a distinct “skin” that has a morphology different than the bulk 

cross-section. The demarcation between the crust and the bulk structures is not as clear in 

Figure 2.8 (b) or in Figure 2.8 (a). As the polymer concentration increases, the extraction 

of the solvent from the solution leaves behind smaller pores. By the same token, a low 

polymer concentration solution leaves behind bigger pores when the solvent is removed. 

Figure 2.9 (a) and (b) show the surface images of membranes prepared from 15 and 11% 

solutions. The pores are clearly visible in the membrane prepared from 11% solution 

whereas in the membrane formed from the 15 % solution, no pores are observed on the 

surface.  

 

 
 

Figure 2.7 Image of an “as prepared” membrane 

 

 

1 cm
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Figure 2.8 Cross-sectional images of the polysulfone membranes formed by inversion in isopropanol 
of (a) 15% solution and (b) 11% solution 
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Figure 2.9 Surface image of the polysulfone membrane inverted from (a) a 15% solution and (b) a 
11% solution in NMP 

 

 

Although no systematic experiments were conducted on the membranes inverted 

in water, a few observations are noteworthy. A cross-section of a membrane made from a 
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15% solution inverted in water showed open “channel-like” pores as shown in Figure 

2.10. Due to higher affinity of NMP for water (compared to isopropanol), the rate of 

demixing increased. Hence, even at concentrations as high as 15%, phase separation in 

water leads to membranes with open “channel-like” pores. When a solution of the 

polymer was exposed to the laboratory atmosphere (25 °C and ~50 % RH) for prolonged 

periods (over 10 hr), precipitation of the polymer occurred. This confirms as shown in the 

phase diagram in Figure 2.4, that very small amount water, the amount present in air, is 

enough to cause phase separation.  

 

 

Figure 2.10 Cross-section of the membrane inverted in water showing “finger-like” pores for a 15% 
solution 

 

Another noteworthy observation is the formation of nodules on the membrane 

surface. Researchers argue that the formation of nodules on the surface occurs due to 

spinodal demixing while the rest of the membrane is formed by nucleation and growth. 

Nodules are observed on the membranes inverted in both isopropanol and water, as 

shown in Figure 2.11 (a) and (b), respectively. These nodules are formed as clusters or as 

individual particles. No specific pattern for the formation of nodules has been observed in 

the current work or in literature reports.49 The reason for the change in the growth 

mechanism has not yet been fully established.49 

10 µm 
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Figure 2.11 Nodules on a membrane formed by inversion of (a) a 11% solution in isopropanol and (b) 
a 15% solution in water 

 
 

2.5.2. Surface Analysis 
Surface chemical analysis was conducted on three different samples: the pellets 

“as received”, the membranes “glass side” and its “air side”. XPS analysis on the “as 

received” polysulfone pellets indicate carbon, oxygen and sulfur as observed from the 
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wide scan spectrum shown in Figure 2.12. The multiplex of the sample revealed the 

relative percentages of carbon, oxygen and sulfur as 84.4 %, 12.7 % and 2.9 %, 

respectively. The measured atomic percentage are in good agreement with the theoretical 

ratio of carbon to oxygen to sulfur of 27:4:1, based on the molecular formula of the 

repeat unit (C27H22O4S). 
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Figure 2.12 XPS wide scan of an “as received” polysulfone pellet 

 

The carbon multiplex, as shown by the curve fit in Figure 2.13, is a composite of 

two different peaks with binding energies at 285.0 eV and 286.5 eV. The dominant peak 

at 285.0 eV corresponds to alkyl and aromatic carbons. The peak at 286.5 eV is indicative 

of carbons bonded to ether oxygens. The ratio of C-O to C-C bonds was 3:21.6, which is 

comparable to the theoretical value of 3:24. 
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Figure 2.13 C 1s multiplex of an “as received” polysulfone pellet 

 

A curve fit of the oxygen multiplex, shown in Figure 2.14, revealed two different 

binding states. The oxygen from the sulfone group is present at 532.2 eV and the peak 

corresponding to the ether oxygen is located at 533.7 eV.50 The peak areas are in a 1:1 

ratio, which is in agreement with the structure, showing equal numbers of oxygen in each 

bonded form. 

π - π* shake up 
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Figure 2.14 Curve fit of the O 1s multiplex of an “as received” pellet  

 

The sulfur multiplex in Figure 2.15 showed a doublet with peaks at 168.0 eV and 

169.2 eV. The peak at 168.0 eV corresponds to 2p3/2 peak and the one at 169.2 eV from 

2p1/2 peak. The peak positions and the ratio of 2:1 for 2p3/2 to 2p1/2 are in agreement with 

literature values.47,50 
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Figure 2.15 Doublet in a S 2p multiplex in the ratio of 1:2 peak intensity 

Surface analyses of the two sides of the membrane, that exposed to air and the 

glass side during the membrane formation, revealed nitrogen in addition to carbon, 

oxygen and sulfur. The nitrogen multiplex at 400.1 eV shown in Figure 2.16 is indicative 

of nitrogen in only one bonding state. The nitrogen is due to residual solvent in the 

membrane.  
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Figure 2.16 N 1s multiplex showing the presence of nitrogen from the solvent 

 

All atomic concentrations are shown in Table 2.2. Supersaturation of the polymer 

on the surface during phase inversion means there is less room for the solvent. This is 

reflected in the lower nitrogen content on the air side of the membrane. The glass side of 

the membrane tends to trap more solvent during membrane formation. Hence, the higher 

nitrogen content is observed in the polymer matrix on the bottom surface. 

 
Table 2.2 Results of surface analyses showing atomic concentrations 

Atomic concentration (%) Sample C 1s O 1s S 2p N 1s 
Pellet 84.4 12.7 2.9 <0.1 

Membrane – air side 81.2 15.3 2.7 0.7 
Membrane – glass side 80.6 15.1 2.4 1.8 

 

 Nitrogen and oxygen contents in NMP are equal, meaning there is one atom each 

of nitrogen and oxygen in a molecule of NMP. The increase in oxygen content should be 

the same as the increase in nitrogen if NMP were solely responsible. However, as 

indicated in Table 2.2, an additional increase in oxygen compared to the pellet is 

observed. This increased oxygen content can be attributed to the presence of lingering 

water on the surfaces. 
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2.6. Conclusions 

The polysulfone membranes prepared from a solution in NMP by inversion in 

water and isopropanol have morphologies, as determined by scanning electron 

microscopy, similar to those reported in the literature.29 Characterization in the form of 

surface analysis revealed that the solvent and water remain in the membrane in small 

amounts. 
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3. Plasma Treatment of the Polysulfone Membranes 
3.1. Introduction 

Plasma treatment of polymeric membranes is well documented in the 

literature.16,51,52 Filtration membranes are plasma treated for a number of reasons which 

include increasing resistance of the membrane to fouling, improving the selectivity and 

the flux of the permeants, and increasing the surface area of the membranes. The surface 

treatment results in modulation of the transport through the membranes. Alteration of the 

membrane transport properties has been studied for reverse osmosis membranes as a 

function of salt rejection,52,53 while other studies have focused on the measurement of the 

flux of water as a function of plasma treatment.22,23,54 The effects of surface modification 

by plasma treatments and their relevance to the current study are described in the 

following sections.  

3.1.1. Plasma treatment 
 A plasma is a mixture of ions, radicals, atoms, and molecules created by the 

interaction of radio frequency radiation with a gas (due to dissociation of the gas). These 

charged particles acquire kinetic energy, collide with and transfer energy to the substrate. 

The translational kinetic energy, E, of the energized particles is given as:15 

2

2
1 vmE =  Equation 3.1

m is the mass of the energized species in the plasma and 2v is the mean square velocity. 

 Two different processes can be envisioned during the interaction of the plasma 

with the substrate: surface activation by the formation of radicals and ablation or etching 

due to energy transfer. Over shorter periods (seconds to a few minutes) of treatment in 

the plasma, the surface of the substrate is activated by the formation of radicals. Ablation 

occurs over long durations of plasma treatment; and is accompanied by physical 

degradation of the surface, surface crosslinking and redeposition of the ablated material.54 

Non-polymerizable reactive gases, like ammonia, have a higher propensity for reaction 

with the substrate, thus functionalizing the surface; whereas an oxygen plasma is used 

more commonly to remove impurities and clean the surface by oxidation. Polymerizable 

gases, such as acetylene, form a thin, plasma polymerized layer on the substrate. Inert 

gases such as helium and argon mainly cause ablation.  
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3.1.2. Etching of membranes by plasma 
Surface reactions and functionalization of polymeric membranes in a plasma are 

similar to those observed in polymer films and non-porous substrates.18,20 However, 

etching of the membranes results in modulating the resistance to transport. In general, by 

treating a sample in the plasma for extended periods, the rate of etching surpasses surface 

activation. Due to etching, material is lost from the surface. Over time, however, much of 

the etched polymer is redeposited on the surface in the form of a more highly cross-

linked residue. According to Kramer et al.52, as a result of redeposition on a membrane, 

the pore size on the surface is reduced. The schematic in Figure 3.1 is a representation of 

the redeposition and reduction in the surface pore size. Pore size reduction is manifested 

by reduced transport through the membranes.53 Among polyacrylonitrile membranes, 

increased salt rejection was observed after a 2 min helium plasma treatment, due to 

reduced pore size. However, at plasma treatment times longer than 8 min, the flux across 

the membrane increased and salt rejection decreased indicating that the crosslinked layer 

was ablated and the deeper internal pores were exposed. The treatment of polysulfone 

membranes in an air plasma revealed that water permeability and pore sizes dropped 

sharply within 3 min of plasma treatment.22 The decrease is believed to be caused by 

redeposition of ablated material. Beyond 18 min, a slight increase in pore diameter was 

observed and is attributed to the removal of redeposited, residual material.  

 

                              

Figure 3.1 Representation of redeposition of the etched material on the substrate surface52 

 

3.1.3. Surface modification and etching studies on other membrane systems 
Other studies in literature also show a similar behavior to those cited earlier. The 

modification of polyacrylonitrile and polysulfone membranes by helium and water vapor 

plasmas resulted in the formation of peroxide, as evidenced by XPS analysis.55 Ulbricht 

and Belfort55 found that water flux for both polysulfone and polyacnitrile membranes did 

not significantly change after a 30 sec helium plasma treatment. However, after a 30 sec 
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water vapor plasma treatment, the flux decreased from 91 L/m2 h for an untreated sample 

to 85 L/m2 h. After a 3 min treatment in the helium plasma, the flux uniformly increased 

to 176 L/m2 h depending on the power and pressure during the plasma treatment.  

Gröning and coworkers50 have found that the degree of functionalization on the 

surface due to a plasma treatment is inversely related to the operating pressure. At lower 

pressures, more modification on the surface occurs compared to treatment at higher 

pressures. Gancarz et al.23,24,42,45,54,56 have carried out a detailed study on the influence of 

different plasma treatments on polysulfone membranes. They found that most of the 

surface modification occurred during the first minute of carbon dioxide plasma treatment. 

Beyond 1 min the concentrations of the surface functionalities remained the same. It was 

also found that after 2 min of carbon dioxide plasma treatment, the average pore radius 

had increased. Water permeability also showed a steady and sharp increase in the flux 

after an initial decrease.54 After a 2 min nitrogen plasma treatment, the average pore 

radius increased and remained nearly the same until 10 min of nitrogen plasma 

treatment.23 The pores increased in size after a 1 min ammonia plasma treatment and after 

7 min in the same plasma, they decreased in size.24 In this plasma treatment, the number 

of pores decreased and is believed to be caused by the redeposition of the etched 

polymer. A combination24 of ammonia and argon plasma treatment of a polysulfone 

membrane showed increased ablation compared to that caused by a pure ammonia plasma 

treatment. In all of these studies, the increase in radius is presented as a plot of pore size 

distribution versus logarithm of the radius. The logarithmic scale makes it difficult to 

decipher the exact radii or their increases. The increase in pore size is also reflected in the 

water flux measurements as a function of plasma treatment time. Polysulfone membranes 

treated with a n-butylamine plasma for 30 sec showed a decrease in water flux which was 

attributed to a decrease in pore size due to the redeposition of n-butylamine plasma 

products.45 A plasma treatment using a mixture of n-butylamine and argon caused more 

ablation, and hence an increase in the water flux was observed for a 30 sec plasma 

treatment. Grafting42 of acrylic acid was carried out after creating active functionalities 

on the surface by an argon plasma. As a result of grafting, water flux decreased from 23 

to 3 L/m2h for all plasma treatment periods.42 Chen and Belfort51 treated polyethersulfone 

in a helium plasma and subsequently grafted on N-vinyl 2-pyrrolidinone (NVP). These 
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helium plasma treatments of 10, 30, 60 and 90 sec, result in water fluxes of 85.6, 76.6, 

74.4 and 82.4 L/m2 h, respectively. In a similar fashion, NVP graft density increased 

from 0.64 to 0.69 to 1.27 and then decreased to 0.42 µmol/cm2 for each of the previously 

mentioned durations.51  

Hopkins and Badyal57 carried out a series of plasma treatments (oxygen, 

hydrogen, helium, neon, argon and carbon tetrafluoride) on polysulfone films. Treating 

polysulfone films for 5 min at 20 W in an argon plasma decreased the carbon content 

from 82.4 to 71.4 %, the sulfur content decreased from 4.1 to 2.7 % while oxygen 

increased from 13.6 to 21.7 % and nitrogen increased from <0.1 to 2.7 %. Upon treating 

the polysulfone membranes in an ammonia plasma, Bryjak et al.24 characterized the 

surface by XPS and confirmed the results by infrared measurements. The XPS results 

were interpreted to suggest alkyl C–C, C-O C-N, C=O, N–C=O, N–C=N and O–C=N 

functionalities.  

Thus, a number of studies have been carried to study the influence of plasma 

treatment on transport through the membranes. An in-depth comparison of the effects of 

different reactive homologous plasmas on the flux has not been carried out. In the current 

investigation, a comparative study of the etching of the surface (in the form of 

permeation study) and surface functionalization (by XPS), was conducted using amine 

plasmas (ammonia, methylamine and aniline plasmas). Comparisons are also drawn with 

an inert gas plasma (argon), which is expected to cause only etching.  

 

3.2. Experimental 

3.2.1. Plasma treatment 
The plasma treatment of the polysulfone membranes, prepared from a 11 % w/w 

solution and inverted in isopropanol, was carried out at room temperature using a March 

Instruments Plasmod® unit, operating at 13.56 MHz and 50 W. The equipment was 

fitted with a cylindrical chamber, where the plasma is formed. The chamber has two gas 

inlets and an outlet leading to the vacuum system. The plasma chamber was first 

evacuated to a pressure of <0.1 Torr. The chamber was subsequently purged and filled 

with the feed gas; ammonia, methylamine, aniline or argon to a pressure of 0.2 Torr. 

When creating the aniline plasma, liquid aniline was heated to 70 °C (the flash point) to 
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increase the concentration in the vapor phase. The samples were treated in the plasma for 

1, 5 and 10 min. Purging of the reactor was continued with the plasma gas for 10 min 

after the RF power source was turned off. The samples were then removed and stored in a 

desiccator to minimize exposure to moisture. 

 

3.2.2. Surface analysis and scanning electron microscopy 
 Surface analysis and electron microscopy were carried out by the methods 

described in chapter 2. 

 

3.2.3. UV-Vis spectroscopy 
A Shimadzu UV3101PC model scanning spectrophotometer was used to the 

measure the absorbance of the test solutions. The wavelengths from 450 to 600 nm were 

scanned. The spectrometer was equipped with a halogen lamp which spans wavelengths 

in the ultra-violet and the visible regions and a double monochromator diffraction 

grating. The slit width was 0.5 nm and the scans were made at intervals of 0.5 nm in the 

“slow single scan” mode. Quartz cells of sample volume 4.0 mL and sample path length 

of 1 cm were used. In the beginning, a blank run was conducted with water or NMP for 

standardization. 

3.2.4. Permeation 
 Permeation through the prepared polysulfone membranes was studied as a 

function of the permeability of Rhodamine 6G dye across the membrane. Permeation 

through the membrane was measured for five different sets of samples: (a) “as cast” 

membrane, (b) membranes treated in ammonia, (c) methylamine, (d) aniline and (e) 

argon plasmas. Three replicates were performed on different membranes for each 

measurement. 

Rhodamine 6G dye (structure shown in Figure 3.2) of ~95% purity was purchased 

from Sigma-Aldrich. Solutions of different concentrations were prepared and the 

absorbance measured for the determination of the molar absorptivity coefficient. The pH 

of the solution was ~6.4. 
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Figure 3.2 Structure of Rhodamine 6G dye 

 

 A 1mM concentration of the dye was prepared in doubly distilled and deionized 

water. The permeation experiments were carried out using a Franz type diffusion cell. 

Figure 3.3 depicts a schematic of a typical permeation run using such a cell. The top 

portion contains the dye reservoir. The lower reservoir contains distilled deionized water. 

The membrane separates the two cells. Since there is water on both sides, there is a 

gradient only of the dye across the membrane. Dye permeation through the membrane 

was recorded for each run as the relative partition coefficient.  

 

Figure 3.3 An illustration of the permeation experiment using a Franz diffusion cell 

 

The relative partition coefficient, RPC, is defined as the ratio of the mass of the 

dye permeated through the membrane, to the sum of the masses of the dye permeated 

through and that retained in the membrane.  
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The mass of the dye in the lower cell was determined periodically by drawing aliquots 

from the lower cell and analyzing them by UV-Vis spectroscopy. The concentration of 

the dye retained in the membrane was determined by dissolving the membrane in NMP 

after conducting the permeation runs via UV-Vis spectroscopy. From these 

concentrations, the mass transported in each instance was calculated and used in the 

determination of the relative partition coefficient. An average of three measurements was 

determined. 

 

3.2.5. Determination of λmax 
 The absorbance of the dye was measured in water and in NMP to determine the 

respective λmax. The dye has a λmax at 525.0 nm in water, as given in the literature.58 

However, in NMP, λmax occurs at 536.5 nm. The plot in Figure 3.4 shows the UV-Vis 

spectra and λmax for the dye in water and in NMP. 

440 460 480 500 520 540 560 580 600

0.0

0.2

0.4

Ab
so

rb
an

ce

Wavelength (nm)

 Absorbance in water
 Absorbance in NMP

 

Figure 3.4 The plot showing difference in λmax for the dye in water and in NMP for 0.003 and 
0.002mM solution, respectively 
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        3.2.5.1.  Determination of ε of the dye in water  
Five different concentrations of the dye in water, 0.5, 0.25, 0.1, 0.05 and 0.025 

mM were prepared. The absorbances were collected at 525.0 nm for three replicates at 

each concentration. Equation 3.3 was used to calculate the slope of the plot of the average 

absorbance against the concentration. 

A = εcl,  Equation 3.3

where A is the recorded absorbance, c is the concentration and l is the path length of the 

light through the solution. The slope gave the product εl. Since the path length was 

maintained at 1 cm, the slope of the linear fit of the data points gave the molar 

absorptivity, ε, as 6.82 × 104 M-1cm-1 as shown in Figure 3.5 which is comparable to the 

literature value of 7.58 × 104 M-1cm-1.59 
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Figure 3.5 The plot of the absorbance at different concentrations for the determination of the molar 
absorptivity in water 

 

        3.2.5.2.  Determination of ε of the dye in NMP  

The molar absorptivity, ε, of the dye in NMP was determined by recording the 

absorbance of  solutions of concentrations 0.01, 0.005, 0.0025, 0.001 and 0.0005 mM of 

the dye in NMP. The average of three different absorbance measurements, made at 536.5 

nm, for each concentration was plotted against the concentration. The slope of the linear 
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fit gave the resulting value of ε as 2.04 × 105 M-1cm-1. Figure 3.6 shows the plot of the 

absorbance of the dye versus the concentration in NMP. No comparison in the literature 

for ε of the dye in NMP was readily found. 
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Figure 3.6 Determination of ε of the dye in NMP 

 

        3.2.5.3.  Determination of the concentration of the dye permeated through the 

membrane  

 From the experimentally determined values of the molar absorptivity coefficient, 

ε, concentration of the dye in solution, c, can be calculated using Equation 3.3 for the test 

solution. The mass of the dye in the solution was calculated using the molecular mass of 

the dye, 475 g/mol. In the calculation of the masses of the dye permeated into the 

receptor cell, ε = 6.82 × 104 M-1cm-1 was used since the absorbance was measured in 

water, while the mass of the dye retained in the membrane was calculated using ε = 2.04 

× 105 M-1cm-1 as the absorbance was measured in NMP. 
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3.3. Results and Discussion 

3.3.1. Measurement of the permeation through the membrane and surface analysis 

for different plasma treatments  

Since the plasma treatment of the samples has a dual effect – surface reaction and 

etching, each plasma treatment is discussed on the basis of permeation. The relative 

partition coefficient, which is a measure of the partition of the dye between the 

membrane and the receptor solution, is a fraction varying between 0 and 1. If there is 

very little retention of the dye in the membrane and most of the dye permeates through it, 

the mass of the dye in the lower cell will be much higher than the mass of the dye in the 

membrane. Hence the ratio given by Equation 3.2 would be close to 1. If the mass 

retained in the membrane is comparable to the mass permeated through the membrane, 

the ratio would be a smaller fraction.  All the plasma treatment methods were compared 

with a control, as-prepared sample, which was not plasma treated. The relative partition 

coefficients are the cumulative values calculated over the time periods indicated.  

The air-side of the membrane was facing the dye while conducting permeation 

experiments. Hence, the surface chemical analysis and electron microscopy results are 

compared with those for the air-side of an as-cast membrane discussed in Chapter 2. The 

results from the surface analysis shown are obtained from a single XPS run in each case. 

Although there can be differences between different runs of the plasma treatments carried 

out under the same conditions, the results obtained from one run can provide an 

indication of the extent of and surface modification. Curve fitting was carried out for one 

treatment time for every plasma treatment to elucidate the functionalities.  

For the non- plasma treated samples, the RPC, shown in Figure 3.7, for a 4 hr 

permeation was 0.62.  It increased to 0.86 for 14 hr and to 0.90 for 24 hr. If the 

permeation was allowed to continue for longer than 24 hr, assuming the continued 

asymptotic behavior, it is expected that the partition coefficient would level off at values 

very close to 1.00.  
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3.3.2. Ammonia plasma treatment 
The relative partition coefficients for the samples treated in an ammonia plasma 

for 1, 5 and 10 min are shown Figure 3.7. The values for the plasma treated samples 

overlay each other. The permeation coefficient was the same for all ammonia plasma 

treatment times, 1, 5 and 10 min, approximately 1.00. Comparing with the permeability 

for an untreated sample, the permeability of an ammonia plasma treated sample indicates 

that even with a 1 min plasma treatment, enough etching occurs, such that the dye can 

permeate through the membrane almost unhindered. Bryjak and coworkers24 have 

reported an increase in the average pore radius and the pore size distribution after a 1 min 

ammonia plasma treatment of polysulfone membranes. Continued plasma treatment for 7 

min showed no significant decrease in the pore radius. Although the plasma conditions in 

the current investigations were different, a similar effect, i.e. no change in the pore size, 

is expected for longer plasma treatment times, as observed by equivalent RPCs.  
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Figure 3.7 Plot showing relative partition coefficient of the ammonia plasma treated samples 

 

Comparing the scanning electron micrographs for an as-cast membrane with those 

of a sample treated in an ammonia plasma for 1 min, as shown in Figure 3.8 (a) and (b), 

respectively, it is evident that a 1 min treatment in an ammonia plasma, is sufficient to 
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increase the pore size on the surface. This increase allows for increased permeation and 

therefore higher RPCs. Figure 3.8 (c) shows the membrane treated in ammonia plasma 

for 10 min. The spots with maximum contrast in the images were selected as pores. A 

qualitative pore size calculation was done by choosing a representative 1” × 1” square in 

each micrograph and manually calculating the average pore diameter. The average pore 

size for an-cast membrane was 150 nm. The average pore size for the image in Figure 3.8 

(b) was calculated as 500 nm and that for Figure 3.8 (c) was >500 nm. A pore size 

distribution was not calculated since the presence of even a few large (>300 nm) pores 

can cause dramatic increases in permeation, without a dependence on the distribution. 
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Figure 3.8 Scanning electron micrograph of (a) an “as prepared” membrane, a sample membrane 
treated in an ammonia plasma for (b) 1 min and (c) 10 min  
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Table 3.1 on the surface analysis of the ammonia plasma treated samples provides 

evidence of significant derivatization also. The carbon concentration decreased from 81.2 

% for an untreated sample to 66.5, 60.3 and 51.7 % for 1, 5 and 10 min plasma treatment 

times, respectively. The C 1s spectra for an “as prepared” membrane and the plasma 

treated samples are shown in Figure 3.9 (a) and (b) (presented separately for clarity). 

Figure 3.9 (b) also shows that the shoulder at 286.5 eV has increased in intensity relative 

to the peak at 285.0 eV for the plasma treated samples. A third peak at 288.5 eV is also 

present in the samples treated in the plasma. Bryjak and coworkers designate the peak at 

286.5 eV to C-O and C-N functionalities formed due to the plasma treatment and the 

peak at 288.5 eV to C=O, N-C=O, N-C=N and O-C=N functionalities.24 

 

Table 3.1 XPS analysis of membrane samples (air side) treated in an ammonia plasma 

Atomic concentration (%) 
Sample 

C 1s O 1s S 2p N 1s Si 2p Cl 2p 

Membrane – air side 81.2 15.3 2.7 0.7 <0.1 <0.1 

1 min 66.5 18.1 1.4 10.3 2.1 1.5 

5 min 60.3 25.0 0.8 7.2 5.8 0.8 

10 min 51.7 31.8 0.7 6.0 9.1 0.7 
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Figure 3.9 (a) C 1s multiplex for an as-cast membrane 
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Figure 3.9 (b) C 1s spectrum revealing oxidation and derivatization of carbon as a result of plasma 
exposure in addition to reduced peak intensity 
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A curve fit of the C 1s photopeak for the sample treated for 1 min in an ammonia 

plasma is shown in Figure 3.10. The concentration of C-O and C-N is 23.2 % for this 

scan. This result is an increase from 12.1 %, the result for a pellet (dense form) shown in 

Figure 2.12. The presence of the peak at 288.5 eV, which was absent in the pellet sample, 

suggests functionalization of carbon to form oxidized products. 
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Figure 3.10 C 1s curve fit of the sample treated in an ammonia plasma for 1 min 

 

The oxygen content increased  steadily with increasing plasma treatment time. The 

curve fit of the O 1s multiplex for a sample treated for 1 min in an ammonia plasma, 

shown in Figure 3.11, upon comparison with Figure 2.13, shows a sharp decrease in the 

peak height at 533.2 eV. The oxygen present as silicon dioxide appears at 531.6 eV and 

that from the sulfone group occurs at 532.2 eV.47 The concentration of oxygen as silicon 

dioxide is 4.2 %, which is twice the concentration of silicon since two oxygen atoms are 

involved in bonding with every silicon atom. Hence, the concentration of organically 

bonded oxygen is 13.9 % (from a total of 18.1 %). From the curve fit, 34.8 % of the total 
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oxygen content is present as a peak at 533.2 eV, 42.0 % at 532.2 eV and 23.1 % at the 

silicon dioxide peak. Reports in literature reveal that plasma treatment cleaves the ether 

linkage in the polymer.24,50 Therefore, the concentration of the peak corresponding to the 

ether group decreases from 50 %, as noted in Figure 2.14. 
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Figure 3.11 Oxygen multiplex for a 1 min treatment in an ammonia plasma showing a decrease in the 
peak intensity at 533.2 eV relative to that in Figure 2.14. 

 

The Si 2p multiplex in Figure 3.12 reveals a peak at 103.4 eV corresponding to 

silicon dioxide.47 The incorporation of silicon is most likely due to the etching of the 

glass chamber by the plasma and subsequent deposition of silicon on the sample. The 

concentration of silicon increases with increased plasma treatment time indicating more 

container etching over prolonged plasma treatment periods (Table 3.1). 
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Figure 3.12 Si 2p photopeak showing incorporation of silicon due to the ammonia plasma treatment 

 

 

The concentrations of oxygen present as silicon dioxide for 1, 5 and 10 min of the 

ammonia plasma treatment are 4.2, 11.6 and 18.2 %, respectively. Hence, the 

concentration of oxygen in an organic form is approximately 14 % (remains mainly a 

constant) in the samples that are plasma treated.  

The nitrogen content increases due to its incorporation from the plasma as shown 

in Figure 3.13. The nitrogen content showed an increase to 10.3 % after a 1 min plasma 

treatment and then a decrease in concentration to 7.1 and 6.0 % for 5 and 10 min plasma 

treatment periods, respectively. These results indicate that the surface functionalization is 

effective only within the first minute of plasma treatment which corroborates the 

observations by Gancarz et al.54  
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Figure 3.13 N 1s multiplex for samples treated in an ammonia plasma 

 

A curve fit of the N 1s peak for a sample treated for 1 min in an ammonia plasma, 

shown in Figure 3.14, exhibited three different peaks at 399.3, 400.2 and 401.2 eV. The 

peak assignments are made based on literature values. The peak at 399.3 eV is attributed 

to C=N and C≡N functionalities.45 The peak at 400.2 eV is due to C-N, N-C=O groups 

and that at 401.2 eV is due to NH3
+.46  
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Figure 3.14 Nitrogen multiplex revealing the presence of three different forms 

 

The sulfur content was reduced to 1.4, 0.8 and 0.7 % for 1, 5 and 10 min plasma 

treatment times, respectively, from 2.7 % for an untreated sample. The S 2p multiplex, 

shown in Figure 3.15 shows two peaks in the regions of 168.4 and 164.1 eV in the plasma 

treated samples. A curve fit of the samples treated in the plasma for 1 min exhibited four 

different peaks at 169.2, 167.9, 165.1 and 163.7 eV as shown in Figure 3.16. Gröning et 

al.50 attribute the peaks at 169.2 and 167.9 eV to the sulfone group; 169.2 eV S 2p1/2, 

167.9 eV to S 2p3/2. The peaks at 165.1 and 163.7 eV are due to elemental sulfur; 165.1 

eV S 2p1/2 and 163.7 eV S 2p3/2. The results obtained here reflect the presence of the 

same groups. 
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Figure 3.15 Decreasing presence of S 2p multiplex indicates reduction of sulfur to elemental form as 
a result of the ammonia plasma treatments 
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Figure 3.16 S 2p multiplex after a 1 min treatment in an ammonia plasma showing the two different 
bonded forms of sulfur (sulfone and elemental sulfur) 

 
The chlorine incorporation is from impurities in the ammonia gas used. The 

chlorine concentration is 1.5 % after 1 min ammonia plasma treatment and reduces to 0.8 

and 0.7 % for 5 and 10 min treatment periods. 
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Thus, surface analysis results indicate that the ammonia plasma treatment is most 

effective in modifying the surface of the membrane for a 1 min treatment time. Beyond 1 

min, etching of the glass chamber and silicon dioxide deposition on the membrane 

exceeds surface functionalization. Bryjak et al.24 found that for a 3 min ammonia plasma 

treatment, the flux for a bovine serum albumin (BSA) solution decreased from 10.3 to 7.9 

L/m2 h (increased retention) even though the average pore size increased. The authors 

attribute this behavior to the interaction of the surface functional groups introduced by 

the ammonia plasma with BSA. However, in the current investigation, comparable 

retention of the dye in the ammonia plasma treated membranes to the membranes that had 

no plasma treatment, was observed. Thus, in this study, functionalization of the 

membrane by an ammonia plasma appears to have little effect on the permeation of the 

dye under consideration. 

 

3.3.3. Methylamine plasma treatment 
The results of the permeation experiments for samples treated with a methylamine 

plasma are shown in Figure 3.17. The RPCs are equivalent for all plasma treatment times. 

The maximum permeation is reached with just 1 min of the plasma treatment and no 

change is observed in the RPCs for increased plasma treatment times. Although no other 

studies have been conducted on methylamine plasma treatment of polysulfone 

membranes, comparisons can be drawn with the results from studies on an ammonia 

plasma treatment of polysulfone. Since methylamine is a larger molecule than ammonia, 

for the same energy of the plasma, Equation 3.1 predicts that the methylamine plasma is 

likely to have a lower mean square velocity and hence, cause less etching than the 

ammonia plasma. Presumably, the etching required for maximum permeation is reached 

at time scales shorter than 1 min and the difference in etching by methylamine plasma 

compared to that of the ammonia plasma is not observed in the measured time scale.  
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Figure 3.17 Permeation of the dye through the membranes treated with the methylamine plasmas 

 

Comparing Figure 3.18 (a) with Figure 3.8 (a), it is clear that the surface pores 

have increased in size after the plasma treatment for 1 min. After treating the samples for 

5 and 10 min in methylamine plasma, no change in the permeation was observed. The 

effect of a methylamine plasma treatment on the polysulfone membranes, in terms of the 

permeation characteristics, is similar to the effect of the ammonia plasma treatments. 

Figure 3.18 (b) shows the electron micrograph of a sample treated in methylamine plasma 

for 10 min. In both, Figure 3.18 (a) and (b), the calculated average pore sizes calculated 

were ~350 nm.  
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Figure 3.18 Scanning electron micrograph of a sample treated in methylamine plasma for (a) 1 min 
and (b) 10 min 

 

The surface analysis shown in Table 3.2 indicates that the methylamine plasma 

treatment caused less etching of the glass chamber than the ammonia plasma treatment, 

as evidenced by the lower silicon dioxide concentrations for the methylamine plasma 

treated sample compared to the ammonia plasma treated samples. After a 1 min 
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methylamine plasma treatment, the nitrogen content increased from 0.7 % to 23.5 % 

while the oxygen concentration dropped dramatically from 15.3 % to 6.1 %. The sulfur 

content was also reduced to <0.5 %. In addition, no silicon from the etching of the plasma 

chamber was observed. All these results confirm that the surface functionalization was 

predominant during the first minute of plasma treatment. However, from the permeation 

results it is clear that the etching was still sufficient to provide comparable permeation to 

that for the ammonia plasma-treated samples. No literature reports were found on the 

methylamine plasma treatment or the subsequent measurement of permeations. 

Increasing the methylamine plasma treatment time decreases the nitrogen content and 

increases the oxygen and the silicon contents. This trend is similar to that observed with 

the ammonia plasma treatment data shown in Table 3.1. However, due to the lower 

propensity for etching of the containment vessel, compared to the ammonia plasma, the 

silicon and oxygen contents are lower, barring the exception for the 10 min treatment 

time. Chlorine and sodium are observed after the methylamine plasma treatments. Their 

presence could be explained as impurities in the plasma. The concentrations of the dye 

retained in the membrane during permeation were comparable to those of the untreated 

and the ammonia plasma treated samples. 

 

Table 3.2 Atomic concentrations for samples treated with a methylamine plasma 

Sample Atomic concentration (%) 

 C 1s O 1s S 2p N 1s Si 2p Cl 2p Na 1s 

Membrane – air side 81.2 15.3 2.7 0.7 <0.1 <0.1 <0.1 

1 min 68.2 6.1 0.4 23.5 <0.1 1.8 <0.1 

5 min 56.3 17.9 0.7 18.9 4.8 1.4 <0.1 

10 min 49.0 37.3 1.7 3.5 7.8 <0.1 0.6 

 

 The C 1s multiplex, shown in Figure 3.19 (a) and (b), revealed that for a 

methylamine plasma treated sample the shoulders at 286.5 and 288.5 eV are more 

pronounced, indicating a higher concentrations of derivatized carbon compared to 

ammonia plasma treated samples. The results obtained by Gancarz et al.45 for a n-

butylamine plasma treatment upon comparison with the ammonia plasma treatment on 
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polysulfone showed a higher degree of carbon derivatization. A possible explanation is 

that the alkyl group in the methylamine or the n-butylamine plasma remains bonded to 

nitrogen through the reaction phase. The XPS scans reflect their presence as derivatized 

carbons. The alkyl peak appeared at 285.0 eV, the peak at 286.5 eV is due to C-NH2, C-

NH and C-O groups and the peak at 288.5 eV is due to C=N and N-C=O 

functionalities.24,45 
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Figure 3.19 (a) C 1s multiplex for an as- cast membrane 
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Figure 3.19 (b) C 1s multiplex for a methylamine plasma treated membrane showing oxidized carbon 
due to the plasma treatment 

 

A curve fit of the C 1s multiplex for the sample treated for 1 min in a 

methylamine plasma, shown in Figure 3.20, revealed that the concentration of the alkyl 

carbon peak at 285.0 eV was 53.0 %, compared to 69.3 % for the same treatment time in 

an ammonia plasma. The peak at 286.5 eV was 33.1 % in methylamine plasma treated 

samples, compared to 23.2 % for ammonia plasma treated samples. The peak 

corresponding to C=N, C=O, N-C=O groupings was 13.4 % compared to 7.5 % for the 

ammonia plasma treated sample. These results suggest that a higher degree of 

derivatization of carbon occurs with the methylamine plasma compared to the treatment 

in an ammonia plasma.  
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Figure 3.20 Curve fit of the C 1s photopeak of a 1 min methylamine plasma treated sample 

 

The oxygen multiplex for the methylamine plasma treated samples are shown in 

Figure 3.21. From the figure it is clear that in addition to the change in the oxygen 

intensity (reduces for a 1 min methylamine plasma treatment and then increase for 5 and 

10 min treatments in the same plasma), the distribution of functional groups also changes. 
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Figure 3.21 O 1s multiplex after treatments in a methylamine plasma 

  

 

A curve fit of the sample treated for 1 min in the methylamine plasma is shown in 

Figure 3.22 and exhibits three individual peaks at 530.9, 531.8 and 532.9 eV. The peaks 

are designated as oxygen belonging to O=C-N at 530.9 eV, O*=C-O and O=S=O at 531.8 

eV and C-O-C group at 532.9 eV, respectively.46 These binding energies are within the 

acceptable range given in Table 2.1. 
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Figure 3.22 Curve fit of the O 1s photopeak of a 1 min methylamine plasma treated sample  

 

 

The sulfur photopeaks after 1 and 5 min plasma treatments were very noisy and 

showed no clear indication of sulfur. After a 10 min methylamine plasma treatment, on a 

the sulfone peak and a small peak due to elemental sulfur reappeared. The S 2p multiplex 

for all the plasma treatment times are shown in Figure 3.23. The peak in the range of 

168.5 eV is attributed to the sulfone group and that at 164.0 eV to elemental sulfur. 
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Figure 3.23 S 2p multiplex after the methylamine plasma treatments 

  

 

The S 2p curve fit shows a reduction of the sulfone groups in progress. A number 

of reduced sulfur forms are observed. The curve fit of the S 2p photopeak for a 1 min 

methylamine plasm treatment in Figure 3.24 showed four different forms of sulfur. The 

peak at 164.7 eV is due to the 2p3/2 peak of the S-CH3 group. The peak at 165.9 eV is 

from the 2p3/2 peak of the S-NH2 group and 2p1/2 peak of the S-CH3. The peak at 167.1 

eV is assigned to 2p1/2 of the S-NH2 group and 2p3/2 of the O=S-NH2 group. The peak at 

167.7 eV is attributed to the 2p3/2 of the sulfone group and 2p1/2 of the O=S-NH2 group. 

The peak assignments are made based on the literature values also given in Table 2.1.47 
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Figure 3.24 A S 2p curve fit of the 1 min methylamine plasma treated sample showing four different 
bonded forms 

 

As shown in Figure 3.25, the nitrogen multiplex shows a dramatic increase in the 

concentration after a 1 min plasma treatment. After a 5 min plasma treatment, the 

nitrogen percent decreased to 18.9 % and the nitrogen percent further decreased to 3.5 % 

after the 10 min plasma treatment.  
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Figure 3.25 Nitrogen 1s spectra of samples treated with a methylamine plasma 
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 A curve fit of the N 1s photopeak shown in Figure 3.26 revealed C=N, 

C≡N groups at 398.6 eV, C-N, N-C=O functionalities at 399.7 eV and C-N=O group at 

400.2 eV.46 These assignments agree with the range given in Table 2.1. Silicon was 

present as silicon dioxide at 103.3 eV for 5 and 10 min plasma treatment periods. The 

peaks were similar to those for ammonia plasma treatments shown in Figure 3.12. 
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Figure 3.26 N 1s multiplex exhibiting different individual peaks from different groupings  

 

3.3.4. Aniline plasma treatment 
The RPCs for the samples treated in an aniline plasma are given in Figure 3.27. 

From the plot it is clear that the aniline plasma is less effective in etching the membrane 

surface compared to the ammonia or the methylamine plasma. After a 1 min plasma 

treatment, the RPC increased to 0.80 from 0.62 for an untreated sample for a 4 hr 

permeation period. Continued permeation increased the RPC to 0.92 for 14 hr permeation 

and 0.95 for 24 hr permeation. Relatively lower etching, compared to ammonia and 

methylamine plasmas, prolongs the approach to the maximum permeation. Upon 

increasing the plasma treatment time to 5 min, sufficient etching occurs and the 
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corresponding RPC is at the maximum. Figure 3.28 (a) and (b) show the SEM image of 

samples treated in a 1 min and a 10 min aniline plasma, respectively. It is clear that the 

pores are smaller in Figure 3.28 (a) compared to the other plasma treated samples, shown 

in Figure 3.8 (b) and 3.18 (a). The pore size was calculated as 280 nm. Fewer and smaller 

pores also explain lower permeation in aniline plasma treated sample. The average pore 

size was calculated as ~350 nm for the 10 min sample.  

The amount of the dye retained in the membranes was in the same range of 

concentrations for the aniline plasma treated samples as for the untreated, ammonia and 

the methylamine plasma treated samples. Hence, the plasma treatment and the chemical 

modification did not affect the dye retention in the membranes. 
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Figure 3.27 Relative partition coefficient of the samples treated in aniline plasma 
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Figure 3.28 Scanning electron micrograph of (a) a 1 min aniline plasma treated sample and (b) a 10 
min aniline plasma treated sample 

 

 

Surface analysis shows that the derivatization on the surface is lower than that 

noted for ammonia and methylamine plasma treatments. The atomic concentrations in 
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Table 3.3 show that the treatment of the membranes in an aniline plasma resulted in 

maximum incorporation of nitrogen for 1 min compared to 5 and 10 min treatments in the 

plasma. This result suggests that surface functionalization was the dominant process with 

in the first minute of the plasma treatment, much like ammonia and methylamine plasma 

treatments. Prolonged plasma treatment increased surface etching and hence permeation. 

The lower degree of surface functionalization, compared to other plasmas, could be due 

to lower reactivity of the species in the aniline plasma. An aromatic radical formed from 

aniline is stabilized by resonance and has a longer lifetime compared to a non-aromatic 

radical.60 

 

Table 3.3 Atomic concentrations of samples treated in an aniline plasma 

Atomic concentration (%) 
Sample 

C 1s O 1s S 2p N 1s Si 2p 

Membrane – air side 81.2 15.3 2.7 0.7 <0.1 

1 min 66.2 26.3 2.7 4.1 0.7 

5 min 67.1 26.2 2.5 3.5 0.6 

10 min 53.0 35.1 1.0 2.6 8.3 

 

 

The C 1s photopeaks for the “as prepared” and plasma treated samples are shown 

in Figure 3.29 (a) and (b). Figure 3.29 (a) shows that in addition to the peaks at 285.0 and 

286.4 eV, a peak was also observed 289.0 eV, indicating the presence of oxidized carbon 

as O-C=O functional group.46 After a 10 min plasma treatment, the shoulder at 286.5 eV 

observed in the shorter plasma treatment times and for the untreated sample was lost, as 

noted in Figure 3.29 (b). The nitrogen concentration is dramatically increased from 0.7 % 

in the “as formed” membrane to 4.1 % when treated for 1 min in an aniline plasma. The 

nitrogen content reduced with increased duration of this plasma treatment. 
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Figure 3.29 (a) C 1s multiplex of the samples treated in an aniline plasma compared with an 
untreated sample 
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Figure 3.29 (b) C 1s multiplex of the sample treated in an aniline plasma for 10 min 

 

A curve fit of the C 1s photopeak for a membrane with a 1 min aniline plasma 

treatment is shown in Figure 3.30. Comparing this curve fit with Figure 3.10 and 3.20, C 
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1s curve fit for the ammonia and the methylamine plasma treated samples, respectively, 

an additional peak at 289.0 eV  is present for an aniline plasma treatment, which is 

attributed to the presence of O-C=O group.46 This result  indicates that an aniline plasma 

is more oxidizing compared to the ammonia and the methylamine plasmas. 
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Figure 3.30 C 1s curve fit of the 1 min aniline plasma treated sample 

 

The concentration of nitrogen increased after a 1 min of plasma treatment and 

then decreased successively for 5 and 10 min of the same plasma treatment. The nitrogen 

peaks were broad and noisy as observed in Figure 3.31. It is clear from Figure 3.31 that 

the N 1s peaks have a higher binding energy shoulder.   
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Figure 3.31 N 1s multiplex of the samples treated in an aniline plasma 

 

 A curve fit of the N 1s photopeak (Figure 3.32) for a sample treated in an aniline 

plasma for 1 min revealed three individual peaks at 400.5, 401.6 and 402.6 eV. These 

peaks were assigned to C-N=O, -N+RH2; -N+R2H and -N+R3 groups, respectively. Higher 

concentrations of –N+R2H and –N+R3 combined with the stability of a nitrogenated 

aromatic group leads to an understanding that the nitrogen stays bonded to the phenyl 

group after the plasma treatment. After the 10 min plasma treatment the peak at the 

higher binding energy is not detected. 

-N+RH2 
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Figure 3.32 N 1s curve fit showing the presence of three different nitrogen functional groups 

 

 A curve fit of the O 1s photopeak after treatment for 1 min in an aniline plasma, 

shown in Figure 3.33, indicates the presence highly oxidized species. The contributions 

from the silicon dioxide oxygen can be observed as the smaller peak at 532.0 eV and the 

larger peak at 532.0 eV is due to the sulfone oxygen and C=O grouping. They are plotted 

separately for easy distinction. The peak at 533.1 eV is from the ether oxygen. The peak 

at 534.0 eV is from the starred oxygen of the -O*-C=O group. The presence of this group 

is also by the peak at 289.0 eV in the C 1s curve fit (Figure 3.30).  
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Figure 3.33 O 1s photopeak curve fit showing the presence of different oxygen functionalities 

 

From Figure 3.34, it is evident that the sulfur contents appear unchanged for 1 and 

5 min aniline plasma treatments. A curve fit of the S 2p photopeak for a 1 min aniline 

plasma treatment, shown in Figure 3.35, revealed the presence of –SO3 group at 169.1 

eV, in addition to the sulfone group at 168.0 eV.47 The peak at 169.9 eV corresponds to 

the 2p1/2 peak of the peak at 169.1 eV. From Figure 3.34 it is clear that after a 10 min 

treatment in the plasma, the concentration of the sulfur peak is dramatically reduced. The 

S 2p multiplex shows an additional peak at 163.7 eV due to elemental sulfur.47 The 

presence of silicon as silicon dioxide at 103.6 eV is observed for all the aniline plasma 

treatment times. 
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Figure 3.34 Sulfur multiplex showing the peak after an aniline plasma treatment 
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Figure 3.35 Curve fit of the S 2p multiplex for a 1 min aniline plasma treatment 

 

Among the amine plasmas studied thus far, ammonia plasma is the most reducing 

plasma. Steen and coworkers61,62 found that NH2
+, NH+, NH3

+, H+, H2
+, NH2 radical and 

NH radical are the dominant species in an ammonia plasma. These ions and radicals 

O=S=O 2p3/2 
168.0 eV 

SO3
 2p3/2, SO2 2p1/2  

169.1 eV 

SO3 2p1/2 
169.9 eV 

S 

O=S=O 

-SO3 



 70

generate a reducing atmosphere in the plasma. This result explains the reduction of the 

sulfone group to elemental sulfur in the ammonia plasma treated samples. Using the same 

analogy for the methylamine plasma, it would form CH3NH+, CH3N+ ions and CH3NH 

and CH3N radicals in the plasma. These species are less reducing as compared to the 

species generated by the ammonia plasma. Hence, the concentration of elemental sulfur 

formed in the methylamine plasma treated samples is lower than that for the ammonia 

plasma treated samples (Figure 3.15 and 3.23). By the argument used for the 

methylamine and ammonia plasmas, an aniline plasma is expected to be least reducing. 

Hence, the formation of elemental sulfur is least for the aniline plasma treated samples 

(Figure 3.34). Furthermore, C 1s curve fit in Figure 3.30 reveals the most oxidized form 

of carbon (O-C=O), not observed for samples treated with the ammonia or the 

methylamine plasma. This reason also explains the formation of SO3 group observed in 

the S 2p multiplex in Figure 3.34 and 3.35. 

 The RPCs for the plasma treated samples appeared to change as a function of the 

surface pore size. No apparent influence on the permeation from the nitrogen 

functionalities was found. To confirm this observation, argon plasma treatments were 

conducted on the samples, followed by permeability measurements and surface analysis. 

 

3.3.5. Argon plasma treatment 
Argon being an inert gas is expected only to etch the surface. Permeation results 

are shown in Figure 3.36. For a 1 min argon plasma treatment the RPC is 0.95 after 4 hr 

of permeation; after 14 and 24 hr there are further increases in the RPC. After 5 and 10 

min plasma treatments, the permeations reach the maximum. The permeation for the 1 

min argon plasma treatment is intermediate between the permeation for a 1 min aniline 

plasma treatment and those for a 1 min methylamine and ammonia plasma treatments.  
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Figure 3.36 Relative partition coefficient of samples treated in an argon plasma 

  

The SEM in Figure 3.37(a) reveals that the average pore size is larger than those 

in Figure 3.28 (a), but smaller than the pore sizes in Figure 3.18 (a) and 3.8 (b) (a 

qualitative assessment). Calculations revealed pore sizes of 300 nm for the 1 min plasma 

treated sample and 350 nm for the 10 min plasma treated sample. 
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Figure 3.37 Scanning electron micrograph of a sample treated in the argon plasma for (a) 1 min and 
(b) 10 min 
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Among the argon plasma treated samples, surface analysis revealed some degree 

of modification by the introduction of oxygen and nitrogen containing moieties which are 

from residual air in the plasma. Surface analysis results are summarized in Table 3.4. The 

carbon content decreased with increasing the plasma treatment time. The oxygen content 

increased from 15.3 % for an untreated sample to 24.5 % for a sample treated for 1 min in 

the plasma, and then remained nearly the same for longer plasma treatment periods. The 

sulfur content decreased to about 2.0 % for the plasma treated sample from 2.7 % for an 

untreated sample. The nitrogen concentration increased from 0.7 to 2.3, 4.1 and 2.6 % for 

an untreated sample and the samples argon plasma treated for 1, 5 and 10 min, 

respectively. Silicon was observed only after 10 min plasma treatment indicating some 

glass etching over prolonged treatment in an argon plasma. 

 

Table 3.4 Atomic concentrations of the argon plasma treated samples 

Sample Atomic concentration (%) 

 C 1s O 1s S 2p N 1s Si 2p 

Membrane – air side 81.2 15.3 2.7 0.7 <0.1 

1 min 71.3 24.5 1.9 2.3 <0.1 

5 min 70.0 23.7 2.2 4.1 <0.1 

10 min 65.3 27.9 2.3 2.6 1.9 

 

 From the plot showing the C 1s multiplex in Figure 3.38, it is clear that the alkyl 

content in the consecutive plasma treatments decreased, as indicated by the reduction in 

the peak intensity at 285.0 eV. The peak at 286.5 eV remains more or less the same in 

intensity for the untreated sample and all the argon plasma treatments. The peak at 288.5 

eV showed an increase in intensity with the increase in the plasma treatment duration. 

This result suggests that a small percentage of the alkyl carbon of the polymer is involved 

in bonding to form oxidized groupings such as a C=O at 288.5 eV. 

 

 



 74

300 295 290 285 280
0

2000

4000

6000

8000

10000

12000

N
(E

)/E

Binding energy, eV

 No plasma
 1 min Ar plasma
 5 min Ar plasma
 10 min Ar plasma

 

Figure 3.38 C 1s multiplex for the argon plasma treated samples 

 

 

A curve fit of the C 1s photopeak for a membrane treated for 1 min with the argon 

plasma shown in Figure 3.39 reveals three peaks, at 285.0, 286.5 and 288.5 eV. The 

peaks are assigned to C-C; C-O, C-N; and C=O groups, respectively. 
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Figure 3.39 Curve fit of the C 1s photopeak of the 1 min argon plasma treatment showing three 
different bonding states of carbon 

 

The oxygen content increased after a 1 min plasma treatment, to 24.5 % and then 

remained relatively constant, in the range of 25 %, for longer treatment times as shown in 

Table 3.4. A curve fit of the O 1s multiplex in Figure 3.40 for a 1 min argon plasma 

treatment revealed two peaks at 532.3 and 533.5 eV. This indicates the presence of C=O, 

SO2 and C-O-C and SO3 functionalities, respectively.46 
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Figure 3.40 O 1s curve fit of the 1 min argon plasma treated sample showing peaks at 532.3 and 533.5 
eV 

 

The sulfur peak for the 1 and 5 min argon plasma treatments indicated that a 

predominant amount of sulfur is present in the sulfone form, as shown in Figure 3.41. 

The curve fit of the S 2p peak for the 1 min argon plasma treated sample in Figure 3.42 

shows a sulfone group at 167.9 eV. The 2p1/2 peak of the sulfone group coincides with 

the 2p3/2 peak of the SO3 group at 168.9 eV. The 2p1/2 peak of the -SO3 group is observed 

at 169.7 eV.46  
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Figure 3.41 S 2p multiplex after the argon plasma treatments 
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Figure 3.42 Curve fit of S 2p photopeak of a 1 min argon plasma treated sample showing sulfur in 
two different bonding states 

 

In the absence of a reducing environment such as an amine plasma, the activated 

oxygen from the traces of air in the plasma provide an oxidizing environment. Therefore, 
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sulfur oxidation (and no reduction) occurs forming the -SO3 group (shown in Figure 

3.42).  

As shown in Figure 3.43, the nitrogen peak appeared at 400.5 eV for samples 

treated in the argon plasma, indicating C-N=O functionalities.45 No silicon was observed 

for 1 and 5 min argon plasma treated samples indicating minimum glass etching. After 

the 10 min plasma treatment, silicon was observed at 103.5 eV.  
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Figure 3.43 Nitrogen multiplex of samples treated in an argon plasma 

 
 

3.3.6. Comparison of plasma treatments 
The results obtained from the plasma treatments can be schematically represented 

to show etching as in Figure 3.44. 

The ammonia and methylamine plasmas show the most amount of etching and 

aniline shows least etching. 
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Figure 3.44 Conceptual representation of the degree of etching due to plasma treatment 
 

To obtain a gravimetric measure of the loss of the membrane materials, the 

samples were treated in each of the plasmas for 45 min. The mass loss was recorded by 

weighing the samples before and after the plasma treatments. The ammonia plasma 

treated samples showed a 13.0 % decrease. The methylamine, aniline and argon plasma 

treated samples revealed 8.6, 1.1 and 2.3 % weight loss, respectively. These results of 

absolute weight changes obtained for a single measurement, indicate that etching was 

most efficient in an ammonia plasma treatment and least efficient aniline. The 

methylamine and the argon plasma exhibited intermediate levels of etching. 
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3.4. Conclusions 

 Etching of the membrane surface increases the permeation through the membrane. 

The bulk of the membrane serves as a support layer and provides no resistance to the 

passage of permeants. 

Both etching and surface modification occur simultaneously. Surface 

functionalization is dominant in the first minute of the plasma treatment for the amine 

plasmas. Beyond 1 min, etching exceeds surface modification. Surface modification 

results in the introduction of nitrogenated groups on the surface. The amine plasmas also 

provide a reducing atmosphere which leads to the formation of elemental sulfur from the 

sulfone groups. No influence of the surface functionalization was found on the 

permeation of the rhodamine dye. The plasma introduced groups, however, play an 

important role in protein transported as noted by other researchers.24 The argon plasma 

mainly etches the polymer. Surface functionalization is caused by the oxygen and 

nitrogen present in trace quantities in the plasma. These groups however do no affect the 

dye permeation. 

The permeation results combined with the SEMs and the weight measurements 

revealed that the ammonia plasma is most effective in etching followed by methylamine 

plasma. The argon and aniline plasmas are least effective. 
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4. Drying and Early Indications of Pore Collapse in Polysulfone 

Membranes 
 

4.1. Introduction 

 The polysulfone membranes prepared by the method described in Chapter 2 are 

stored in water until use. Drying of water-wet reverse osmosis and gas separation 

membranes, causes capillary action on the membranes. Polymeric membranes, whose 

modulus is lower than the capillary force introduced by liquid evaporation (given by the 

Young-Laplace equation, Equation 1.1) exhibit pore shrinkage and compaction.16,25,63,64  

 The types of water in the membranes are distinguished based on the ease of 

removal. In their investigation on cellulose diacetate dialysis membranes, Halary et al.65 

observed that membranes stored water can be differentiated as free and bound. “Free 

water” is loosely held in the pores and can be readily removed via thermal treatment. The 

loss of free water is reversible and causes no change in the membrane structure. “Bound 

water” is bound to the polymer chain by hydrogen bonds. It is usually released in the later 

stages of drying.66,67 In the above investigations, the performance of the membranes was 

tested as a function of salt rejection under pressure and increased temperature (relative to 

room temperature). Upon drying the membranes at 70 - 80 °C, bound and free water were 

lost from the membrane structure. Loss of water resulted in reduced flux and increased 

salt rejection. Such behavior is taken as an evidence of pore collapse.65,66,68  

Sawyer and Jones69 investigated the separation properties of polybenzimidazole 

reverse osmosis membranes. The core of the membrane composed of “finger like” pores 

decreased in size and showed an increased pore collapse due to water loss. The authors 

argue that the final thickness of the membranes, after water evaporation, was about half 

that of the original membrane.  

The phenomenon of pore collapse has also been reported in non-polymeric 

systems like porous silicon. Mason and coworkers70 analyzed the collapse in porous 

silicon due to drying. Using electron microscopy the authors discuss the pore structures 

formed by electrochemical etching and their subsequent collapse as a result of desorption 

of the solvent, ethanol. Since ethanol has a higher surface tension compared to silicon, 

the pore walls collapse under capillary pressure as evaporation occurs.  
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 Never was complete collapse of the structure in the membranes reported.16,65,66,68 

As the surface pores are smaller compared to the pores in the layer beneath the surface, 

Equation 1.1 predicts a higher capillary action on the surface than the substructure (an 

inverse relation of the radius with the capillary force). Hence, pore collapse is believed to 

be most effective in the surface region.69,71 The surfaces provide the best proof of 

densification. Pore collapse occurs in polysulfone when water is dried from the pores.71 

Park and coworkers71 analyzed the changes in pore structure in polysulfone due to drying 

of water, ethanol, hexane and supercritical carbon dioxide. The authors contend that 

exchange with super critical carbon dioxide followed by drying preserved the pore 

structure.  

Efforts have been made to circumvent the issue of pore collapse in membranes. 

The methods include freeze-drying71, addition of surfactants,64,72,73 and solvent exchange 

with ethanol74, hexane71 and supercritical carbon dioxide.71 Substituting water with a 

solvent of lower surface tension minimizes the effects of capillary forces on the pore 

walls. The addition of surfactants and freeze drying essentially achieve the same purpose 

by reducing the capillary action in the membranes. 

Thus, a number of studies have investigated and reported pore collapse in 

polymeric membranes and other materials. The current study, however, investigates the 

initial drying of polysulfone membranes by functional measurement of the successive 

weight loss at different stages due to water desorption, directly using thermogravimetric 

analysis (TGA). Such a measurement provides a better understanding of the distinctions 

of the water types and their role in drying. The influence of plasma treatments of the 

membranes described in Chapter 3, on the rate of water loss is examined. The effect of 

storing the samples at high temperature (90 °C) following the plasma treatments is 

assessed. Supporting SEM studies help visualize the process.  
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4.2. Experimental 

4.2.1. Sample preparation  
The phase inverted polysulfone membranes (preparation described in Chapter 2) 

were treated for 5 min in four different plasmas: ammonia, methylamine, aniline and 

argon. The plasma treatments were carried out by the method described in Chapter 3. A 

fifth set of samples with no plasma treatment was maintained as the control. All five sets 

of samples were stored at two different temperature conditions; room temperature and 0 

% relative humidity (maintained by holding the samples in the presence of a desiccant), 

and 90 °C at 17 % RH. The samples were removed periodically (after 1, 2, 4, 7 and 10 

days of drying) from their stored condition and the weight loss during storage was 

measured by determining the weight of the dehydrated the membranes.  

 

4.2.2. Thermogravimetric analysis 
Thermogravimetric analysis (TGA) was carried out using a Perkin-Elmer model 7 

thermogravimetric analyzer. A temperature range of 50 to 600 °C was scanned at the rate 

of 10 °C/min in a nitrogen atmosphere. The original sample weight was between 7 – 10 

mg. The data were collected every second and the individual data points were plotted as 

the percent weight loss as a function of the furnace temperature. The TGA scans 

presented are representative of the results for the membranes under each condition.   

 

4.2.3. Scanning electron microscopy 
 Scanning electron microscopy of the samples was carried out by the method 

described in Chapter 2. 

 

4.3. Results and Discussion 

A typical mass loss curve obtained from a TGA run is shown in Figure 4.1. It 

depicts three stages of loss. The first stage (stage I) is designated as the loss of 

“peripheral water”, water that is present in the surface pores and is quickly lost during 

drying. This designation is in addition to the commonly believed forms of water (free and 

bound water). A second stage of weight decrease (stage II) is observed between 100 and 
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220 °C, representing the loss of “free water”, which is present loosely in the pores. The 

final stage (stage III), is the weight decrease between 220 and 480 °C, the loss of “bound 

water”. The weight loss is mainly due to water desorption. XPS results in Chapter 2 

revealed trace amounts of the solvent, NMP. The loss of NMP in small amounts (less 

than 1%) is not expected to impact the weight loss profile. Perng’s75 research suggests 

that polysulfone degrades at temperatures above 480 °C. The onset of degradation in the 

samples tested occurs in the range of 475 -550 °C. Figure 4.2 illustrates the distinction 

between peripheral, free and bound water. Peripheral water is present superficially on the 

membrane. Free water is held loosely in the pores and bound water is present close to the 

pore walls. The TGA run (Figure 4.3) for an “as received” polysulfone pellet is devoid of 

components associated with phase inversion. The additional components are volatile and 

tend to desorb at temperatures lower than the degradation temperature of polysulfone. 

When comparing the TGA scans for the different storage conditions, a lower weight 

differential indicates less water retention prior to testing and thus greater pore collapse. 
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Figure 4.1 Thermogravimetric run showing a typical weight loss profile of an as-cast phase inverted 
polysulfone membrane 
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Figure 4.2 A schematic distinguishing peripheral, free and bound water 
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Figure 4.3 Thermogravimetric scan of an “as received” polysulfone pellet  
 

 

The TGA profiles are studied for the ammonia, methylamine, aniline and argon 

plasma treated samples and are compared with the non-plasma treated controls to 

understand the influence of pore size increase due to the plasma treatments on the rate of 

desorption of water from the membrane samples. 
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4.3.1. No plasma treatment 
Figure 4.4 shows the weight loss plot for the membrane samples aged at room 

temperature and 17 % humidity for different lengths of time. Figure 4.5 shows the weight 

decrease for samples stored at 90 °C and 17 % RH. It is clear from the plots that the 

weight loss is higher for the samples stored at room temperature compared to those stored 

at 90 °C, which suggests that the samples at 90 °C lost a greater portion of water in the 

membranes during storage. The slope of the portions representing the peripheral and the 

free water have decreased and are nearly the same as the portion representing bound 

water. 
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Figure 4.4 Weight loss profile for controls stored at room temperature, 17 % RH for different 
periods of time 

 

Generally 
increasing storage 
time 



 87

0 100 200 300 400 500

96

97

98

99

100
W

ei
gh

t %
 (%

)

Temperature (°C)

 0 Day
 1 Day
 2 Days
 4 Days
 7 Days
 10 Days

 

Figure 4.5 Weight loss profile for controls stored at 90 °C, 17 % RH for different periods of time 

 

There is some inherent scatter in the TGA data which is observed in the derivative 

plots in Figure 4.6 and 4.7 as the variation in the data set. Additionally, studies by 

Grethlein65,76 suggest that the inconsistencies in the membranes are due to factors beyond 

experimentally controllable parameters during membrane preparation. These factors 

contribute to the statistical error in the data. Non-uniform heating due to irregular and 

high surface area of the samples, adds to the statistical error. The evidence for this is 

observed in the differences in the onset of the degradation temperature. The overall trend 

in the weight loss plots suggest that increased aging time results in the loss of water from 

the membranes; higher temperatures hasten this process. 

Representative derivative plots of the room temperature and 90 °C held 

specimens; both at 17 % RH are shown in Figure 4.6 and 4.7. Figure 4.6 shows the 

derivative with respect to the temperature, during the weight loss of an untreated control 

sample stored for 10 days at room temperature and 17 % RH. The slope (derivative) is 

negative during the weight loss. The derivatives are represented by the individual points 

in the plot. There are four regions distinguished by changes in the derivative. The first 

region spans the temperature range from 50 to 150 °C. The second region ranges from 

Increasing 
drying time 
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100 to 250 °C and the third ranges from 250 to 450 °C. Some degree of overlap between 

the regions is observed. The regions, distinguished by the changes in the slopes, as 

peripheral, free and bound water, respectively. Beyond 450 °C, the highly negative slopes 

are due to the sharp drop in weight caused by the degradation of the sample. 
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Figure 4.6 Derivative plot of the weight loss for controls after storing the sample for 10 days at room 
temperature and 17 % RH 

 

For the samples annealed at 90 °C, the three distinct regions seem to collapse into 

one. A typical derivative plot of an annealed sample is shown in Figure 4.7 for a sample 

stored at 90 °C and17 % RH for 10 days, where mainly two different slopes, 0 and -0.005 

are observed. A few data points are scattered through out the temperature range at slopes 

0.005 and -0.01.  
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Figure 4.7 The derivative of the control sample maintained at 90 °C and 17 % RH for 10 days 

 

 The derivatives with respect to the temperature for the samples stored at room 

temperature and at 90 °C; both at 17 % RH are compiled in Table 4.1 and 4.2. The three 

stages of weight loss recorded as 
dT
dW1 , 

dT
dW2  and 

dT
dW3  refer to the loss of peripheral, 

free and bound water, respectively. The slopes in Table 4.1 decrease by 20 - 25 % over 

the storage period. This indicates that a major portion of the water stays in the 

membranes. Table 4.2 shows that the slopes become less negative overall as the storage 

time prior to the TGA run is increased. Moreover, the differences in the slopes observed 

in Table 4.1 are not as evident in Table 4.2, suggesting that the weight loss during the 

analysis is greater at room temperature compared to the 90 °C annealed samples. Due to 

the high temperature storage, a majority of the free and peripheral water is lost and the 

slopes in Table 4.2 appear to condense to one primary slope (the slope for bound water).  
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Table 4.1 Derivatives of the controls held at room temperature at 17 % RH 

Sample storage 

time (days) 

dW1/dT 

(%/  °C) 

Temperature 

range ( °C) 

dW2/dT 

(%/  °C) 

Temperature 

range ( °C) 

dW3/dT 

(%/  °C) 

Temperature 

range ( °C) 

0 -0.015 50-80 -0.012 139-202 -0.004 205-481 

1 -0.012 50-100 -0.004 100-180 -0.004 250-470 

2 -0.015 50-100 -0.007 95-220 0 200-487 

4 -0.014 50-89 -0.007 89-220 -0.007 220-480 

7 -0.010 50-101 -0.010 150-235 -0.005 230-481 

10 -0.004 50-143 -0.013 161-213 -0.004 231-472 

 

Table 4.2 Derivatives of the controls maintained at 90 °C and 17 % RH 

Sample storage 

time (days) 

dW1/dT 

(%/  °C) 

Temperature 

range ( °C) 

dW2/dT 

(%/  °C) 

Temperature 

range ( °C) 

dW3/dT 

(%/  °C) 

Temperature 

range ( °C) 

0  -0.015 50-80 -0.017 139-202 -0.004 205-481 

1  -0.004 50-120 -0.004 120-220 -0.004 220-484 

2  -0.005 50-489 -0.005 120-220 -0.005 220-489 

4  -0.006 50-105 -0.003 100-220 -0.003 220-475 

7  -0.010 50-94 0 96-220 0 220-485 

10 -0.008 50-120 -0.008 120-220 -0.008 220-496 

 

 

4.3.2. Ammonia plasma 
TGA results are presented for samples treated in an ammonia plasma for 5 min 

and stored in two different conditions: room temperature and 17 % RH (Figure 4.8); and 

90 °C storage time and 17 % RH (Figure 4.9) The scatter (between tests with different 

preparation) in the data in Figure 4.8 is higher than in Figure 4.9. However, with 

increasing annealing time, in Figure 4.9, the slopes due to the peripheral water and the 

free water are less pronounced compared to Figure 4.8. The plots indicate a behavior 

similar to those of the untreated samples. The annealed samples showed a lower mass 

loss compared to the unannealed samples. The water lost due to annealing was mainly 
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peripheral and free water.  Most of the bound water remained in the membranes through 

out the 90 °C storage time. 
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Figure 4.8 The TGA runs of ammonia plasma treated samples maintained at room temperature and 
17 % RH 

 

 Comparing Figure 4.8 with Figure 4.4, the samples after ammonia plasma 

treatment show a relatively lower weight loss during the TGA run. This result indicates 

that the ammonia plasma has increased water loss during storage due to convection. Thus 

the increasing permeability due to the ammonia plasma has resulted in increased 

convection. 
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Figure 4.9 Weight loss in ammonia plasma treated samples held at 90 °C and 17 % RH 

 

The slopes of the ammonia plasma treated samples at room temperature and those 

at 90 °C each held at 17 % RH, are, shown in Table 4.3 and 4.4. Comparing the slopes 

corresponding to the free water region, (
dT

dW2 ), the annealed samples generally show less 

negative slopes compared to the room temperature samples collectively over the entire 

temperature range (50 – 475 °C). Furthermore, the slopes showed smaller differentiation 

between the various stages of water loss for the annealed samples.  
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Table 4.3 The derivative of the samples treated in an ammonia plasma for 5 min and stored at room 
temperature and 17 % RH 

Sample storage 

time (days) 

dW1/dT 

(%/  °C) 

Temperature 

range ( °C) 

dW2/dT 

(%/  °C) 

Temperature 

range ( °C) 

dW3/dT 

(%/  °C) 

Temperature 

range ( °C) 

0 -0.004 50-164 -0.012 164-232 -0.004 232-488 

1 -0.015 50-86 -0.011 162-234 -0.005 205-469 

2 -0.015 50-80 -0.010 151-198 -0.005 237-460 

4 -0.006 50-160 -0.013 166-210 0 211-474 

7 -0.006 50-120 -0.006 120-220 -0.006 220-479 

10 -0.004 50-175 -0.014 178-240 -0.005 235-498 

 

Table 4.4 The derivatives of the samples treated in an ammonia plasma for 5 min and held at 90 °C 
and 17 % RH 

Sample storage 

time (days) 

dW1/dT 

(%/  °C) 

Temperature 

range ( °C) 

dW2/dT 

(%/  °C) 

Temperature 

range ( °C) 

dW3/dT 

(%/  °C) 

Temperature 

range ( °C) 

0 -0.004 50-164 -0.012 164-232 -0.004 232-488 

1 -0.009 50-95 -0.004 95-220 -0.004 220-469 

2 -0.006 50-112 0 106-348 -0.007 349-468 

4 -0.008 50-120 -0.008 120-220 -0.008 220-471 

7 -0.009 52-108 -0.004 150-220 -0.004 220-471 

10 -0.005 50-120 -0.005 120-220 -0.005 220-462 

 

 

4.3.3. Methylamine plasma 
Figure 4.10 shows the TGA scans for the samples stored at room temperature and 

17 % RH after the methylamine plasma treatment for 5 min. Figure 4.11 shows the TGA 

runs for samples held at 90 °C and 17 % RH for different periods of time after the 5 min 

methylamine plasma treatment. The relatively steady weight loss observed during the 

TGA runs of samples methylamine plasma treated and annealed at 90 °C (Figure 4.11) 

indicate that most of the peripheral and free water are lost during the heat treatment prior 

to testing. There is some loss of peripheral water from the room temperature samples as 
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well, as indicated by the changes in the slope in Figure 4.10. The slopes corresponding to 

the peripheral and free water observed in Figure 4.10 are lost in Figure 4.11.  
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Figure 4.10 The weight loss in the methylamine plasma treated samples for 5 min stored at room 
temperature and 17 % RH 
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Figure 4.11 The TGA of the samples treated in a methylamine plasma for 5 min and stored at 90 °C, 
and 17 % RH 

  

 The slopes of the samples treated in a methylamine plasma for 5 min are given in 

Table 4.5 and 4.6. The samples stored at room temperature show a less negative slope 

overall compared to those in Table 4.1 (for the untreated samples). These samples appear 

to have lost water from the peripheral and the free water regions. Following the high 

temperature storage, the slopes of the methylamine plasma treated samples were nearly 

equivalent to those of the untreated samples. 
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Table 4.5 The slope of the samples treated in amethylamine plasma for 5 min and stored at room 
temperature and 17 % RH 

Sample storage 

time (days) 

dW1/dT 

(%/  °C) 

Temperature 

range ( °C) 

dW2/dT 

(%/  °C) 

Temperature 

range ( °C) 

dW3/dT 

(%/  °C) 

Temperature 

range ( °C) 

0 -0.012 66-186 0 183-220 0 220-462 

1 -0.009 50-220 -0.009 120-220 -0.009 220-476 

2 -0.005 50-156 -0.011 156-214 -0.005 235-473 

4 -0.004 50-120 -0.004 120-220 -0.004 220-470 

7 -0.008 50-120 -0.008 120-220 -0.008 220-481 

10 -0.005 50-150 -0.010 153-231 -0.004 239-472 

 

Table 4.6 The derivatives of the 5 min methylamine plasma treated samples maintained at 90 °C and 
17 % RH 

Sample storage 

time (days) 

dW1/dT 

(%/  °C) 

Temperature 

range ( °C) 

dW2/dT 

(%/  °C) 

Temperature 

range ( °C) 

dW3/dT 

(%/  °C) 

Temperature 

range ( °C) 

0 -0.012 66-186 0 183-220 0 220-462 

1 -0.008 50-120 -0.008 120-220 -0.008 220-463 

2 -0.007 59-120 -0.007 120-220 -0.007 220-466 

4 -0.010 60-102 0 95-287 -0.010 289-477 

7 -0.005 50-120 -0.005 120-220 -0.005 220-456 

10 -0.005 50-120 -0.005 120-220 -0.005 220-463 

 

 

4.3.4. Aniline plasma 
Figure 4.12 shows the TGA runs for the samples stored at room temperature and 

17 % RH following the aniline plasma treatment for 5 min. Figure 4.13 shows the runs on 

samples stored at 90 °C after the 5 min aniline plasma treatment. In Figure 4.12, the 

regions representing the peripheral and the free water show a less pronounced weight loss 

compared to the corresponding regions in Figure 4.4. Figure 4.13 shows the slopes of the 

scans are less negative than the scans in Figure 4.12. The regions representing the free 

and peripheral water appear to have merged and show one constant slope. After 
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annealing, more peripheral and bound water are released, evident from the decreased 

slope of the corresponding regions in Figure 4.13. 

 

0 100 200 300 400 500 600

96

97

98

99

100

W
ei

gh
t %

 (%
)

Temperature (°C)

 0 Day

 2 Days
 4 Days
 7 Days
 10 Days

 

Figure 4.12 The TGA plot of samples treated in an aniline plasma for 5 min and stored at room 
temperature and 17 % RH 
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Figure 4.13 The TGA run of 5 min aniline plasma treated samples conditioned at 90 °C and 17 % RH 

 

Table 4.7 and 4.8 show the slopes for the samples stored at room temperature and 

90 °C, both at 17 % RH after an aniline plasma treatment for 5 min, respectively. In 

Table 4.7, the slopes given by 
dT
dW1 are less negative than those in Table 4.1. Hence, a 

major portion of the free water is lost. The region corresponding to the free water shows a 

dominant negative slope in some cases and in other cases, the slopes are the same as 

those of the peripheral and bound water. Thus, some free water loss is observed after the 

aniline plasma treatment. Aniline plasma treated samples stored at 90 °C and 17 % RH 

show mainly one slope for each scan representing the loss of the regions with high 

negative lopes (peripheral and free water) during the high temperature storage. 
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Table 4.7 The slopes of samples treated in an aniline plasma and maintained at room temperature 
and 17 % RH 

Sample storage 

time (days) 

dW1/dT 

(%/  °C) 

Temperature 

range ( °C) 

dW2/dT 

(%/  °C) 

Temperature 

range ( °C) 

dW3/dT 

(%/  °C) 

Temperature 

range ( °C) 

0 -0.006 50-120 -0.006 120-220 -0.006 220-475 

1 -0.004 50-130 -0.010 112-228 -0.005 184-475 

2 -0.007 50-120 -0.007 120-220 -0.007 220-489 

4 -0.006 50-120 -0.006 120-220 -0.006 220-472 

7 -0.005 50-182 -0.011 148-216 -0.005 202-478 

10 -0.005 51-139 -0.010 134-221 -0.005 221-483 

 

Table 4.8 The derivatives of the samples held at 90 °C after treating in an aniline plasma for 5 min 
and 17 % RH 

Sample storage 

time (days) 

dW1/dT 

(%/  °C) 

Temperature 

range ( °C) 

dW2/dT 

(%/  °C) 

Temperature 

range ( °C) 

dW3/dT 

(%/  °C) 

Temperature 

range ( °C) 

0 -0.006 50-120 -0.006 120-220 -0.006 220-475 

1 -0.005 66-120 -0.005 120-220 -0.005 220-467 

2 -0.007 51-120 -0.007 120-220 -0.007 220-457 

4 -0.005 50-120 -0.005 120-220 -0.005 220-479 

7 -0.007 50-120 -0.007 120-220 -0.007 220-479 

10 -0.007 50-120 -0.007 120-220 -0.007 220-478 

 

  

4.3.5. Argon plasma 
 The argon plasma, an inert plasma treatment, was conducted on samples to study 

the influence of any surface functionalization (discussed in Chapter 3) on the rate of 

water desorption from the pores. The TGA runs for the argon plasma treated samples are 

shown in Figure 4.14 and 4.15 for the room temperature and 90 °C storage scenerios at 

17 % RH, respectively. The weight loss in the samples after the argon plasma treatment 

was higher during storage compared to the untreated samples shown in Figure 4.4, as the 

slopes observed during the TGA scans were smaller for the argon plasma treated samples. 

This suggests that the argon plasma treatment increased the surface pore size, leading to 
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greater water loss during storage. High temperature storage (90 °C) enabled greater water 

loss in the plasma treated samples (
dT
dW1 , 

dT
dW2  and 

dT
dW3 ). The weight loss plots had 

nearly the same slope in all the regions of the temperature range.  
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Figure 4.14 The TGA plot for 5 min argon plasma treated samples stored at room temperature and 
17 % RH 
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Figure 4.15 Weight loss in 5 min argon plasma treated samples annealed at 90 °C and 17 % RH 

 

 The slopes of the data for the argon plasma treated samples are given in Table 4.9 

and 4.10. The derivatives are less negative for the plasma treated samples in Table 4.9 

compared to the untreated samples in Table 4.1 suggesting that a major portion of the 

water is due the plasma treatments. As with other high temperature stored samples, the 

argon plasma treated samples stored at 90 °C lost most of the water during storage and 

hence exhibited less negative and constant slopes. 
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Table 4.9 The derivatives of the samples treated in an argon plasma for 5 min and stored at room 
temperature and 17 % RH 

Sample storage 

time (days) 

dW1/dT 

(%/  °C) 

Temperature 

range ( °C) 

dW2/dT 

(%/  °C) 

Temperature 

range ( °C) 

dW3/dT 

(%/  °C) 

Temperature 

range ( °C) 

0 -0.010 65-120 -0.017 143-172 -0.011 180-470 

1 -0.009 50-120 -0.009 130-208 -0.005 200-461 

2 -0.006 64-120 -0.006 120-220 -0.006 220-478 

4 -0.005 77-120 -0.005 120-220 -0.005 220-482 

7 -0.007 73-120 -0.007 120-220 -0.007 220-466 

10 -0.004 65-149 -0.005 192-452 -0.005 220-452 

 

Table 4.10 The slope of the weight loss data on samples treated for 5 min in an argon plasma and 
conditioned at 90 °C and 17 % RH 

Sample storage 

time (days) 

dW1/dT 

(%/  °C) 

Temperature 

range ( °C) 

dW2/dT 

(%/  °C) 

Temperature 

range ( °C) 

dW3/dT 

(%/  °C) 

Temperature 

range ( °C) 

0 -0.010 65-120 -0.017 143-172 -0.012 180-470 

1 -0.007 50-120 -0.007 120-220 -0.007 220-478 

2 -0.005 65-120 -0.005 120-220 -0.005 220-476 

4 -0.004 54-120 -0.004 120-220 -0.004 220-486 

7 -0.005 66-120 -0.005 120-220 -0.005 220-470 

10 -0.004 67-120 -0.004 120-220 -0.004 220-482 

 

  

4.3.6. Analysis of the slopes  
 The slopes of the TGA profiles shown for each plasma treatment represent the 

rate of water evaporation from the samples. For comparing the effects of the plasma 

treatments on the rate of water loss, the slopes are compiled together in the plots in 

Figure 4.16 and 4.17. Since the changes to water loss are most evident from the regions 

representing free water, the slopes between 170 – 230 °C, of the plasma treated samples 

and the controls, aged at room temperature and 17 % RH; and at 90 °C, and 17 % RH are 

presented in Figure 4.16 and 4.17, respectively. The individual data points are the slopes 
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averaged over the given temperature range. The trendlines, drawn only as a visual aid for 

each plasma treatment, show the behavior of the slopes over the period analyzed. In 

Figure 4.16, the slopes of all the samples reach a maximum (least negative) after drying 

for two days. Over periods longer than two days, the slopes become more negative and 

are comparable to the initial slopes (0 day). A possible explanation for this behavior 

could be that the loss of free water is nearly complete after two days of drying. Beyond 

two days, as most of the free water escapes, a gradient is created in the pores and it 

results in some of the bound water being released. The change in the slope after two days 

of drying is the highest for the untreated samples and the least for the ammonia plasma 

treated samples. Since the surface pores are bigger for the samples treated in the plasma 

(result from Chapter 3), a greater portion of the bound water is lost from them compared 

to the controls. Figure 4.16 suggests that the ammonia plasma treated samples lost most 

amount of bound water after the free water loss, as the slope is the smallest after 10 days 

of storage. Aniline plasma treated samples lost the least amount of bound water among 

the plasma treated samples.  
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Figure 4.16 The slopes of the samples aged at room temperature 
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 For the heat treated samples, the differences in the slopes among the samples are 

smaller as shown in Figure 4.17. The slopes reach a maximum after two days of 

annealing and decrease only moderately for longer drying times. The plasma treatments 

of the samples have a lesser influence on the water desorption. The slopes are equivalent 

within the error. Since the slopes show only a modest decrease over the drying periods 

beyond two days, it can be inferred that significant bound water loss occurs during the 

initial annealing. 
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Figure 4.17 The slopes of samples treated in plasmas and stored at 90 °C. 

 

 

 The plot in Figure 4.18 is a representative TGA scan of an “as prepared” sample 

dried at 90 °C for two months. Most of the volatile components have evaporated over the 

storage period and the plot approaches that of an “as received” pellet, also shown in the 

plot for comparison. 
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Figure 4.18 A comparison of TGA the weight loss thermogram for a dried phase inverted membrane 
with that for an as-received pellet 

 

Scanning electron micrographs of the surface and the cross-section of a non-plasma 

treated membrane annealed at 90 °C and 17 % RH are shown in Figure 4.19 (a) and (b). 

The pores on the surface appear to be smaller in diameter upon comparing Figure 4.19 (a) 

with 3.8 (a). Small open pores can be observed; however, a majority of them appear 

closed. The average pore size was < 75 nm The cross-sectional image in Figure 4.19 (b) 

indicates a general appearance of collapse (compared to Figure 2.6 (b)) and thickening of 

the top surface and the walls. 
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Figure 4.19 Scanning electron micrographs of an as-cast sample annealed at 90 °C and 17 % RH for 
24 hr (a) surface image and (b) a cross-sectional image  

 

Figure 4.20 (a) shows a disordered surface due to collapse caused by high 

temperature storage for 10 days following a 5 min ammonia plasma treatment. No pore 

size calculation was carried out since most of the dark contrast regions appeared as 

(a) 

(b) 

Appearance of 
pore closing 

General 
collapse 

24.4 µm 

2 µm 

2 µm 
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depression and not pores. Figure 4.20 (b) shows the cross-section for a 5 min plasma 

treated sample stored at 90 °C for 10 days. A contraction of the interior and a reduction in 

the thickness of the membrane compared to Figure 4.19 (b) is noted. The thickness 

reduction has been noted by Sawyer and Jones.69 Halary et al.67 also report the change in 

morphology. 

 
 

  

Figure 4.20 (a) Surface and (b) cross-sectional images of a 5 min ammonia plasma treated sample 
dried for 10 days at 90 °C and 17 % RH 

(a) 
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 The SEMs for the intermediate stages did not show discernible differences due to 

small changes in the water content. However, functional measurements conducted by the 

TGA provide an understanding of the drying process.  

A schematic illustration of the weight loss and the subsequent transformations in 

the membrane are shown Figure 4.21. For better illustration of the drying process, Stage I 

in Figure 4.1 denoting evaporation of peripheral water from the surface pores is indicated 

by Steps (1) and (2) in Figure 4.21.  The membrane structure in Step (3) is formed after 

complete evaporation of the peripheral water. Step (3) also represents the initial plateau 

(less negative slope) in the free water region shown in Figure 4.1. Due to a gradient after 

the loss of peripheral water, free water loss occurs as shown in Step (4). Compaction of 

the bulk of the membrane also begins in Step (4). Steps (5) and (6) represent Stage III in 

Figure 4.1. Step (5) represents the presence of only bound water and the membrane 

structure after the loss of free water. Step (6) represents the compressed membrane 

structure after complete loss of water. Complete loss of porosity does not occur. The 

membranes retain some degree of opacity due to remain pores. The sample however 

degrades over prolonged storage under dry conditions. The dimensions of the pores (both 

surface and bulk) are reduced by the loss of water which greatly affect the performance 

of the membranes. Plasma treatment of the membranes hastens the water loss and the 

changes that follow in the membrane. 
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Figure 4.21 A schematic of the pore collapse due to water evaporation 
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4.4. Conclusions 

 With continued drying and increased free convection, the loss of water from the 

phase inverted polysulfone membranes leads to pore collapse. The loss of water was 

revealed by thermogravimetric analysis. The degree of collapse can be assessed from the 

loss of water during aging prior to the TGA runs. SEMs provide evidence of pore size 

shrinkage similar to literature reports on polysulfone. 

 Plasma treatments of the samples seem to have some effect on the water loss rate 

from the membranes that are dried at room temperature. Increasing pore size on the 

surface due to the plasma treatments results in faster water evaporation. Hence, a faster 

pore collapse is assumed. An analysis of the slopes reveals that the water loss during 

aging is the highest for the ammonia plasma treated samples and the least for the controls. 

This result coincides with the resultant pore size variation explained in Chapter 3. Surface 

functionalization by the amine plasma does not have a measurable influence on drying. 

 High temperature drying causes faster water evaporation from the pores in all the 

samples. The effects of the plasma treatments and the pore size increase in these samples 

on the rate of water loss are not observed.  

 While the testing protocol was too short to observe direct evidence of pore 

collapse through the visual clarification of the films, increased porosity on the surfaces 

lead to increased flux and higher dehydration rate that clearly lead to structural pore 

collapse for both conditioning sequences. 
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5. Conclusions 
 The overall conclusions of this research can be summarized as follows: 

Porous membranes formed by phase inversion are asymmetric across the 

thickness. The membranes have a characteristic and a highly porous bulk structure and a 

relatively less porous “skin” on the top surface. The formation of an asymmetric structure 

occurs as the skin and the sub-structure follow different paths of demixing during phase 

inversion. The skin is formed by gelation and the bulk is formed by liquid-liquid phase 

separation. 

The pore size of the membranes can be dictated by the choice of solvent and non-

solvent. A higher affinity of the solvent to the non-solvent causes faster demixing and 

forms larger pores. In contrast, a slow phase separation leads to the formation of uniform 

sized pores in the bulk as well as the surface.  In the polysulfone system studied, the 

solvent, NMP, has a higher affinity for water compared to isopropanol. Therefore, the 

pores formed by inversion in water were larger (>500 nm on the surface) than the pores 

formed by isopropanol inversion (<150 nm on the surface). The same is also true for the 

pores in the bulk. 

The skin (the dense structure) regulates membrane permeation. Hence, a change 

in the surface pore size alters the permeability. Plasma treatments ablate the membrane 

surface leading to increased permeability. The permeability of the polysulfone 

membranes studied by a rhodamine dye permeation in combination with SEMs and 

membrane weight loss measurements (due to prolonged etching in the plasma) revealed 

that for the same energy of the plasma, a small molecule plasma causes more etching 

compared to a larger molecule. Among the plasmas studied, the order of etching 

(obtained from weight measurements) was: ammonia > methylamine > argon > aniline. 

Since ammonia was the smallest molecule, etching was the highest for the ammonia 

plasma treated samples.  

Surface functionalization of the membranes by plasma treatments seemed to have 

little effect on dye permeation. The concentrations of the dye retained in the membranes 

during permeation were comparable for the untreated and the plasma treated samples. 

Hence the interaction of the dye with the plasma introduced functional groups was a 
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minimum. Literature reports, however, suggest that the plasma introduced moieties 

interact specifically with certain protein molecules leading to decreased permeability.24  

Water retained in the pores during phase inversion evaporates when the 

membranes are stored under a dry condition. Water evaporation gives rise to capillary 

force in the pores. As a result, the pores shrink, the pore walls thicken and densify. 

Functional measurements by TGA revealed that increased surface pore size due to 

etching by the plasma treatments enabled faster evaporation of water leading to quicker 

pore collapse. The rate of water loss was a maximum for the ammonia plasma treated 

samples and the least for the non-plasma treated membranes. When the samples were 

stored at 90 °C, the rate of water loss was equivalent from all the samples and faster than 

the corresponding room temperature stored samples. The plasma treatments exhibited no 

influence on the rate of water loss under high temperature storage conditions. 

  Thus, this study provides an understanding of the interactions of reactive plasma 

homologues on polysulfone membranes which are widely used in commercial filters. The 

permeation studies revealed the effect of plasma treatments on the permeability of the 

chosen dye. Water loss from the membranes due to drying resulted in pore shrinkage and 

compaction of the membranes. 
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