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The current reverse osmosis desalination membrane market is dominated by 

aromatic polyamide thin film composite (TFC) membranes. However, these polyamide 

membranes suffer from poor resistance to continual exposure to oxidizing agents such as 

chlorine in desalination applications. To overcome these problems, we have synthesized 

and characterized a new generation of materials, disulfonated poly(arylene ether sulfone) 

(BPS) random copolymer, for desalination membranes. A key technical feature of these 

new materials is their high tolerance to chlorine in feed water and their excellent 

reproducibility in synthesis. 

In this study, water and sodium chloride solubility, diffusivity and permeability in 

BPS copolymers were measured for both acid and salt form samples at sulfonation levels 

from 20 to 40 mol percent. The hydrophilicity of these materials, based on water uptake, 

increased significantly as sulfonation level increased. The water and salt diffusivity and 

permeability were correlated with water uptake, consistent with expectations from free 

volume theory. In addition, a tradeoff was observed between water/salt solubility, 

diffusivity, and permeability selectivity and water solubility, diffusivity and permeability, 

respectively. 

The influence of cation form and degree of sulfonation on free volume, as probed 

via positron annihilation lifetime spectroscopy (PALS), was determined in BPS random 

copolymers in both the dry and hydrated states. PALS-based free volume data for 
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hydrated polymers were correlated with water and salt transport properties. The influence 

of processing history on transport properties of BPS films was also studied. Potassium 

form BPS films having a 32 mol% sulfonation level were acidified using solid state and 

solution routes. Additionally, several films were subjected to various thermal treatments 

in the solid state. The influence of acidification, thermal treatment, and counter-ion form 

on transport properties was investigated. 

Finally, the influence of synthesis methods of polyamide TFC membranes from 

m-phenylenediamine (MPD) and trimesoyl chloride (TMC) via interfacial polymerization 

on transport properties is reported. Then, a disulfonated diamine monomer (S-BAPS) was 

used instead of MPD to prepare TFC membranes. The resulting membranes exhibited 

reduced chlorine tolerance than those prepared from MPD. However, introduction of S-

BAPS to the MPD/TMC polymerization system increased the fouling resistance of the 

resulting polyamide TFC membranes. 
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Chapter 1:  Introduction 

WATER SCARCITY AND SOLUTIONS 

According to a 2006 report in Science [1], there were over one billion people 

living without access to reliable drinking water and 2.3 billion people, approximately 

41% of the Earth’s population, living in water stressed areas. Given the rising human 

population and diminishing water resources, the number of people living with inadequate 

water supplies by 2025 is expected to increase to 3.5 billion, more than half the Earth’s 

current population., Annual global costs due to water scarcity could exceed $100 billion 

in medical expenditures and loss of productivity. 

Membrane processes for desalination have developed rapidly in recent times due 

to the low energy requirement of membrane-based processes relative to conventional 

thermal processes [2]. For example, a seawater desalination plant designed with high 

efficiency energy recovery facilities would consume 13 kW-h for a multi-effect 

distillation process or 17 kW-h for a multistage flash distillation process per cubic meter 

of desalinated water [3]. However, with RO membranes, only 3.7 kW-h of energy are 

required per cubic meter of water product [3]. 

 

REVERSE OSMOSIS MEMBRANES FOR DESALINATION 

Interest in reverse osmosis (RO) membranes for desalination dates back more 

than 50 years, as indicated by the early studies of Reid and Breton [4]. In 1963, Loeb and 

Sourirajan reported asymmetric cellulose acetate based RO membranes, which gave 

much higher flux at similar salt rejection to earlier membranes [5-8]. In a related 

development, thin film composite (TFC) RO membranes were of interest because the 

porous substrate could be designed to provide good mechanical and chemical properties 

while the top thin barrier membrane could be tailored to have appropriate water and salt 

transport properties [9-11]. The preparation of TFC RO membranes where the barrier 
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membrane was based on crosslinked polyamides synthesized from m-phenylenediamine 

(MPD) and trimesoyl chloride (TMC) by Cadotte in early 1980s provides the foundation 

for most of the membranes used for desalination today [12, 13]. Figure 1.1 presents a 

schematic of the formation of such membranes [12]. Further research along these lines 

has focused, for example, on alternative amine and acyl halogen monomers [14-19] and 

treatment techniques [20-22] to improve membrane performance. 

 

 
Figure 1.1: Schematic diagram of interfacial polymerization for preparing crosslinked 

polyamide TFC membranes. [9, 13] 

 

Desalination as a means to generate usable water has been widely employed in 

recent decades. In 2007, 12 billion gallons of desalinated water a day were obtained [23] 

- more than 3 times the volume of oil produced world-wide [24]. Membrane desalination 

technology, initiated in the 1960s, has an important role in the desalination market. 

Among 14,000 desalination plants around the world, 59% of their production is generated 

with membrane desalination units [25]. With cost reductions, membrane desalination 
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technology should continue to capture market share from conventional thermal 

technology. 

Reverse osmosis membranes for desalination are currently derived from two 

classes of polymers: cellulose acetate (CA) and crosslinked aromatic polyamides (PA) 

[13, 26-29].  CA membranes are susceptible to microbiological attack and are limited to 

operate in a relatively narrow feed pH range; they also undergo compaction at high 

temperature and pressures [30].  In contrast, PA membranes exhibit better transport 

properties and are more stable over a wider range of pH than CA membranes. Indeed, 

aromatic polyamides have come to dominate the market for desalination membranes [13].  

Nevertheless, polyamides, as well as other materials that have been explored for 

desalination, such as polyamidohydrazides and polyetherureas, have poor resistance to 

oxidizing agents such as chlorinated disinfectants [27, 28, 31, 32], which are widely used 

to control biofouling and to provide protection against various diseases.  The lack of 

chlorine tolerance of PA desalination membranes requires that chlorine removal steps 

must be added to desalination processes to protect PA desalination membranes from 

exposure to chlorine [33]. 

 

MODIFICATION OF DESALINATION MEMBRANES 

Modification of conventional polyamide thin film composite membranes 

improves membrane properties including separation performance, chlorine tolerance, and 

fouling resistance [27, 34, 35]. For example, the performance of polyamide TFC 

membranes can be modified by contact with acidic solutions. Cadotte and Walker [20] 

contacted TFC membranes with phosphoric, phosphorous and sulfuric acids and observed 

increases in water flux and decreases in magnesium sulfate rejection. Strantz and Brehm 

[22] contacted TFC RO membranes with alkali metal permanganate (i.e., KMnO4) 

solutions having a pH of about 3; they hypothesized that this treatment opened free 

volume elements in the polymeric matrix and observed increased water flux and reduced 

salt rejection. Cescon and Hoehn [10] described the treatment of linear polyamide reverse 
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osmosis films with acidic solutions, which created higher water permeability by a 

combination of solvent-induced swelling and extraction of low molecular weight non-

crystalline components. Cescon and Hoehn [10] pointed out that aqueous solutions of 

protonic acids with pKa values below 3.0 tended to react with polyamides to degrade 

them chemically, particularly by hydrolysis. Thus, such acids were used in diluted 

solution to reduce their chemical reactivity. 

Chlorine tolerance and fouling resistance are two additional criteria for evaluating 

the performance stability of RO membranes. Membrane fouling increases the permeation 

resistance to penetrants and subsequently reduces flux [36]. Many approaches have been 

explored to increase the fouling resistance of RO TFC membranes, including membrane 

modification by, for example, coating [37-41], pendant grafting [42], and nanocomposite 

modification [43, 44].  

Chlorine is widely used in desalination processes because it is an economical 

disinfectant to deactivate microorganisms [33]. However, polyamide membranes have 

limited chemical resistance to chlorine [31, 45]. The polyamide undergoes chemical 

reaction with aqueous chlorine that can reduce salt rejection to unacceptable levels [35, 

46]. Alternative monomers, which are less sensitive to chlorination, have been explored 

as a means of increasing the chlorine tolerance of desalination membranes [18, 19, 47, 

48].  

 

SULFONATED POLYSULFONE BASED DESALINATION MEMBRANES 

Poly(arylene ether sulfone) homopolymers are well-known thermoplastics with 

excellent thermal and mechanical properties as well as resistance to oxidation and acid 

catalyzed hydrolysis [49].  Without chlorine sensitive amide linkages [35], membranes 

based on poly(arylene ether sulfone) have higher tolerance to aqueous chlorine exposure 

than traditional desalination membranes based on aromatic polyamides [45].  Moreover, 

poly(arylene ether sulfone)s are already widely used as the porous substructure in 

desalination membranes [27, 28].  Such poly(arylene ether sulfones) are highly 
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hydrophobic. However, they may be partially sulfonated, which increases their 

hydrophilicity to the point that they can serve as desalination membranes [50-52].   

Several studies on the desalination properties of sulfonated polysulfones prepared 

using a post-polymerization sulfonation process have been reported [53-57]. Originally, 

the use of sulfonated aromatic polymers for RO membranes began in the late 1960s with 

the work of Kimura at General Electric, who prepared sulfonated poly(2,6-dimethyl 

phenylene oxide) (SPPO) using a post-polymerization sulfonation technique [53]. 

Sulfonation of intrinsically hydrophobic polymers increases water permeability with 

increasing sulfonation levels. With an ion exchange capacity (IEC) of 2.04 meq/g(dry 

polymer), they showed a water flux of 8.4 gallons per square foot per day (GFD) (=14.3 

liters per square meter per hour (LMH)) and a NaCl rejection of 91.7% using feed water 

containing 10,000 ppm NaCl at a transmembrane pressure difference of 800 psi (=54.4 

atm) [53]. As such, a key to controlling water permeability and salt rejection in 

sulfonated polymers is sulfonation level. Often, water permeability increased while salt 

rejection decreased with increasing sulfonation level. However, the sulfonation level was 

limited because these sulfonated polymer membranes become water-soluble at high 

sulfonation levels. 

In another study, sulfonated polysulfone was synthesized via post-polymerization 

sulfonation of poly(arylene either sulfone) and prepared as hollow fibers by Albany 

International Corporation [58]. In a 5,000-hour test using 3,500 ppm NaCl brackish water 

at a transmembrane pressure difference of 400 psi (=27.2 atm), this membrane, with an 

IEC of 1.5 meq/g(dry polymer), exhibited a NaCl rejection of 98% and a flux of 1 GFD 

(=1.7 LMH) [58]. Flux and salt rejection remained constant even upon addition of 100 

ppm chlorine to the feed water [58]. However, a lack of manufacturing reproducibility 

arose because these materials were prepared via difficult-to-control post-polymerization 

sulfonation methods using strong sulfonating agents, such as concentrated sulfuric acid or 

chlorosulfonic acid [54]. For this reason, their commercial success was limited. 

Nevertheless, despite the difficulties just mentioned with post-polymerization 
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sulfonation, Hydranautics, Inc. reportedly sells a sulfonated polymer membrane 

(HYDRACoRe50) for desalination applications [59].  

Other sulfonated polymers and their desalination properties can be found in the 

literature and summarized in Table 1.1 [50, 51, 55-57]. They were also synthesized via 

post-polymerization sulfonation techniques. They were prepared largely as thick films or 

thin-film composite membranes and their desalination performance was reported in terms 

of water permeability (or permeance) and salt rejection. Key features of sulfonated 

polymers for membrane desalination applications are: 1) exceptional environmental 

resistance, 2) very high tolerance to chlorine solution exposure, 3) wide pH range of 

operation, 4) good resistance to fouling, coupled with the ability to clean and restore 

performance to fouled modules, 5) high permeate flux, 6) good salt rejection, and 7) 

sustainable performance over long periods of operation. 
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Table 1.1: Literature reported sulfonated polymers and desalination properties. 

Base polymer IEC 
(meq/g(dry 
polymer)) 

Water 
permeability 
×107 (cm2/s) 

NaCl 
permeability 
×109 (cm2/s) 

NaCl 
rejection 
(%) 

Feed NaCl 
concentration 
(ppm) 

Applied 
pressure 
difference 
(bar) 

Poly(arylene ether 
sulfone)[51] 

0.7 2.8 0.19 96.4 35,000 52 

Bisphenol aromatic 
polysulfone[50] 

0.5 2.3 0.88 95 1,000 103 

Poly(2,6-dimethyl 
phenylene oxide)[53] 

2.04 58 18 91.7 10,000 55.2 

Poly(arylene either 
sulfone)[58] 

1.5 52 1.9 98 3,500 27.6 

Poly(2,6-dimethyl-
1,4-phenylene 
oxide)[55] 

1.93 45 18 68 3,000 13.8 

Bisphenol aromatic 
polysulfone[56] 

0.98 4.6 0.62 97.5 35,000 100 

Bisphenol aromatic 
polysulfone[57] 

1.25 5.4 0.13 99.4 1,000 55.2 

Note: IEC = ion exchange capacity. 
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However, post-polymerization sulfonation yields materials with limited levels of 

sulfonation; additionally, such materials become water-soluble at high sulfonation levels, 

and it is difficult to insure quantitative reproducibility of the sulfonation level [60-62].  

Post-polymerization sulfonation, which places the sulfonic acid group ortho to the 

activated aromatic ether linkage, often causes undesirable side reactions that lead to 

molecular weight degradation and crosslinking [61].  Furthermore, only one sulfonic 

acid group, at most, can be added to each repeat unit using bisphenol-A-based polymers 

[61]. 

Recently, disulfonated poly (arylene ether sulfone) random copolymers 

(specifically 4,4’-biphenol-based polysulfone, abbreviated as BPS) have been synthesized 

utilizing a disulfonated monomer, 3,3’-disulfonate-4,4’-dichlorodiphenyl sulfone 

(SDCDPS) [63-65], to introduce hydrophilic ionic structures into these materials, 

resulting in tough, ductile, random copolymers with varying levels of hydrophilicity [60, 

66-68].  Disulfonation of the commercially available activated aromatic dihalide 

monomer, 4,4’-dichlorodiphenyl sulfone (DCDPS), results in sulfonic acid (or sulfonate) 

functionalization on both deactivated phenyl rings ortho to the chlorine atoms and meta 

to the electron withdrawing sulfone group [63-65]. Thus, sulfonated polysulfone 

copolymers prepared by this route are more chemically stable than previous post-

polymerization sulfonated polysulfones.  This process also permits two sulfonate units 

to be placed on each repeat unit [60].  Post-polymerization sulfonation is a rigorous 

chemical process, which can have side reactions resulting in chain scission and 

crosslinking in addition to sulfonation.  These disadvantages are eliminated by using 

sulfonated monomers in direct copolymerization [61].  This affords several important 

advantages relative to post-polymerization sulfonation techniques: (1) the sulfonation 

level is highly reproducible and may be precisely controlled, (2) the undesirable side 

reactions accompanying post-polymerization sulfonation are eliminated, and (3) the 

location of the ionic groups is precisely controlled. 
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DISSERTATION SCOPE AND ORGANIZATION 

Chlorine tolerant desalination membranes could increase the service lifetime of 

the membranes thus reducing operating costs. The goals of this research include: 

1. To systematically characterize a series of disulfonated polysulfone based 

desalination films of various chemical structures. 

2. To correlate the transport properties of sulfonated materials with free volume 

in the polymer matrix and elucidate fundamental relationships between 

polymer chemical structure and material properties. 

3. To modify desalination films and membranes for improved separation 

performance and understand the mechanism of polymer modifications. 

This dissertation contains 8 chapters including this introductory chapter. Chapter 

2 details the background and theories guiding this research. Chapter 3 describes the 

materials and experimental methods used. 

Chapter 4 reports the water and salt transport properties of random copolymers of 

disulfonated poly(arylene ether sulfone)s in both salt form and acid forms. The results are 

interpreted using free volume models for salt and water transport in polymers, and 

correlations between salt and water transport properties and water uptake are highlighted. 

Chapter 5 presents free volume data from dry and hydrated disulfonated polysulfone 

samples.  Free volume in hydrated samples is correlated with water and salt transport 

properties of these materials. Chapter 6 discusses the effect of processing history on the 

transport properties of disulfonated polysulfone films. Free volume theory is used to 

interpret the results. Chapter 7 reports the effect of several post-polymerization 

treatments of polyamide TFC membranes on salt and water transport properties. A new 

disulfonated diamine monomer is used to synthesize polyamide TFC membranes, and the 

resulting polyamide TFC membranes are compared with conventional polyamide TFC 

membranes in separation performance, chlorine tolerance, and fouling resistance. Finally, 

Chapter 8 presents conclusions and recommendations for future work. 
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Chapter 2:  Background and Theory 

SOLUTION-DIFFUSION THEORY 

The solution-diffusion model is used to describe mass transport in reverse 

osmosis membranes [69, 70]. Figure 2.1 shows the schematic illustration of water and 

salt concentration profiles in a polymeric membrane and the expected pressure profile 

across a solution-diffusion membrane. 

 

 

 

Figure 2.1: Schematic illustration of (a) water and (b) salt concentration profiles and 

expected pressure profile in a solution-diffusion polymeric membrane [70, 71]. 

 

According to Fick’s Law, the water flux, JW, can be expressed as follows: [70] 
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where DW is the average water diffusion coefficient (or water diffusivity) in the film, L is 

the film thickness, m
FWC ,  and m

PWC ,  are the water concentrations in the polymer on the 

feed and permeate sides of the film, which are in equilibrium with water in the feed, 

FWC , , and water in the permeate, PWC , , respectively. In this formulation of Fick’s Law, 

convective contributions to water transport are neglected, and such effects should be 

small as long as water uptake by the polymer is small, i.e., less than about 15 vol%. If 

such effects are important, more complete versions of this transport model are available 

to account for convection effects [70, 72]. One may still apply the model presented here 

in these circumstances, but the diffusion coefficient must then be viewed as an average 

effective diffusivity, since its value will be influenced by such convective effects. The 

concentration terms in Equation 2.1 can be related, using standard thermodynamic 

concepts, to the pressure and osmotic pressure difference between the feed and permeate 

sides of the films, and Equation 2.1 is often written as follows: [70] 

 )(, πΔ−Δ= p
TR

V

L

CD
J

gas

W
m

FWW
W  (2.2) 

where WV  is the partial molar volume of water, which is typically well-approximated by 

the molar volume of pure water and set to be 18 cm3/mol [73], Rgas is the gas constant 

(1206 cm3 bar/(mol K)), T is the absolute temperature, Δp is the pressure difference 

across the membrane (i.e., Δp = PF − PP, where PF and PP are the feed and permeate 

pressures, respectively), and Δπ is the osmotic pressure difference across the membrane 

(i.e., Δπ = πF − πP, where πF and πP are the feed and permeate osmotic pressures, 

respectively). Typically, the osmotic pressures are related to salt concentration in the feed 

and permeate solutions as follows [74]: 

 TRC gasFSF ,=π  (2.3) 

and 

 TRC gasPSP ,=π  (2.4) 
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The water partition coefficient (or water solubility), KW, is defined as the ratio of 

water concentration in the membrane to that in the contiguous solution and is often 

written based on feed-side conditions: [69, 75] 

 
FW

m
FW

W C

C
K

,

,=  (2.5) 

The units of KW are [g water/cm3 swollen polymer]/[g water/cm3 solution] [75]. For 

reverse osmosis membranes, KW is usually taken to have the same value on the feed and 

permeate sides of the membrane [70]. For relatively dilute solutions, m
FWC ,  is 

approximately equal to the density of pure water, ρW [70]. KW is related to the volume 

fraction of water in the polymer, Wφ , as follows: 

 
WFW

WW
W

VC

M
K

,

φ=  (2.6) 

where MW is the molecular weight of water. If the water in contact with the polymer has 

the density of pure water and the partial molar volume of water in the polymer is equal to 

its molar volume, which are typically reasonable approximations, the water partition 

coefficient is equal to the volume fraction of water in the polymer:  

 WWK φ=  (2.7) 

Thus, water partition coefficient in the polymer and water volume fraction in the polymer 

are essentially equal, and we will use this approximation. 

 Combining Equations 2.2 and 2.5 yields: [74] 

 )()()( ππρπρ Δ−Δ=Δ−Δ=Δ−Δ= pAp
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V
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p
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W  (2.8) 

where PW is the membrane permeability to water, and AW is the effective membrane 

permeance to water: 

 
TR

V

L

P
A

gas

WWW
W

ρ=  (2.9) 

Based on the solution-diffusion model [69, 70], a pressure difference applied 

across a film generates a water concentration gradient across the hydrated film, which 
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drives the diffusion of water molecules. In situations when water uptake by polymer is 

relatively high (i.e., more than about 15 vol%) and convective contributions to water 

transport are not negligible, one may approximately account for these effects using a 

model such as the Flory-Huggins model [76, 77] to describe the effect of water activity 

on water uptake. The so-called diffusive water permeability, PW, is related to hydraulic 

water permeability, H
WP , which is directly measured in permeation tests as described in 

Chapter 3, as follows: [69, 72, 78] 

 ( ) ( )( )WW

W

gasH
WWWW KK

V

TR
PDKP χ211 2 −−⋅== ⋅  (2.10) 

where χ is the Flory-Huggins interaction parameter. In the Flory-Huggins theory, the 

chemical potential of the water, aW, in a hydrated polymer is related to the concentration 

of water in the polymer as follows: [76, 77] 

 2)1()1(lnln WWWW KKKa −+−+= χ  (2.11) 

Given aW (which is 1 for pure water) and the experimentally determined equilibrium 

volume fraction of water in each sample, an effective Flory-Huggins interaction 

parameter can be estimated. Although there are no systematic studies that we are aware 

of to rigorously test the applicability of the Flory-Huggins model in systems such as those 

considered in this study, this approximation could be relaxed should more complete 

knowledge of the thermodynamics of interaction of water with such polymers be 

developed [70, 72]. 

 Based on solution-diffusion model and Figure 2.1, the salt flux through the 

membrane, JS, is given by [70, 74]: 

 S
S

PSFS
S

S C
L

P
CC

L

P
J Δ=−= )( ,,  (2.12) 

where PS is the salt permeability, CS,P and CS,F are the salt concentrations in the aqueous 

phases on the permeate and feed sides of the membrane, respectively, and ΔCS is the salt 

concentration difference (i.e., ΔCS = CS,P − CS,F). Figure 2.1(b) presents a simplified 

schematic of the salt concentration profile through a membrane, in which concentration 
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polarization is not yet considered in the analysis [74]. Often, Equation 2.12 is written as 

follows [74]: 

 SS CBJ Δ=  (2.13) 

where B is the effective membrane permeance to salt and equal to PS/L. Typically, ΔCS 

and Δπ are related as follows: 

 TRC gasSΔ=Δπ  (2.14) 

 The ability of a desalination membrane to remove salt from a feed solution is 

often characterized in terms of salt rejection, R, which is defined as: [74] 

 %100
,

,, ×
−

=
FS

PSFS

C

CC
R  (2.15) 

Within the context of the solution-diffusion model presented above: [74] 
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 (2.16) 

This equation relates rejection to both the operating conditions and the intrinsic water and 

salt transport properties of the membrane. Another common measure of salt rejection is 

percent salt passage, S, defined as follows: 

 %100100
,

, ×=−=
FS
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C

C
RS  (2.17) 

 According to the solution-diffusion model, water permeability can be expressed 

as follows: [70, 75] 

 WWW DKP =  (2.18) 

Similarly, the salt permeability can be written as follows: [70, 75] 

 SSS DKP =  (2.19) 

Where DS is the average salt diffusion coefficient (or salt diffusivity) in the membrane, 

and KS is the salt partition coefficient (or salt solubility) in the polymer, the units of 
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which are [g salt/cm3 swollen polymer]/[g salt/ cm3 solution]. KS is usually taken to be 

identical on both the feed and permeate sides of the membrane. 

 The ideal water/salt permeability selectivity, αP, is defined as the ratio of water 

permeability to salt permeability: 

 
S

W

S

W

S

W
P D

D

K

K

P

P ×==α  (2.20) 

where KW/KS is the water/salt solubility selectivity, and DW/DS is the water/salt diffusivity 

selectivity. Because the permeability selectivity is less dependent on the measurement 

conditions, such as pressure and salt concentration, than rejection, and is, therefore, more 

representative than rejection of the intrinsic transport properties of a polymer under 

study, permeability selectivity will be used throughout this thesis, when possible, to 

compare the separation performance of various materials. 

 

CONCENTRATION POLARIZATION 

Some reverse osmosis membranes are capable of rejecting >99.5% of monovalent 

ions [12, 13, 79]. This high selectivity contributes to an effect known as concentration 

polarization, a phenomenon illustrated in Figure 2.2 [74, 80, 81]. Salt rejected by the 

membrane builds up at the feed-membrane interface, resulting in increased salt 

concentration in the feed solution immediately adjacent to the membrane surface.  

 



16 
 

Boundary
layer

Bulk feed solution

M
e

m
b

ra
n

e

Direction 
of flow

Permeate

Cm
S,F

CS,F
 

Figure 2.2: Schematic of salt boundary layer profile for reverse osmosis membranes. 

Feed salt concentration at the membrane surface ( m
FSC , ) is greater than the bulk feed 

concentration (CS,F) due to accumulation of rejected salt in a boundary layer at the 

membrane surface [74]. 

 

This so-called concentration polarization effect may be minimized by operating at 

high crossflow rates (to minimize the thickness of the boundary layer) and low pressures 

(to slow water transport to and through the membrane, giving the rejected salt more 

opportunity to back-diffuse into the bulk feed solution, thereby reducing the difference 

between m
FSC ,  and CS,F), but it can rarely be completely eliminated in practice [74]. 

Additionally, since bulk feed concentration is typically used to calculate an observed salt 

rejection, concentration polarization causes this observed rejection value to be lower than 

the true rejection of the membrane. A model correlating salt concentration at the 

membrane surface to the easily measured bulk salt concentration can be used to estimate 

the true salt rejection of the membrane. 

One method for determining the extent of concentration polarization level is 

based upon assuming that the water permeance of a membrane is a material property 

which is independent of feed composition [82]. In this case, Equation 2.8 is simplified to 

give water flux in a pure water feed (i.e., Δπ = 0), JW(PW): 

 pAJ WPWW Δ=)(  (2.21) 

Addition of salt (e.g., NaCl) to the feed reduces water flux according to: 
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 ( ))( )()( PmFWNaClW pAJ ππ −−Δ=  (2.22) 

where JW(NaCl) is the water flux in a feed containing salt, and πF(m) is the osmotic pressure 

at the membrane surface on the feed side. If AW is a constant, Equations 2.21 and 2.22 

may be combined to give: 
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Equation 2.23 may be used to find the actual salt concentration at the membrane surface 

from easily measured quantities (i.e., water flux in pure water and salt water feeds, 

permeate salt concentration, bulk feed salt concentration, and applied pressure difference 

across the membrane), so the true rejection, RTrue, can be found from: 
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 (2.24) 

The concentration polarization modulus, M, defined by the ratio of the osmotic pressure 

difference between the feed solution at membrane surface and the permeate solution to 

that between the bulk feed solution and the permeate solution, can be written as follows 

[74]: 

 
PF

PmFM
ππ
ππ

−
−

= )(  (2.25) 

The concentration polarization modulus represents the extent of salt accumulation at the 

membrane surface during a salt solution filtration and is strongly dependent on system 

fluid mechanics and operating conditions [74, 81, 83]. For example, a value of M of 2 

indicates that the salt concentration difference between the feed and permeate 

concentrations at the membrane surfaces is actually twice the salt concentration 

difference estimated based on the bulk feed salt concentration. Knowing M, the true salt 

rejection can be calculated using the salt concentration at the membrane surface instead 

of the bulk concentration, which gives a more accurate representation of the intrinsic 

ability of the membrane to separate salt. Substitution of Equation 2.23 into Equation 2.25 

gives an expression for M in terms of measured quantities: 
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This model provides an experimentally accessible route to estimate the 

concentration polarization level in a crossflow system as a function of operating flow rate 

and pressure. Again, it is based on the assumption that the water permeance, AW, is 

independent of salt concentration over the range of salt concentrations of interest. 

 

FREE VOLUME THEORY 

Free volume is a convenient concept to characterize the amount of volume in a 

polymer matrix that is not occupied by the constituent atoms of the polymer and is 

available to assist in transport of penetrant molecules. Transport properties of polymers 

have been described by Peterlin [84] as having static and dynamic free volume 

contributions, indicating the importance of packing-related free volume as well as 

cooperative segmental chain dynamics to penetrant transport. In developing new 

polymers for separation applications, free volume is often used to rationalize 

experimentally observed structure/property relations. Therefore, the relationship between 

polymer chemical structure and free volume as well as free volume distribution in the 

polymer matrix is important. 

The effect of free volume on penetrant diffusion coefficients in polymers is often 

described using concepts from the Cohen and Turnbull model [85]. In this model, the 

diffusion coefficient of a penetrant, D, is given by: [85] 

 
∞

=
*

)()(
v

dvvpvDD  (2.27) 

where v is the size of a free volume element, v* is the minimum free volume element size 

which can accommodate the penetrant, D(v) is the contribution of free volume elements 

of size v to the total diffusion coefficient, and p(v) is the probability of finding a free 

volume element of size between v and v+dv. The distribution of free volume is obtained, 

using standard techniques of statistical mechanics, by maximizing, at fixed number of 
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molecules and fixed total free volume, the excess entropy resulting from the distribution 

of free volume. The result is: 
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where γ is an overlap parameter introduced to avoid double counting of free volume 

elements shared by more than one cavity, and fv  is the average free volume. As 

average free volume in a polymer matrix cannot be measured directly, fv  in Equation 

2.28 is usually replaced by fractional free volume, FFV, which can be calculated either 

based on polymer density according to the group contribution method of Bondi [86, 87] 

or by positron annihilation lifetime spectroscopy [88]. 

 Combining Equations 2.27 and 2.28, the Cohen and Turnbull model provides the 

following expression for the penetrant diffusion coefficient: 
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where AD is a pre-exponential factor which depends weakly on temperature. Penetrant 

size is strongly correlated with v*. According to Equation 2.29, penetrant diffusion 

coefficients decrease exponentially with increasing penetrant size (v*) as shown in Figure 

2.3, which is qualitatively consistent with experimental observations for infinite dilution 

penetrant diffusion coefficients in glassy polymers [89]. 
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Figure 2.3: Schematic illustration of dependence of diffusion coefficient on penetrant size 

and polymer average free volume. 
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Chapter 3:  Experimental Materials and Methods 

This chapter describes the materials, equipment and procedures used in the 

experimental studies described in this dissertation. 

MATERIALS 

Chemicals and tools 

The following chemicals were purchased from Fisher Scientific, Hampton, NH: 

sodium chloride (NaCl, cat. #S78449), potassium chloride (KCl, cat. #P217-500), 

calcium chloride (CaCl2, cat. #C79-500), sulfuric acid (H2SO4, 96%, cat. #A300-212), 

0.1 M sodium hydroxide solution (NaOH, cat. # 1310-73-2), and 0.1 M hydrochloric acid 

solutions (HCl, cat. #7647-01-0). The following chemicals and solvents were purchased 

from Sigma-Aldrich Co., St. Louis, MO: 2-aminophenol (99%, cat. #A71301), 4,4-

dichlorodiphenyl sulfone (98%, cat. #151378), m-phenylenediamine (MPD, ≥99%, cat. 

#P23954), trimesoyl chloride (TMC, 98%, cat. #147532), potassium carbonate (K2CO3, 

≥99%, cat. #209619), sodium hydroxide (NaOH, anhydrous, ≥98%, cat. #S5881), 

isopropanol (IPA, anhydrous, 99.5%, cat. #278475), triethylamine (TEA, ≥99%, cat. 

#T0886), cyclohexane (anhydrous, 99.5%, cat. #227048), n-dodecane (anhydrous, ≥99%, 

cat. #297879), n-hexane (mixture of isomers, anhydrous, ≥99%, cat. #227064), N,N-

dimethylacetamide (DMAc, ≥ 99%, cat. #D5511) and dimethyl sulfoxide (DMSO, ≥ 

99.5%, cat. #D4540). All chemicals and solvents were used as received, unless otherwise 

noted. Deionized (DI) water was generated using a Milli-Q Advantage A10 water 

purification system (Millipore, Billerica, MA). 

3,3’-disulfonated-4,4’-dichlorodiphenyl sulfone (SCDCPS) was purchased from 

Akron Polymer Systems, Akron, OH and was dried in vacuo at 160 °C for 24 h prior to 

use. 3-aminophenol (m-AP, 98%, cat. #100242) was purchased from Sigma-Aldrich and 

sublimed in vacuo before use. Toluene (anhydrous, 99.8%, cat. #244511) were purchased 

from Sigma-Aldrich and vacuum distilled before use. 
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Polysulfone (PSf) ultrafiltration (UF) support membranes cast on polyester non-

woven fabric were supplied by Dow Water & Process Solutions. 2-micron pore size 

metal filters (cat. #SS-2F-2 & #SS-2F-K4-2) were purchased from Swagelok, Solon, OH. 

Teflon 0.45 micron syringe filters (cat. #Z260339) were purchased from Sigma-Aldrich, 

St. Louis, MO. Acrylic plastic plates (8 in × 11 in × 0.24 in) were purchased from 

Interstate Plastics, USA, from which plastic frames (inner size: 6 in × 9 in) were made. 

Rubber gaskets having the same size of the plastic frames were purchased from 

Advanced Gasket & Supply, USA. Soft rubber rollers (cat. #R1275) were purchased from 

Sigma-Aldrich Co., St. Louis, MO. 

 

Dense films 

Through a collaborative research effort with Professor James E. McGrath at 

Virginia Tech, disulfonated poly(arylene ether sulfone) random copolymers were 

prepared by direct aromatic nucleophilic substitution step polymerization, as reported 

previously [60, 62, 68], resulting in copolymers whose structure is shown in Figure 3.1.  

The nomenclature used for the copolymers is BPS-X (sulfonate salt form) and BPSH-X 

(free sulfonic acid form), where X is the molar percentage of hydrophilic sulfone groups 

(i.e., SDCDPS) in the polymer as shown in Figure 3.1. For example, BPSH-20 is a 

disulfonated BPS copolymer in the free acid form containing 20 mol% SDCDPS and 80 

mol% non-sulfonated sulfone monomers [90]. 
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Figure 3.1: Chemical structure of directly copolymerized disulfonated poly(arylene ether 

sulfone) random copolymers.  The polymers are named as follows: in the BPS-X and 

BPSH-X series, X = mol% of disulfonated monomer (in our studies, 0<X<40).  The 
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BPS-X series corresponds to materials originally prepared in the potassium salt form, 

where M+ is K+. The BPSH series corresponds to samples originally prepared in the acid 

form, where M+ is a proton, and are also called acid form BPS in this thesis. 

 
Dense, uniform, freestanding films of these polymers were prepared by dissolving 

the polymer (in the salt sulfonate form) in DMAc to form a 5 wt. % solution.  Next, the 

polymer solution was filtered through a nominally 2-micron pore size filter (cat. #SS-2F-

2 & #SS-2F-K4-2, Swagelok, Solon, OH), unless otherwise noted. After filtering, the 

viscous solution was cast onto a clean glass plate.  The cast films were first dried in an 

oven at 80°C for 24 hours followed by exposure to vacuum for 48 hours at 110°C to 

further remove residual solvent.  Afterwards, the film was peeled from the glass plate 

and soaked in deionized water for at least 1 hour before use to extract residual solvent.  

Additional studies were performed at longer soaking times to verify that the time of 

soaking did not influence the results.  In this regard, Table 3.1 shows that, within the 

uncertainty of the measurements, permeability data obtained from samples soaked for 

only one hour prior to beginning measurements and those soaked for 4 days were 

consistent.  These samples are referred to as salt form films.  To prepare films in the 

acid form, salt form films were boiled in 0.5 M sulfuric acid, which was diluted from 96 

wt.% sulfuric acid, for 2 hours, followed by 2 hours of extraction in boiling deionized 

water to remove excess acid.  Finally, the membranes were kept in deionized water until 

use.  This procedure quantitatively converts the salt form of the polymer to the acid 

form [45].  These samples are referred to as acid form films to recognize that they were 

in the acid form before transport property measurements were undertaken.  While these 

acid form films undergo ion exchange when contacted with water containing salt [91], the 

salt and water transport properties of acid form samples are different from those of 

samples that were not subject to acidification, so we make this distinction in 

nomenclature.  The differences in transport properties of acid and salt form films likely 

stem from sensitivity of these non-equilibrium, glassy polymers to their thermal 

processing history, which will be discussed in more detail in Chapter 6.  
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Table 3.1: Effect of water soaking time on water and salt permeability of BPS films. 

 

Dense film conditioning 

 A 10 wt.% solution of BPS-32 (cf. Figure 3.2) in DMAc was filtered through an 

0.45 μm PTFE syringe filter. The solution was degassed under vacuum at room 

temperature for 24 hours before being poured onto a glass plate and placed under an IR 

lamp (60 ~ 70 oC) for at least 8 hours to begin the solvent removal process.  Next, the 

film was placed in an oven under vacuum at 150 oC for 6 hours to further remove solvent. 

Finally, a BPS-32 dense film was obtained by peeling the polymer off the glass plate 

while submerged in DI water. All films were stored in DI water until use in order to fully 

hydrate the films and extract residual solvent. Typical wet films were 40-70 μm thick. 
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Figure 3.2: Chemical structure of disulfonated poly(arylene ether sulfone) random 

copolymer BPS-32, M = K+, Na+, or H+. 

Material Soaking time (hours) H
WP  (L μm/(m2 h bar)) PS (cm2/s) 

BPS-20 
1 0.033 ± 0.002 (7.1 ± 0.3) × 10-11 

96 0.040 ± 0.009 (6.5 ± 0.6) × 10-11 

BPS-40 
1 0.62 ± 0.04 (8.4 ± 1.0) × 10-9 

96 0.57 ± 0.03 (7.4 ± 0.2) × 10-9 
NOTE:  For each data point, two samples were measured, and the average value is 

presented. Pure water permeability was measured in dead-end filtration cells at room 

temperature with an applied pressure difference of 400 psi (27.6 bar). Salt permeability 

was measured using direct permeation cells at 25oC with the initial NaCl concentration in 

the donor cell = 1 M. 
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 BPS-32 films were acidified in the solid state by boiling them in 0.5 M sulfuric 

acid for 2 hours followed by boiling in DI water for 2 hours. BPS-32 polymer was 

acidified in solution by dissolving the polymer in DMSO and adding 0.5 M sulfuric acid 

at a ratio of 64 mols of H2SO4 per equivalent of sulfonated polymer. Upon acidification, 

the polymer precipitated and formed a gel. After 4 hours of mixing at ambient 

temperature, the suspension was filtered, and the resulting polymer was boiled in DI 

water for 2 hours; this boiling procedure was repeated two more times before the polymer 

was filtered, dried, and dissolved in DMAc to form a 10 wt.% solution. Finally, the 

solution was cast into acid-form films using the casting procedure described above. 

 Films were cut into 4 cm diameter circular coupons and were conditioned using 

acid and salt solution and thermal treatments. Acid (nomenclature: H) or salt 

(nomenclature: K, Na, and Ca) solution treatment involved immersing samples in 200 mL 

of 0.5 M sulfuric acid or 0.5 M salt (NaCl, KCl, or CaCl2) solutions at room temperature 

for 3 days, respectively. The soaking solution was replaced with fresh solution one time 

per day. Thermal treatment (nomenclature: B) involved immersing polymer films in 800 

mL of heated DI water at various temperatures (50oC, 75oC or 100oC) for 4 hours. A 

combination of acid and thermal treatment (nomenclature: HB) involved boiling polymer 

films in 800 mL of 0.5 M sulfuric acid for 2 hours followed by boiling in 800 mL of DI-

water for 2 hours. The conditioning routes and sample nomenclature are summarized in 

Figure 3.3. 
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Figure 3.3: Schematic diagram of processing history of BPS-32 samples. Nomenclature: 

the first letter represents the ion form of the original polymer (K: potassium form; H: acid 

form); the following letters following represent the treatment in the order that it was 

performed (K: treated in KCl solution; Na: treated in NaCl solution; H: treated in sulfuric 

acid; B: boiled in water; HB: boiled in sulfuric acid and later in water). For example, the 

sample designation K-HB-Na means that a BPS-32 film originally in the potassium form 

(K) was boiled in 0.5 M sulfuric acid for 2 hours and subsequently in water for 2 hours 

(HB) and finally soaked in 0.5 M NaCl solution at room temperature (RT) for 3 days 

(Na). 

 

Synthesis and characterization of disulfonated bis[4-(3-

aminophenoxy)phenyl]sulfone (S-BAPS) 

Disulfonated bis[4-(3-aminophenoxy)phenyl]sulfone (S-BAPS), was synthesized 

via a nucleophilic aromatic substitution reaction between SDCDPS and m-AP.  An 

example synthesis of S-BAPS is: 24.5618 g (50.0 mmol) of SDCDPS, 12.0043 g 

(110.0 mmol) of m-AP and 7.6016 g (55.0 mmol) of K2CO3 were charged to a three-
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necked 250-mL flask equipped with a condenser, a Dean Stark trap, a nitrogen inlet, and 

a mechanical stirrer.  Freshly distilled DMAc (120 mL) and toluene (60 mL) were added 

to the flask and the reaction was heated at 145 °C with stirring.  The solution was 

allowed to reflux at 145 °C while the toluene azeotropically removed the moisture in the 

system.  After 4 h, the toluene had been removed from the reaction, and the reaction 

temperature was slowly increased to 180 ºC. The reaction was kept at this temperature, 

with nitrogen purging, for another 96 h.  Then, the reaction solution was cooled to room 

temperature and filtered to remove salts.  The product was precipitated in IPA. The 

precipitant was filtered and vacuum dried at 110 °C for 24 h.  The chemical structure of 

S-BAPS was confirmed by 1H NMR analyses. 

 

Preparation and conditioning of thin-film (TFC) composite membranes 

Several key steps in preparing membranes via interfacial polymerization are 

illustrated in Figure 3.4. A PSf support membrane was immersed in DI water overnight 

and then removed from the water and positioned on a plastic plate with a rubber gasket 

and a plastic frame placed on top. Clips were used to hold the plate-membrane-gasket-

frame stack together. 100 mL of 1.5% (w/v, i.e., g MPD/100 mL water) MPD solution 

were poured into the frame and allowed to contact the PSf membrane for at least 5 

minutes before the MPD solution was drained, after which the frame and gasket were 

disassembled. This contact time allows the MPD solution to at least partially exchange 

with DI water in the pores of the porous support. Residual solution between the plate and 

the PSf membrane was removed with paper towels, and residual droplets of solution on 

top of the PSf membrane surface were removed by rolling a rubber roller across the 

membrane surface one time. The rubber roller was pushed hard on the membrane surface 

to make sure that no visible aqueous droplets, which could form defects if left on the 

membrane, remained following the rolling process. Afterwards, the frame and gasket 

were assembled on top of the PSf membrane again, and 80 mL of 0.05% (w/v) TMC/n-

dodecane solution were poured into the frame. N-dodecane was selected as the organic 
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solvent because of its lower volatility than, for example, n-hexane, which makes it less 

flammable. After 1 minute, the TMC/n-dodecane solution was drained from the frame, 

and the frame and gasket were disassembled. 100 mL of n-hexane were used to rinse the 

membrane surface to wash away residual reagents, and the membrane was dried in air for 

1 minute. Finally, the entire membrane sheet was immersed in DI water until use. 
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Figure 3.4: Protocol to prepare polyamide TFC membranes: a) immerse PSf support 

membrane in DI water overnight; b) contact membrane surface with an aqueous solution 

of MPD for 10 min; c) squeeze aqueous droplets off membrane surface with a natural 

rubber roller; d) contact membrane surface with a n-dodecane solution of TMC for 1 min; 

e) rinse membrane surface with hexane; and f) store TFC membrane in DI water until 

use. 

 

 For post-polymerization treatments, fresh polyamide TFC membranes were cut 

into 12 cm × 8 cm coupons. Alcohol, alkali and acid solution treatment involved 

(a) (b) 

(c) (d) 

(e) (f) 
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immersing membrane coupons in 500 mL of IPA, 0.5 M NaOH or 0.5 M H2SO4 solution, 

respectively, at room temperature for a specific period of time. Thermal treatment in air 

involved placing the fresh polyamide TFC membranes in an oven at 80 oC in ambient air 

for 10 minutes. Thermal treatment in water involved contacting the top surface, i.e., the 

side of the membrane with the polyamide active layer, with boiling water for 10 minutes 

by following the process described in the previous paragraph for contacting MPD wet 

PSf membranes with TMC/n-dodecane solution. The boiling water was replaced every 

two minutes to maintain the temperature of the water as close to 100 oC as possible. 

 

CHEMICAL AND POLYMER CHARACTERIZATION 

Polymer density 

Polymer density was measured using a density determination kit (Part # 238490, 

Mettler Toledo, OH, USA) and an analytical balance (Model AG 204, Mettler Toledo, 

OH, USA) at 25°C. The dry polymer density, ρP, was calculated as follows: [39, 92] 

 0ρρ
LA

A
P mm

m

−
=  (3.1) 

where mA is the film weight measured in air, mL is the film weight measured in a 

non-solvent, i.e., an auxillary liquid that does not swell the polymer, and ρ0 is the density 

of the non-solvent. Nonpolar cyclohexane was selected as the auxillary liquid, because 

sulfonated polysulfones exhibit little affinity for such alkanes over the timescales of these 

measurements [93, 94]. 

 

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) 

Attenuated total reflectance Fourier transform infrared spectroscopy was used to 

characterize the chemical structure of BPS-32. The experiments were performed using a 

Thermo Nicolet Nexus 470 FTIR with an Avatar Smart Miracle ATR accessory and a 

ZnSe crystal (Thermo Fisher Scientific, Waltham, MA). Spectra were collected in air, in 
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the mid-infrared region (600-4000 cm-1), using 128 scans at resolution 4 (1.928 cm-1 

spacing) for each sample. After each measurement, a background spectrum was obtained 

and subtracted from the sample spectrum to eliminate atmospheric interference. 

 

Nuclear magnetic resonance (NMR) spectroscopy 

 1H NMR spectra were conducted with a Varian Unity 400 NMR spectrometer 

(Varian Analytical Instruments, Walnut Creek, CA) at a resonance frequency of 400 

MHz. All spectra were obtained from a 10% solution (w/v) in DMSO-d6 at room 

temperature. 

 

Differential scanning calorimetry (DSC) 

Differential scanning calorimetry, TA Instruments Q100 (New Castle, DE), was 

used to measure the polymer’s glass transition temperature, Tg. Samples were placed in 

aluminum pans and DSC scans were performed over a temperature range from -80 to 400 
oC. Prior to loading in the pan, each sample was dried at 110 oC for one day under 

vacuum. During the scan, film samples were heated to 400 °C at 20 °C/min, held for 5 

minutes, and then cooled to -80 °C at 10 °C/min.  This cycle was repeated, and the 

second run was used to determine Tg. The data were analyzed using TA Instruments 

Universal Analysis 2000 software. The glass transition temperature was taken as the 

midpoint of the heat capacity step change. 

 

Counter-ion form analysis 

The polymer’s counter-ion form was determined using an ash analysis technique 

[95]. This procedure, which oxidizes the organic part of the sample, permits direct 

quantification of inorganic material, such as metal counter-ions, present in the polymer 

matrix [91, 95-97].  Polymer samples, prepared as shown in Figure 3.3, were soaked and 
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equilibrated in a large volume of DI water prior to the counter-ion form measurement 

process to allow sorbed salt to desorb from the polymer, leaving only cations in the 

polymer matrix which were strongly bound to the sulfonate groups on the polymer 

backbone.  Following this step, the volume of hydrated polymer was determined by 

measuring the diameter and thickness of the circular polymer discs; a typical hydrated 

sample was 4-5 cm in diameter and 40-70 μm thick depending on the treatment process.  

Samples were then dried under vacuum at 80oC for at least 48 hours, and the sample’s 

dry mass was measured.  Immediately following the dry mass measurement, the samples 

were placed in porcelain crucibles, and the crucibles were placed in a programmable 

forced-draft muffle furnace (Fisher Scientific Isotemp® 750-58, Dubuque, IA) that 

conforms with ASTM D3174 (determining inorganic residue in coal ash) [96].  The 

furnace temperature was ramped from room temperature to 700oC at 10oC/min and held 

at 700oC for 3 hours.  Upon cooling to room temperature, the crucibles were removed 

from the furnace.  A white polymer ash remained in the crucible.  This ash was 

dissolved in 2% nitric acid (prepared from Fluka TraceSelect® grade nitric acid) by 

pouring a known amount of nitric acid into the crucible and pipette-mixing the solution.  

Next, the solution was diluted, using 2% nitric acid, and analyzed for potassium and 

sodium concentration using a flame atomic absorption spectrophotometer (Varian 

AA240, Clayton South, Victoria, Australia) [98, 99]. 

 

Positron annihilation lifetime spectroscopy (PALS) 

Positron Annihilation Lifetime Spectroscopy measurements were conducted on 

dry and hydrated BPS and BPSH films.  An automated EG&G Ortec fast-fast 

coincidence system was used to perform PALS measurements.  The PALS 

measurements were performed at ambient temperature with a timing resolution of 240 ps.  

A thin (2.54 µm), sealed Mylar envelope containing radioactive isotope 22Na was used as 

the positron source.  The Mylar envelope was sandwiched between stacks of BPS or 

BPSH films that were at least 1 mm thick.  To dissipate electronic charge buildup from 
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ionization of the material, the stack containing the polymer films and the source was 

wrapped in aluminum foil.  The films were dried in a vacuum oven at room temperature 

overnight prior to PALS measurements, which were performed in a dry N2 atmosphere.  

The same dry samples were then equilibrated in deionized water to their fully hydrated 

state, and the aluminum foil containing the film samples and the positron source were 

immersed in deionized water for PALS measurements of hydrated BPS and BPSH films.  

At least 5 spectra of 30,000 peak counts were collected for each sample.  The spectra 

were analyzed using the PAScual program[100].  This program, based on a finite-term 

model, fits positron and positronium lifetime and intensity data to a sum of three 

decaying exponential components (i.e., three lifetimes and intensities)[101].  The 

shortest and intermediate lifetimes were characteristic of para-positronium (p-Ps) self-

annihilation and free and trapped positron annihilations, respectively.  The p-Ps self-

annihilation lifetime was fixed at 0.125 ns, and the free and trapped positron annihilation 

lifetime was between 0.35 to 0.45 ns[102].  The longest lifetime, τ3, and its intensity, I3, 

were interpreted as the ortho-positronium (o-Ps) annihilation signature.  These o-Ps 

components were used to characterize the sample’s free volume[88, 103-105]. 

The o-Ps lifetime, τ3, is longer in larger free volume elements and is used to 

characterize the free volume element size. In this study, o-Ps lifetime values were 

converted to effective free volume element sizes using the traditional semiempirical 

model based on spherical free volume element geometry[106-108]: 
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where τ3
i is the o-Ps lifetime, RF

i, is the free volume element radius, i.e., cavity radius, 

and ΔR is the electron layer thickness, which is set to 1.66 Å[106, 109].  The average 

volume of the free volume elements, VF
i, was estimated as follows[106-108]: 

 ( )34

3
i i

F FV R
π=  (3.3) 

For τ3
i, RF

i, and VF
i, the superscript “i” is “D” for dry samples and “H” for hydrated 

samples. 
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In a previous study on hydrated crosslinked poly(ethylene oxide)[110], the 

fractional free volume (FFV) was proportional to the product of VF (nm3) and I3 (%) 

[110]: 

 3IVkFFV FFFV ⋅⋅=  (3.4) 

where kFFV is a scaling parameter, which had been reported to be 0.018 nm-3 for some 

polymers[111-113]. Using o-Ps intensity to characterize the concentration of free volume 

cavities in other polymers has also been reported in recent publications [114, 115].  On 

the other hand, studies[116-118] report that electron withdrawing moieties, such as 

sulfonate groups, inhibit the formation of o-Ps, which renders I3 insensitive to changes in 

free volume element concentration.  In this case, Equation 3.4 is no longer applicable 

for such polymers.  This o-Ps inhibition effect also appears to exist for BPS and BPSH 

polymers, as will be shown in Chapter 5. In this case, the fractional free volume is given 

by: 

 FFFV VkFFV ⋅′=  (3.5) 

where k′FFV is an empirical proportionality constant. 

 

FILM AND MEMBRANE CHARACTERIZATION 

Contact angle analysis 

Oil-in-water contact angle analysis was performed using a Ramé-Hart Model 200-

F1 Standard Goniometer with DROPimage Standard Edition 2.4 software (Ramé-Hart 

Instrument Co., Netcong, NJ). A strip of membrane was mounted in a sample holder with 

the interfacially polymerized polyamide side facing down and was placed in a DI water 

environment. An n-decane oil droplet was dispensed onto the bottom side of the 

membrane strip from a Gilmont Instruments 0.2 mL micrometer syringe (Cole-Parmer 

Instrument Co., Vernon Hills, IL) with a hooked Hamilton N732 needle (OD: 0.009 in, 

Hamilton Co., Reno, NV). Contact angles were measured through the water phase, and 

the reported contact angle is the average value of the left and right side contact angles 
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obtained for at least three oil droplets placed at different spots. A smaller angle indicates 

a more hydrophilic surface. 

 

Scanning electron microscopy (SEM) 

Top surface and cross-section morphology of polyamide TFC membranes was 

characterized by scanning electron microscopy (SEM, Zeiss Supra 40 VP, Carl Zeiss 

NTS, Peabody, MA). High voltage ETH mode was used and the voltage was set to 5 kV.  

An InLens detector was selected to observe the membrane samples, and the working 

distance was between 5 and 7 mm. Membrane samples were prepared by peeling away 

the polyester backing fabric and fracturing the remaining polysulfone and polyamide 

layers after immersion in liquid nitrogen. The resulting membrane samples were coated 

using a Cressington 208 Benchtop Sputter Coater (Cressington Scientific Instruments 

Ltd., Watford, England) with a metal target of Pt/Pd. The coating thickness was set to 8-9 

nm to ensure adequate surface conductivity of the coated polymeric sample. 

 

Water uptake 

For water uptake measurements, hydrated BPS and BPSH films were dried in a 

vacuum oven at 100°C for at least 48 hours and were periodically weighed until a 

constant weight was obtained.  While this procedure will presumably not remove the 

small amount of water which is tightly bound to the sulfonate groups, it does remove the 

vast majority of water from the sample.  Then the films were immersed in deionized 

water at 25°C and periodically weighed on an analytical balance until a constant water 

uptake was obtained.  Tissue paper was used to wipe the film surface to remove water 

droplets on the film surface before weighing.  The water uptake, ωW, was calculated 

from the weight of the hydrated (mh) and dried (md) films, respectively: [119] 

 
d

dh
W m

mm −=ω  (3.6) 
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Assuming volume additive mixing behavior of water with the polymer, the 

equilibrium volume fraction of water in the hydrated films, Wφ , was estimated as 

follows: 
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According to solution-diffusion theory described in Chapter 2, water partition coefficient, 

KW, in the polymer and water volume fraction in the polymer, Wφ , are essentially equal, 

and we will use this approximation. 

 

Water permeability and diffusivity 

Pure water flux was measured using crossflow filtration in a system that has been 

previously described [39, 92, 120].  Three crossflow cells (CF042 crossflow cell, 

Sterlitech Co., WA, USA) were connected in series, and the effective mass transfer area 

of each cell was 42 cm2.  The feed solution was deionized water; the feed flow rate was 

1 gallon per minute (gpm) (i.e., 3.8 L/min); the applied feed pressure was 400 psig (27.6 

bar); and the permeate pressure was atmospheric.  Feed temperature was maintained at 

25°C using a refrigerated water bath (Neslab RTE 17, Thermo Scientific, Waltham, MA, 

USA).  Water flux was calculated as the volume of water (ΔV) permeated at steady state 

through a film area (A) during a time period Δt: 

 
tA

V
JW Δ⋅

Δ=  (3.8) 

Hydraulic water permeability ( H
WP ) was calculated from water flux, pressure 

difference across the film, and hydrated film thickness, as follows: [6, 70] 

 
p

LJ
P WH

W Δ
=  (3.9) 

The thickness of the hydrated dense films studied was approximately 20 ~ 40 μm. The 

thicknesses of films were measured immediately before and after the crossflow 

measurements described above using a thickness gage (ABSOLUTE Digimatic Depth 
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Gage Series 547, Mitutoyo, Japan) and were found not to have changed during the 

experiment.  Moreover, the film thickness was expected to change negligibly during 

hydraulic permeation at the test conditions described above [72]. The water permeability, 

PW, can be calculated from hydraulic water permeability using Equation 2.10. 

The effective average water diffusivity, DW, was estimated from known PW and 

KW values as follows: [72] 

 
W

W
W K

P
D =  (3.10) 

 

Salt solubility and diffusivity 

Salt solubility, KS, and diffusivity, DS, were determined using kinetic desorption 

experiments [121-124].  Salt permeability, PS, was then estimated as the product of salt 

diffusivity and solubility [70].  An advantage of such experiments, relative to the direct 

permeation measurements described later, is that kinetic desorption experiments are 

insensitive to the presence of pinholes or film defects which could compromise a direct 

permeation measurement.  As such, desorption experiments provide fundamental 

transport data without requiring the preparation of thin, defect-free samples required for 

direct permeation measurements. 

Salt diffusivity, DS, was determined from the rate of salt desorption into deionized 

water from films previously equilibrated with 60 mL of 1 M NaCl aqueous solution at 

25°C by soaking in that solution for at least 72 hours.  Following equilibration, the film 

was blotted with tissue paper to remove excess salt on the surface and subsequently 

placed in an extraction (i.e., desorption) bath containing 60 mL of initially deionized 

water that had been saturated with air to minimize any changes in solution conductivity 

with time due to absorption of atmospheric carbon dioxide.  The extraction solution was 

well-stirred with a magnetic stir-bar to maintain uniform salt concentration throughout 

the extraction solution, and the extraction bath temperature was maintained at 25°C.  A 

conductivity probe (LR 325/01, WTW, Germany) with a nominal cell constant of 0.1 
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cm-1 and a conductivity meter (InoLab Cond 730, WTW, Germany) were used to record 

the conductivity in the extraction bath as a function of time.  The salt concentration was 

determined via a previously established calibration curve relating conductivity to salt 

concentration.  The salt diffusivity was determined using a Fickian analysis for 

desorption from a plane sheet of film into a bath of finite volume[125].  The following 

equation was used to calculate the salt diffusivity from desorption data [125]: 
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where t is time, and Mt is the mass of NaCl desorbed by the film up until time t.  M∞ is 

the total amount of salt extracted from the film during the entire measurement, which 

corresponds to the amount of salt sorbed into the polymer when it had equilibrated with 

the 1 M NaCl soaking solution prior to the beginning of the desorption experiment. DS 

values were estimated by fitting the salt release kinetics data to a form of Equation 3.11 

where the first 20 terms in the infinite series were retained for the data fitting. 

The salt partition coefficient, KS, was determined by measuring the total amount 

of NaCl extracted during a kinetic desorption experiment (i.e., M∞) and calculated as the 

amount of salt extracted per unit volume of hydrated polymer, divided by the salt 

concentration in the solution with which the film was initially equilibrated (i.e., 1 M 

NaCl) [126]. 

 

Salt permeability 

Salt permeability, PS, was also directly measured at 25°C using a dual chamber 

direct permeation cell (Side-Bi-Side Cells, PermeGear, Hellertown, PA).  A film was 

mounted between the two chambers of the glass cells.  Each chamber had a volume of 

35 mL. The cells, with the film between them, were clamped tightly together. One 

chamber (the donor chamber) initially contained 1 M NaCl aqueous solution; the other 

chamber (the receptor chamber) was initially filled with deionized water.  Stir-bars were 

placed in each chamber and stirred with a magnetic drive to make the solutions 



39 
 

homogeneous.  The concentration of salt in the receptor chamber was monitored as a 

function of time using the conductivity meter and probe described previously.  At 

pseudo-steady state, the salt permeability was calculated using the following equation 

[126]: 

 tP
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where cR(t) is the salt concentration in the receptor at time t, cD(0) is the initial donor 

chamber salt concentration, and V is the donor or receptor volume (35 ml in this case). 

The active film area, A, is 1.77 cm2 in this case. 

 

Salt rejection and passage 

Salt rejection, R, was measured using crossflow filtration as described above.  

All of the experimental conditions were the same as those used for pure water 

permeability measurements, unless stated otherwise.  The feed solution was an aqueous 

mixture containing 2000 mg/L NaCl (0.034 M), and the feed pH was adjusted to be 

between 6.5 and 7.5 using 0.1 M NaOH and HCl solutions. Feed and permeate salt 

conductivity values were measured using an Oakton 100 conductivity meter (Cole 

Parmer, Vernon-Hills, NJ, USA), and a calibration curve was used to calculate salt 

concentration from solution conductivity.  The salt rejection was calculated according to 

Equation 2.15.  

Because the samples being characterized were thick, dense films, resulting in low 

fluxes of water and salt, concentration polarization had a negligible influence on these 

measurements, so no correction for it was needed.  Hydraulic water permeability, H
WP , 

was also calculated from crossflow filtration measurements with a feed of 2000 ppm 

NaCl aqueous solution.  To account for the influence of osmotic pressure difference 

across the film on the water permeability, the following equation was used instead of 

Equation 3.9: 
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The hydraulic water permeability of BPS-35 ( H
WP  = 0.38 L μm/(m2 h bar)) and BPSH-35 

( H
WP  = 2.0 L μm/(m2 h bar)) were measured using this protocol.  Within the uncertainty 

of the measurements, the hydraulic water permeability coefficients measured with a feed 

containing 2,000 ppm NaCl aqueous solution is equal to that measured with a feed of 

deionized water ( H
WP  (BPS-35) = 0.39 L μm/(m2 h bar) and ( H

WP  (BPSH-35) = 2.1 L 

μm/(m2 h bar)). 

 

Crossflow filtration for TFC membranes 

Water flux and salt rejection were measured using a crossflow filtration system 

previously described [127]. Three CF042 Crossflow cells (Sterlitech Co., Kent, WA) 

were connected in series, and the effective mass transfer area of each cell was 42 cm2. 

For salt water tests, the feed was an aqueous solution of 2000 ppm (0.34 M) NaCl; the 

feed pH was adjusted to between 6 and 7 using 0.1 M NaOH or HCl solutions (Thermo 

Fisher Scientific Inc., Waltham, MA); the feed flow rate was 0.7 gallon per minute (gpm) 

(2.7 L/min); the transmembrane pressure difference was 225 psi (1.55 MPa or 15.5 bar); 

and the permeate side pressure was atmospheric. Feed temperature was maintained at 

(25±0.5)oC using a refrigerated Neslab RTE 17 water bath. A carbon filter (KX CTO/2 

carbon block carbon/5 µm particle filter, Big Brand Water Filter, Chatsworth, CA) was 

connected to the feed loop of the system to remove contaminants. All flux and rejection 

measurements were made 30 minutes after starting the crossflow experiments to ensure 

that the filtration had reached steady state. 

 

Concentration polarization 

The influence of salt concentration polarization in the crossflow filtration system 

on the observed rejection was checked as described previously [127]. Several 
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representative membranes were tested to measure the effect of concentration polarization 

on NaCl rejection, and the results are shown in Table 3.2. A typical membrane having a 

permeate flux of 43.5 L/(m2 h) and 99.37% nominal NaCl rejection had a true rejection 

value of 99.46%. This corresponds to a concentration polarization modulus [69] of 1.17.  

The largest difference between nominal rejection (99.24%) and true rejection (99.53%) 

was 0.29%, which corresponds to a concentration polarization modulus of 1.62 at a 

permeate flux of 59.5 L/(m2 h). To be consistent with literature reported data, nominal 

rejection values were reported in this study without correction for concentration 

polarization.  However, the most significant change due to concentration polarization 

would be to increase the rejection of the highest flux sample by no more than 0.3%. 

 

Table 3.2. Effect of concentration polarization on NaCl rejection. 

 

Chlorine tolerance 

Chlorine tolerance was evaluated by comparing the performance of membranes 

before and after exposure to aqueous chlorine solutions in a manner similar to other 

studies of this nature in the literature [45, 128]. Membrane samples were immersed in an 

Membrane sample #1 #2 #3 #4 #5 #6 

Conductivity of permeate ( μS/cm)  16.4 19.2 27.1 31.1 28.3 22 

Conductivity of feed ( μS/cm)  3670 3670 3670 3500 3500 3500 

Concentration of salt in permeate 
(mg/L)  

7.4 8.8 12.7 14.7 13.3 10.2 

Concentration of salt in feed (mg/L)  2011 2011 2011 1917 1917 1917 

Nominal rejection (%)  99.63 99.56 99.37 99.24 99.31 99.47 

Flux-2000ppm NaCl solution (LMH) 45.4 44.9 43.5 59.5 58.5 58.5 

Flux-pure water (LMH)  51.9 51.2 49.8 71.6 70.3 70.3 

True rejection (%)  99.67 99.61 99.46 99.53 99.57 99.67 

Polarization Modulus  1.14 1.12 1.17 1.62 1.60 1.61 
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aqueous solution of 2,000 ppm free chlorine for 8 h (i.e., 16,000 ppm-h), which was 

diluted from concentrated sodium hypochlorite solution (available chlorine 10-15%, cat. 

#425044, Sigma-Aldrich Co., St. Louis, MO), with pH adjusted to 11 using NaOH. 

Membrane samples were then rinsed with DI water for 3 minutes before being loaded 

into crossflow testing cells. The permeate flux and salt rejection of these chlorine-

exposed membranes were compared to those of control membranes which had not been 

exposed to chlorine. 

 

Fouling resistance 

Oil fouling experiments were performed using a feed of oil-in-water emulsion 

instead of NaCl solution in the crossflow filtration system [40]. The crossflow system 

was cleaned before each experiment.  For cleaning, DI water was used to prepare 20 L 

of 200 ppm bleach solution (3.4 g Clorox®/L, Regular-Bleach, The Clorox Co., Oakland, 

CA), which was first circulated for 30 min to disinfect the system, and the system was 

drained.  Then, the system was filled with fresh DI water after which a 0.25% (v/v) 

aqueous solution of Nalgene L900 liquid detergent (Thermo Fisher Scientific 

Inc., Waltham, MA) was circulated for 1 hour to remove residual organics.  Then the 

system was drained again.  Finally, the system was rinsed four times (10 minutes each) 

using 30 L of DI water as the feed solution, changing the water between each rinsing 

step. Before loading the oily water emulsion feed, the carbon filter in the crossflow 

system was bypassed to avoid loss of the foulants due to removal from circulation by the 

filter. The feed for the oily water tests consisted of 30 L of oil-in-water emulsion 

containing 150 ppm 9:1 n-decane oil/sodium dodecyl sulfate surfactant (≥99.0%, cat. 

#436143, Sigma-Aldrich Co., St. Louis, MO) diluted from a concentrated emulsion 

(3,000 ppm), which had been freshly prepared by blending appropriate amounts of oil, 

surfactant and water for 3 minutes at 20,000 rpm in a 3 L blender (Waring LBC15, 

Waring Laboratory & Science, Torrington, CT). Before loading membrane samples into 

the crossflow cells, the oily water emulsion feed was circulated for 30 minutes through 
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the crossflow system to ensure homogeneity of the mixture. During the fouling test, the 

permeate from each membrane was collected in a beaker placed on a balance connected 

to a LabVIEW data acquisition program (National Instruments Co., Austin, TX) for 

continuous monitoring of permeate mass.  These data were used to calculate flux as a 

function of the time that the membranes were in contact with the oil/water emulsion. 
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Chapter 4:  Fundamental Salt and Water Transport Properties in 

Directly Copolymerized Disulfonated Poly(arylene ether sulfone) 

Random Copolymers 

INTRODUCTION∗ 

A series of random copolymers of disulfonated poly(arylene ether sulfone) (BPS) 

copolymers were studied as candidate materials for desalination membranes. Previously, 

these BPS copolymer membranes in the acid form were evaluated mainly in proton 

exchange membrane fuel cells because of their excellent proton conductivity, low gas 

permeability and chemical stability suitable for oxidative fuel cell conditions [61]. More 

recently, BPS random copolymers in both acid and salt forms have been demonstrated to 

produce interesting chlorine resistant membranes for desalination [45, 129]. It appears 

that these materials have good resistance to chlorine, possibly because there is no obvious 

place for N-chlorination to occur such as in the state of the art interfacial polyamide 

membranes [35, 46] . 

This chapter reports the transport properties of a series of BPS random copolymer 

based films. Water and sodium chloride solubility, diffusivity and permeability in BPS 

copolymers were measured for both acid and salt form samples at sulfonation levels from 

20 to 40 mol percent. The water and salt diffusivity and permeability were correlated 

with water uptake, and the correlations were interpreted with free volume theory. In 

addition, correlations between water/salt solubility-, diffusivity-, and permeability-

selectivity and water solubility, diffusivity and permeability were studied, respectively, to 

examine whether a water/salt permeability/selectivity tradeoff, which is similar to that 

operative in gas separation polymers, exists in this family of polymers. 

 

                                                 
∗ This chapter has been adapted with permission (license no.: 2773830525713) from a publication of the 
same title in Polymer 52 (2011) 2032-2043. Copyright (2011) Elsevier. 
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RESULTS AND DISCUSSION 

As shown in Figure 3.1, BPS copolymers can be prepared with various levels of 

sulfonation and in both acid and salt forms.  As will be shown below, transport 

properties of these copolymers vary significantly with both sulfonation level and ion form 

(i.e., acid or salt form).  Generally, as sulfonation level increases, water permeability 

increases and salt rejection decreases, and acid form materials have higher water 

permeability and lower salt rejection than their salt form analogs [90].  In this study, the 

sulfonation level was kept below 50% to maintain significant levels of salt rejection and 

to keep the polymers from becoming water-soluble. Water and sodium chloride 

solubility, diffusivity and permeability in BPS and BPSH films were measured and 

reported in Table 4.1. 
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 Table 4.1: Transport properties of disulfonated poly(arylene ether sulfone) films at 25 oC. 

a measured at 25 oC using crossflow filtration (pressure difference = 400 psi (27.6 bar), flow rate = 1 gpm (3.8 L / min)), feed = 

2000 ppm NaCl (0.034 M) aqueous solution. 
b calculated from water solubility using Equation 2.11. 
c measured via kinetic desorption experiments at 25 oC (initial concentration of NaCl in equilibration solution = 1 M). 
d calculated from water solubility and diffusive water permeability according to Equation 3.10. 

e calculated from Equation 2.10 assuming the correction factor, ( ) ( )WW KK χ211 2 −− , equals to unity to show large convective 

effects would be. 
f measured at 25 oC using crossflow filtration (pressure difference = 400 psi (27.6 bar), flow rate = 1 gpm (3.8 L / min)), feed = 

deionized water. 

Material 
R a 
(%) 

KW χ b KS 
c 

DW d ×106 
(cm2/s)  

DW e ×106 
(cm2/s) 

DS 
c ×107 

(cm2/s) 

H
WP f (L μm/ 

(m2 h bar)) 
WP  ×107 

(cm2/s) 
PS 

g ×109 

(cm2/s) 

BPS-20 99.1 0.10 1.73 0.02 0.90 1.7 0.025 0.044 0.90 0.073 

BPS-30 97.8 0.19 1.30 0.03 1.4 4.5 0.38 0.22 2.8 1.5 

BPS-35 95.9 0.26 1.10 0.034 1.3 5.8 1.2 0.39 3.5 3.9 

BPS-40 93.5 0.29 1.05 0.043 1.7 8.6 3.0 0.65 5.0 8.7 

BPSH-20 98.5 0.20 1.26 0.021 1.1 3.6 0.082 0.19 2.3 0.77 

BPSH-30 92.3 0.32 0.99 0.036 1.8 10.6 5.5 0.89 5.7 22 

BPSH-35 88.4 0.40 0.88 0.057 2.1 20.3 9.8 2.1 8.7 103 

BPSH-40 84.5 0.48 0.79 0.081 2.3 35.4 20 4.4 11 226 
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g measured at 25 oC using direct permeation cell (donor (upstream) concentration = 1 M NaCl; the downstream solution was 

initially deionized water).
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Water uptake 

Figure 4.1 presents the pure water uptake in volume fraction (mL water/mL 

hydrated polymer), of BPS copolymers with various degrees of sulfonation in both acid 

and salt forms. The water sorption increases as the concentration of hydrophilic SDCDPS 

comonomer increases.  The initially acid form films have higher water uptake than films 

prepared from samples that were initially in the salt form.  The water uptake increases 

non-linearly with sulfonation level, increasing more rapidly at higher levels of 

sulfonation.  Tapping mode phase image atomic force microscopy (AFM) studies have 

been interpreted to reveal two regions in the microstructure of BPS copolymers: ionic 

domains, where the ions are not evenly distributed but aggregate to form hydrophilic ion 

clusters, and a matrix of non-ionic hydrophobic regions [60, 130]. 
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Figure 4.1: Effect of sulfonated monomer content on pure water uptake of BPS and 

BPSH films at 25°C. 
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At low sulfonation level, the hydrophilic ion clusters reportedly form isolated 

ionic domains, and as the amount of disulfonated groups increases, the size of the isolated 

ion clusters grows [60]. When the level of sulfonation reaches a sufficiently high level, 

e.g. 50%, the ionic domains reportedly undergo a significant change, becoming 

continuous and forming large channels of an ionic rich phase [60].  Once the continuous 

hydrophilic phase forms, the water uptake increases dramatically [60].  Thus, as the 

sulfonation level approaches this critical point, where the ionic domains become 

continuous and form large, ionic-containing regions in the sample, water uptake becomes 

more sensitive to sulfonation level. 

 

Water permeability and diffusivity 

Figure 4.2 shows the effect of feed pressure on water flux for two representative 

samples considered in this study.  In both acid and salt forms, the pure water flux is 

linearly related to feed pressure over the pressure range considered.  The results shown 

in Figure 4.2 are representative of results obtained for all other samples considered, 

which are not shown for brevity.  Data such as those in Figure 4.2 were used, along with 

Equation 3.9, to calculate hydraulic water permeability coefficients.  
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Figure 4.3(a) presents the hydraulic water permeability coefficients of BPS and 

BPSH films measured in crossflow filtration.  Generally, hydraulic water permeability 

increases systematically with increasing concentration of the hydrophilic sulfonated 

monomer, and the hydraulic water permeability of acid form samples is higher than that 

of salt form films having the same SDCDPS content.  Hydraulic water permeability is 

also somewhat more sensitive to sulfonated monomer content in the acid form materials 

than in the salt form films.  For example, the hydraulic water permeability of the 40 mol 

% sulfonated sample is 14 times higher than that of the 20 mol % sample in the salt form 

and 22 times higher in the acid form samples. 
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Figure 4.2: Effect of feed pressure on water flux of BPS and BPSH dense films. The 

samples presented in this figure are BPS-40 (thickness ≈ 45μm) and BPSH-40 (thickness 

≈ 70μm). Test conditions: dead-end filtration, temperature = 25oC, feed = deionized 

water,  downstream pressure = 1 atm. 
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Figure 4.3: (a) Effect of sulfonated monomer content on pure water permeability of BPS 

and BPSH dense films at 25 oC; (b) Effective, average water diffusivity, DW, as a function 

of 1/KW, which is the reciprocal of water volume fraction in hydrated BPS and BPSH 
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films. The DW values were calculated according to Equation 3.10. Test conditions: 

crossflow filtration, feed pressure = 400 psig (27.2 atm), feed flow rate = 1 gpm.  

 

Water solubility, KW, and effective average water diffusivity, DW, in the hydrated 

polymers were calculated using Equations 2.7 and 3.10.  These values are reported in 

Table 4.1. Water solubility is determined by water sorption and film density, as discussed 

earlier, and it, like water uptake, increases with increasing sulfonation level. 

The effective water diffusion coefficients in these samples are presented as a 

function of 1/KW in Figure 4.3(b).  The motivation for presenting the data as the 

logarithm of the diffusion coefficient versus 1/KW comes from Yasuda's studies 

suggesting that in hydrated polymers, free volume theory should govern the diffusion of 

small penetrant molecules, such as water and salt, and that free volume of the 

polymer/water mixture should be proportional to the volume fraction of water in the 

polymer (i.e., KW).[126]  If this is the case, then the logarithm of the diffusion coefficient 

should be a linear function of 1/KW.  The line through the data represents a fit of 

Yasuda's model to the data, and, to a first approximation, the effective, average water 

diffusion coefficients follow the trend expected from Yasuda's model [126]. 

 

Salt permeability and salt rejection 

Figure 4.4(a) presents the influence of sulfonated monomer content on NaCl 

permeability measured in a direct permeation cell [90].  Consistent with the water 

permeation results presented in Figure 4.3, the salt permeability increases monotonically 

with increasing sulfonated monomer content, and the salt permeability is higher in acid 

form samples than in salt form samples.  
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Figure 4.4: Effect of a) sulfonated monomer content on salt permeability of BPS and 

BPSH dense films and b) donor concentration on salt permeability of BPS-32 at 25 oC. 

Test conditions: direct permeation cell, upstream (donor) concentration = 1 M NaCl (for 

Figure 4.4(a)), downstream (receptor) initially contains deionized water at ambient 

pressure [90].  
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 The effect of feed NaCl concentration on the NaCl permeability of BPS-32 was 

also investigated, and the results are shown in Figure 4.4(b).  Generally, the NaCl 

permeability increases as feed NaCl concentration increases.  In highly charged 

polymers, such as the hydrated BPS and BPSH films, the fixed sulfonate anion groups 

tend to repel Cl- ions.  As the concentration of salt increases in the external solution, the 

salt concentration in the polymer increases, so the fixed anion groups in the polymer 

matrix become more shielded from interacting with surrounding ions, resulting in an 

increase in NaCl permeability at higher salt concentrations.  In other highly charged 

polymers, it is not unusual for salt permeability to increase as external salt solution 

concentration increases[131]. 

The results presented in Figure 4.4 were derived from direct permeation cell 

measurements, so they were conducted with atmospheric pressure on both sides of the 

sample.  Salt rejection coefficients reported in Figure 4.5 were measured from both 

dead-end filtration experiments (●,○) [90] and crossflow filtration experiments (▲,△).  

Salt rejection of both the acid and salt form films decreases as sulfonation level increases.  

At lower sulfonation levels, the salt rejection of the free acid and salt form films are 

similar to one another, but rejection decreases more with increasing sulfonation level in 

the free acid form films than in the salt form films.  This behavior is qualitatively similar 

to the influence of sulfonation level on water permeability (cf., Figure 4.3).  Salt 

rejection values measured via crossflow filtration are slightly higher than those from 

dead-end filtration measurements reported earlier [90] due to the elimination of salt 

concentration polarization in the crossflow experiments, which is difficult to avoid in 

dead-end filtration measurements of salt transport. 
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Salt rejection is related to water and salt permeability, as well as operational 

variables such as pressure, salt concentration, and temperature as shown in Equation 2.16.  
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Figure 4.5: Effect of sulfonated monomer content on salt rejection of dense films of 

disulfonated copolymers at 25 oC. Filled symbols are BPS films, and open symbols are 

BPSH films. Test conditions (●,○): crossflow filtration, feed pressure = 400 psig (27.2 

atm), feed flow rate = 1 gpm, feed composition: 2000 ppm NaCl aqueous solution, pH = 

6.5~7.5; Test conditions (▲,△) [90]: dead-end filtration, feed pressure = 400 psig (27.2 

atm), feed composition: 2000 ppm NaCl aqueous solution, pH = 6.5~7.5, stirring speed = 

300 rpm; Estimation of rejection from Equation 2.15 (■,□): PS values were measured in 

a direct permeation cell with a feed of 1 M NaCl aqueous solution, and PW values were 

obtained from pure water flux measurements. To calculate rejection from known PS and 

PW values, Δp was set to 400 psi (27.6 bar) and Δπ was calculated assuming the NaCl 

concentration difference was 2000 ppm to be consistent with the measurement conditions 

of the crossflow studies. 
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Using this result and the water and salt permeability coefficients reported in  Table 4.1, 

one may calculate the rejection, based on direct permeation cell measurements of salt 

permeability and crossflow measurements of pure water permeability.  A comparison of 

the calculated rejection coefficients (■, □) with those measured during crossflow 

filtration and dead-end filtration of a 2,000 ppm NaCl solution is shown in Figure 4.5.  

There are significant differences between the calculated rejection coefficients and the 

measured values.  We ascribe these differences to the fact that the crossflow and direct 

permeation measurements were run at very different salt concentrations.  For example, 

in the crossflow measurements, the salt rejection was determined with a feed 

concentration of 2,000 ppm NaCl, which corresponds to 0.034 M NaCl.  In the direct 

permeation measurements, the feed concentration of NaCl was 1 M.  Based upon the 

information in Figure 4.4(b), the NaCl permeability coefficient increased approximately 

five times as the feed concentration of NaCl aqueous solution increased from 0.034 M to 

1 M.  Therefore, it is not unreasonable that the calculated rejection coefficients in Figure 

4.5 are lower than the directly measured values. 

 

Salt solubility and diffusivity derived from kinetic desorption measurement 

An example of results from a NaCl kinetic desorption experiment is presented in 

Figure 4.6. The salt diffusivity was obtained by fitting the entire desorption curve using 

the solution from Crank [125].  Based upon the results in Figure 4.6, the desorption 

kinetics are more rapid in the acid form film (BPSH-40) than in the salt form film (BPS-

40), indicating that the salt diffusivity was higher in the acid form sample. 
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Figure 4.7 presents salt solubility and diffusivity as a function of sulfonation 

level.  Acid form samples have higher diffusivity than their salt form analogs at the same 

sulfonation level.  The salt solubility is similar in acid and salt form samples having the 

lowest sulfonation degree (i.e., 20%), but at higher degrees of sulfonation, the acid form 

material has higher NaCl solubility than that of its analogous salt form material.  
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Figure 4.6: Kinetic salt desorption of BPS-40 and BPSH-40 at 25 oC. The films were 

equilibrated in 1 M NaCl aqueous solution at 25 oC, and the kinetic desorption data were 

measured when the films were placed in deionized water at 25 oC. 
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Figure 4.7: Effect of sulfonated monomer content on a) NaCl diffusivity and b) NaCl 

solubility in BPS and BPSH films at 25 oC.  These data are from kinetic desorption 

experiments, such as those presented in Figure 4.6, with samples initially equilibrated in 

1 M NaCl aqueous solution. 
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Based upon Yasuda et al.’s studies of NaCl sorption and transport in hydrated 

polymers, salt solubility and diffusivity are expected to increase as water uptake increases 

[126].  Yasuda et al. used free volume theory to describe the influence of water content 

on small molecule diffusivity in hydrated polymers.  According to free volume theory, 

the connection between free volume and diffusivity is given by Equation 2.29. Yasuda et 

al. suggested that the free volume of a hydrated polymer could be expressed as the free 

volume of the polymer plus the free volume of the water in the polymer: [126] 

 )1( ,, 2 polymfWOHfWF vKvKV ⋅−+⋅=  (4.1) 

where OHf 2,ν  and vf,polym are the free volumes of bulk water and dry polymer, 

respectively.  Yasuda et al. proposed that salt would permeate through the polymer 

matrix at a very slow rate, so that appreciable salt diffusion would only occur when the 

polymer was hydrated.  Consequently, the free volume important for salt transport 

through a hydrated polymer is that added to the polymer by the water.  As a result, 

Yasuda et al. simplified Equation 4.1 as follows: 

 OHfWF vKV
2,⋅≅  (4.2) 

Yasuda et al. proposed the following expression relating the water uptake in the sample, 

KW, to salt diffusivity, DS: [126] 

 







−−= 1

1
lnln 0

W
DS K

BDD  (4.3) 

where D0 is the diffusivity of NaCl in pure water at the temperature of the experiment, 

taken as 1.47x10-5 cm2/s at 25 oC [126], and BD is a proportionality constant related to the 

characteristic volume, v*, and OHf 2,ν .  Based on this model, a plot of log DS versus 1/KW 

is expected to be linear and pass through the diffusivity of NaCl in water (i.e., at 1/KW = 

1).  Figure 4.8(a) presents the NaCl diffusivity data obtained in this study along with 

data from Yasuda’s study plotted as suggested by Equation 4.3.  The data follow 

Yasuda’s model to a reasonable extent and illustrate the close connection between water 

uptake and salt diffusivity in a wide variety of polymers. 
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Figure 4.8: a) NaCl diffusivity, DS, as a function of 1/KW, which is the reciprocal of the 

pure water volume fraction in hydrated polymer. The dashed line represents a fit of all of 

the data points to Equation 4.3, where the fit is forced through the point (at 1/KW = 1) 

representing the diffusivity of NaCl in water; b) Water and NaCl diffusivity of BPS and 
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BPSH as a function of 1/KW. For the BPS and BPSH data, DS was determined from 

kinetic desorption studies following equilibration in an aqueous salt solution which 

contained 1.0 M NaCl, and DW was calculated from pure water permeability and 

solubility according to Equation 3.10. Experimental temperature = 25ºC. BPS (■,●); 

BPSH (□,○); HPMA-GMA ( ) = hydroxypropyl methacrylate - glycerol methacrylate 

copolymer[126]; HEMA (▼) = hydroxyethyl methacrylate polymer[126]; MMA-GMA  

( ) = methyl methacrylate - glycerol methacrylate copolymer[126]; HEMA-MMA (▲) 

= hydroxyethyl methacrylate - methyl methacrylate copolymer[126]; HPMA-MMA  (△

) = hydroxypropyl methacrylate - methyl methacrylate copolymer[126]; HPMA-GDMA  

(◇) = hydroxypropyl methacrylate - glycidyl methacrylate copolymer[126]; CA ( ) = 

cellulose acetate[126]; and HEMA2 ( ) = hydroxyethyl methacrylate[132]. 

 

 Water diffusivity and salt diffusivity of BPS and BPSH films are presented 

together in Figure 4.8(b) as a function of 1/KW.  To a first approximation, both water and 

salt permeability vary exponentially with 1/KW, showing reasonable coherence with 

Yasuda's free volume theory.  Moreover, the NaCl permeability of BPS and BPSH films 

is more sensitive than that of the water permeability to changes in water solubility, KW, 

due to larger size of hydrated Na+ and Cl- ions relative to the size of a water molecule, 

which is also consistent with free volume theory (i.e., smaller penetrants should show a 

weaker dependence of diffusion coefficients on free volume (i.e., water content, in this 

case) than larger penetrants).  For example, the water diffusion coefficients decrease by a 

factor of 3 in Figure 4.8(b), as water content goes from its highest to lowest value, while 

the salt diffusion coefficients decrease by a factor of 800.  

Figure 4.9 presents salt solubility as a function of water uptake for BPS and 

BPSH polymers as well as a selection of literature data for comparison.  The salt 

solubility coefficient characterizes the concentration of NaCl in a hydrated film relative 

to the salt concentration in the surrounding solution.  Yasuda proposed that, in the 

simplest scenario, the salt solubility in a hydrated polymer would simply be equal to the 
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water solubility: KS = KW  [126].  That is, the polymer would sorb salt in proportion to 

the amount of water sorbed by the polymer.  Clearly, this model is a highly approximate 

and simplistic approach to what may well be a complex interplay between the salt ions, 

ionic and non-ionic moieties in the polymer backbone, and the water present in the 

swollen sample.  For example, Yasuda found cases where the salt solubility was 

significantly less than the water uptake [126].  For some hydrated polymers (i.e., 

HPMA-GMA and HPMA-MMA from Yasuda’s studies[126]), the salt solubility remains 

close to water solubility even when the swollen film had low water solubility (cf., Figure 

4.9).  Conversely, other polymers (HEMA, CA, BPS, and BPSH) show lower salt 

solubility than water solubility in Figure 4.9, suggesting that, in these cases, the polymers 

could reject ions based, in part, on the thermodynamic partitioning of ions in the polymer. 
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Salt permeability can also be estimated from kinetic desorption data by 

multiplying the salt solubility and diffusivity together as described by Equation 2.19. 

Figure 4.10 presents a comparison of permeability coefficients measured in direct 

permeation experiments[90], those calculated as the product of salt solubility and 

diffusivity determined in kinetic desorption experiments, and those calculated from salt 

rejection and water permeability based on Equation 2.16.  Samples studied in direct 

permeation and kinetic desorption experiments were studied using a 1 M NaCl solution 

as the feed solution (direct permeation) or soaking solution (kinetic desorption), whereas 

the crossflow experiments were performed at much lower salt concentration, 2,000 ppm 
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Figure 4.9: Influence of water uptake, KW, on NaCl solubility, KS. For the BPS and BPSH 

data, KS was determined from kinetic desorption studies following equilibration in an 

aqueous salt solution at 25ºC which contained 1 M NaCl, and KW was measured in pure 

water. Experimental temperature = 25 oC.  = HPMA-GMA [126]; ▼ = HEMA 

[126];  = MMA-GMA [126]; ▲ = HEMA-MMA [126]; △ = HPMA-MMA [126]; 

◇ = HPMA-GDMA [126];  = cellulose acetate [126]. 
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(i.e., 0.034 M).  The salt permeabilities estimated from the kinetic desorption studies and 

measured in direct permeation cell experiments are very similar to one another, providing 

a good check on the applicability of the solution-diffusion model (i.e., Equation 2.19).  

The crossflow filtration data yielded systematically lower salt permeability coefficients 

than other methods due to the lower salt concentration in the feed, which is consistent 

with the results shown in Figure 4.4(b).  

 

 

As shown in Figure 4.11, for the highly hydrated, essentially uncharged hydrogels 

considered in Yasuda's study, the salt permeability coefficients decrease exponentially as 

1/KW increases.  In Yasuda's materials, the dominant contribution of water content on 

10-11

10-10

10-9

10-8

10-7

10-6

15 20 25 30 35 40 45

P S (
cm

2
/s

)

mol% Sulfonated Monomer

BPSH

BPS

 

Figure 4.10: Effect of sulfonated monomer content on salt permeability of BPS dense 

films measured via different methods at 25 oC. (●,○): direct permeation test, feed 

composition: 1 M NaCl aqueous solution [90]; (▲,△): kinetic desorption test, with 

samples initially equilibrated in 1 M NaCl aqueous solution; (■,□): crossflow filtration, 

feed = 2000 ppm (0.034 M) NaCl aqueous solution. 
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salt permeability is its influence on salt diffusion coefficients, which decreases 

exponentially as 1/KW increases.  In fact, the Yasuda salt permeability data extrapolate 

to a value of the salt diffusion coefficient in water in a hypothetical membrane composed 

entirely of water (i.e., 1/KW=1).  This is a reasonable trend since, in such a hypothetical 

membrane, the salt partition coefficient should be unity and, therefore, the salt 

permeability coefficient should be equal to the salt diffusion coefficient in water. 
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Figure 4.11: NaCl permeability, PS, as a function of 1/KW at 25 oC. ○ = HPMA-GMA 

(direct permeation)[126]; ▽ = HEMA (direct permeation) [126]; ● = HPMA-GMA 

(PS=KS×DS)[126]; ▼ = HEMA (PS=KS×DS) [126]; ■ = BPS (direct permeation, feed 

concentration = 1 M NaCl); □ = BPSH (direct permeation: feed concentration = 1 M 

NaCl); ◆ = BPS (kinetic desorption: salt permeability was calculated from PS=KS×DS, 

and samples were initially equilibrated in 1 M NaCl aqueous solution); ◇= BPSH 

(kinetic desorption: samples were initially equilibrated in 1 M NaCl aqueous solution). 
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Salt permeability data in the BPS and BPSH materials are also presented in Figure 

4.11.  They all lie below the data for Yasuda's hydrogels and do not follow a simple 

linear relation with 1/KW.  Since the salt diffusion coefficients in the BPS and BPSH 

materials largely follow the same relation with water uptake as Yasuda's materials (cf., 

Figure 4.8(a)), the difference is due to the fact that the BPS and BPSH materials have 

significantly lower salt partition coefficients than the Yasuda hydrogels (cf., Figure 4.9). 

 

Water/salt selectivity 

The separation performance of a polymeric film for desalination is often 

described in terms of water flux and salt rejection.  However, since salt rejection is a 

function of applied pressure difference and salt concentration, it does not characterize the 

intrinsic separation properties of a polymeric film.  Moreover, water flux depends on the 

membrane thickness and applied pressure difference, so it also depends on variables other 

than the inherent properties of the material.  This thickness, pressure and concentration 

dependence makes it difficult to compare inherent separation properties of polymeric 

films because films may be prepared at a variety of thicknesses and tested under a variety 

of conditions.  Consequently, the water and salt permeability coefficients and, to 

characterize inherent separation properties of a polymer, the ratio of water to salt 

permeability coefficients of polymeric films, provide metrics for evaluating material 

performance that are less sensitive to the details of particular experiments than flux and 

rejection [133]. 

According to the solution-diffusion theory, the ideal water/salt selectivity, αW/S, is 

defined in Equation 2.20. Substituting into Equation 2.16 yields 

 

( ) ( )WW

W
SW

KK

p

RT

V
R

χ
πα
211

)(
1

1
1

2/ −−
Δ−Δ⋅+

−=  (4.4) 

The selectivity characterizes the intrinsic ability of a polymeric film to separate water and 

salt.  In contrast, salt rejection is determined by the selectivity as well as details that 
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would be particular to the experiment being used to make the measurement, such as the 

applied pressure difference and osmotic pressure difference (cf., Equation 4.4).  Of 

course, if the salt and/or water permeability depend on salt concentration, then the 

selectivity may also depend on salt concentration. 

Given that water and salt permeability depend on solubility and diffusivity (as 

shown in Equations 2.18 and 2.19), both water and salt solubility and diffusivity 

contribute to determining the water/salt separation properties of a polymer as shown in 

Equation 2.20. Thus, the water/salt permeability selectivity depends on the water/salt 

solubility selectivity, KW/KS, and diffusivity selectivity, DW/DS. 

Figure 4.12 presents the water/salt diffusivity selectivity as a function of water 

diffusivity for BPS, BPSH and a variety of polymers from the literature.  Polyamide-type 

polymer films exhibit high diffusivity-selectivity, and highly water-swollen neutral 

hydrogel polymers, such as crosslinked poly(ethylene oxide) [110], show low diffusivity-

selectivity.  The disulfonated BPS and BPSH films display a wide range of diffusivity 

selectivities depending on the sulfonation level and the sulfonate form (i.e., free acid 

form or salt form).  In general, polymers with higher concentrations of sulfonic acid 

groups and those in the free acid form display higher water diffusivity and lower 

water/salt diffusivity-selectivity values, and there is a general tradeoff between these two 

variables.  The dashed line is from a recent paper and represents the best combinations 

of water diffusivity and water/salt diffusion selectivity currently known (i.e., the so-called 

upper bound for diffusion and diffusion selectivity). [133]  There are no materials today 

to the right of the dashed line. 
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The water/salt solubility selectivity values of BPS, BPSH, and a variety of 

polymers from the literature are presented in Figure 4.13 as a function of water uptake.  

Interestingly, there appears to also be a tradeoff observed: polymers having high water 

solubility tend to have high NaCl solubility, so they have low water/NaCl solubility-

selectivity.  The dashed line in the figure is from the literature. [133]  In general, 

differences in solubility selectivity are smaller than those in diffusivity selectivity for the 

same family of polymers.  For the BPS and BPSH materials, samples with higher 
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Figure 4.12: Water/NaCl diffusivity selectivity as a function of water diffusivity in dense 

films: PI (Δ) = polyimide [134], PA1 (●) = aromatic polyamide [134], PBP (▲) = 

polybenzimidazopyrrolone [134], PAH (◘) = polyamide-hydrazide [134], CA () = 

cellulose acetate [6], PA2 (○) = aromatic polyamide [135], PEG (×) = poly(ethylene 

glycol)[110], BPS (+) = disulfonated polysulfones reported previously [45, 133], and BPS 

(■) and BPSH (□) = disulfonated polysulfones from this study. For BPS and BPSH data, 

DW values were calculated using Equations 2.10 and 3.10 assuming 

( ) ( ) 1211 2 =−− WW KK χ . The dashed line is the upper bound [133]. 
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concentrations of sulfonate salt groups and those in the free acid form display higher 

water solubility coefficients and lower water/salt solubility selectivity values. 

 

 

Finally, Figure 4.14 presents a correlation between water permeability and 

water/salt permeability selectivity.  This plot resembles the well-known permeability-

selectivity tradeoff plot for films used in gas separations [136-138].  Apparently, there is 

a tradeoff between water permeability and water/salt permeability-selectivity, and the line 

in this paper is from a recent article discussing the tradeoff in more detail [133].  In the 

BPS and BPSH polymers, samples with higher concentrations of sulfonate salt groups 
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Figure 4.13: Water/NaCl solubility selectivity as a function of water partition coefficient 

in dense films: PI (Δ) = polyimide [134], PA1 (●) = aromatic polyamide [134], PBP (▲) 

= polybenzimidazopyrrolone [134], PAH (◘) = polyamide-hydrazide [134], CA () = 

cellulose acetate [6], PA2 (○) = aromatic polyamide [135], PEG (×) = poly(ethylene 

glycol)[110], BPS (+) = disulfonated polysulfones reported previously [45, 133], and 

BPS (■) and BPSH (□) = disulfonated polysulfones from this study. The dashed line is 

the upper bound [133]. 
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and those in the free acid form display higher water permeability coefficients and lower 

water/salt permeability selectivity values. 
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Figure 4.14: Water/NaCl permeability selectivity as a function of diffusive water 

permeability in dense films: PI (Δ) = polyimide [134], PA1 (●) = aromatic polyamide 

[134], PBP (▲) = polybenzimidazopyrrolone [134], PAH (◘) = polyamide-hydrazide 

[134], CA () = cellulose acetate [6], PA2 (○) = aromatic polyamide [135], PEG (×) = 

poly(ethylene glycol)[110], BPS (+) = disulfonated polysulfones reported previously[45, 

133], and BPS (■) and BPSH (□) = disulfonated polysulfones from this study. To be 

consistent with literature data, PW for BPS and BPSH in this study were calculated using 

Equation 2.10 assuming ( ) ( ) 1211 2 =−− WW KK χ . The dashed line is the upper bound 

[133]. 
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CONCLUSIONS 

A series of disulfonated poly(arylene ether sulfone) random copolymers was 

prepared with a range of sulfonation levels in both salt and acid forms.  The desalination 

properties of these polymers were characterized.  The sulfonation level and ionic form 

of the polymers strongly influence water uptake in the polymers, with polymers in the 

acid form and those having higher concentrations of sulfonic acid groups having higher 

water uptake.  The water diffusion and permeation properties, as well as salt solubility, 

diffusivity and permeability were well correlated with water uptake in these materials; 

samples with higher water uptake had higher water diffusivity and permeability as well as 

higher salt solubility, diffusivity and permeability.  There appear to be tradeoffs between 

water solubility, diffusivity, and permeability with water/salt solubility, diffusivity and 

permeability selectivity.  Samples with higher water solubility, diffusivity and 

permeability generally had lower values of water/salt solubility, diffusivity and 

permeability selectivity. 
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Chapter 5:  Effect of Free Volume on Water and Salt Transport 

Properties in Directly Copolymerized Disulfonated Poly(arylene ether 

sulfone) Random Copolymers 

INTRODUCTION∗ 

Free volume plays a central role in determining the transport properties of small 

molecules in polymers[85, 126, 139-141].  Positron annihilation lifetime spectroscopy 

(PALS) is a modern tool used to investigate both the size and size distribution of free 

volume elements in polymers[104, 110, 111, 142].  This method is based on the 

measurement of ortho-positronium (o-Ps) lifetime and o-Ps intensity in a material.  The 

annihilation of positrons in a polymer normally occurs via several pathways.  One of the 

pathways, o-Ps pickoff annihilation, is often sensitive to polymer free volume element 

size and concentration, which are characterized by o-Ps lifetime and intensity, 

respectively[88, 106].  PALS has been used to study the microstructure of various 

polymers, such as glassy and partially crystalline polymers[102, 143, 144], thermally 

stable polymers[103], gas separation polymers[140, 145, 146], and polymer 

hydrogels[105, 110, 147-149].  Moreover, free volume, as probed by PALS, correlates 

well with transport properties in polymeric materials as diverse as gas separation 

membranes[140, 145, 146, 150] and hydrated polymer hydrogels[110, 149].  

Desalination membrane materials have also been investigated using PALS[142, 151, 

152].  Based upon these studies, the positron annihilation technique can probe free 

volume, which is important in determining penetrant selectivity in reverse osmosis 

membranes[142]. 

In this study, the influence of cation form and degree of sulfonation on free 

volume, as probed via positron annihilation lifetime spectroscopy (PALS), and water and 

salt transport properties was determined in a systematic series of directly copolymerized 

                                                 
∗ This chapter has been adapted with permission from a publication of the same title in Macromolecules 44 
(2011) 4428-4438. Copyright (2011) American Chemical Society. 
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disulfonated poly(arylene ether sulfone) random copolymers. Polymer samples were 

studied in both the dry and hydrated states.  PALS-based estimates of free volume in the 

dry polymers were compared with those estimated using density and the Bondi group 

contribution method [86, 87], and PALS-based free volume data for hydrated polymers 

were correlated with water and salt transport properties. Finally, PALS-based free 

volume in hydrated samples was correlated with water and salt transport properties of 

these materials. 

 

RESULTS AND DISCUSSION 

Free volume in dry and hydrated films 

Density results on dry samples and PALS results from films of these copolymers 

in both the dry and hydrated states are presented in Table 5.1 and  

Table 5.2, respectively.  These films were prepared with various amounts of 

disulfonated monomer (20 ~ 40 mol%) in both the potassium salt and acid forms.  

Characterizing dry samples using PALS assists in understanding the change of PALS 

parameters upon hydration.  Therefore, we report the PALS results in dry samples prior 

to discussing the results in hydrated samples, although the PALS results for hydrated 

samples are clearly more relevant for correlating water and salt transport properties. 
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 Table 5.1: Density[45], PALS results and free volume of dry BPS and BPSH films. 

Sample Dry density (g/cm3) FFVρ
* (%) τ3

D (ns) RF
D (Å) VF

D (nm 3) I3
D (%) FFVD** (%) 

BPS-20 1.324 16.5 1.961 ± 0.017 2.82 ± 0.02 0.0939 20.1 ± 0.3 3.40 
BPS-30 1.349 16.9 1.993 ± 0.018 2.85 ± 0.02 0.0969 19.7 ± 0.2 3.44 
BPS-35 1.353 17.5 1.957 ± 0.023 2.81 ± 0.02 0.0929 18.9 ± 0.3 3.16 
BPS-40 1.358 18.0 1.901 ± 0.018 2.76 ± 0.02 0.0880 19.1 ± 0.2 3.03 

BPSH-20 1.353 12.0 1.943 ± 0.029 2.80 ± 0.02 0.0919 20.0 ± 0.4 3.31 
BPSH-30 1.370 11.8 1.924 ± 0.018 2.78 ± 0.02 0.0900 19.3 ± 0.3 3.13 
BPSH-35 1.386 11.2 1.894 ± 0.018 2.75 ± 0.02 0.0871 21.3 ± 0.3 3.34 
BPSH-40 1.420 9.4 1.829 ± 0.020 2.69 ± 0.02 0.0815 21.7 ± 0.4 3.18 

Note: * estimated from density data according to Equation 5.1; 
** estimated from PALS data according to Equation 3.4. 

 
Table 5.2: PALS results and free volume of hydrated BPS and BPSH films. 

* estimated from PALS data according to Equation 3.4.  

Sample τ3
H (ns) RF

H (Å) VF
H (nm3) I3

H (%) FFVH* (%) 

BPS-20 1.853 ± 0.013 2.71 ± 0.02 0.0834 19.9 ± 0.4 3.00 
BPS-30 1.881 ± 0.016 2.74 ± 0.02 0.0862 16.4 ± 0.2 2.55 
BPS-35 1.889 ± 0.020 2.75 ± 0.02 0.0871 16.3 ± 0.3 2.55 
BPS-40 1.899 ± 0.014 2.76 ± 0.02 0.0881 15.2 ± 0.2 2.41 

BPSH-20 1.871 ± 0.021 2.73 ± 0.02 0.0852 19.5 ± 0.3 3.00 
BPSH-30 1.894 ± 0.014 2.75 ± 0.02 0.0871 17.6 ± 0.2 2.77 
BPSH-35 1.924 ± 0.024 2.78 ± 0.02 0.0900 16.8 ± 0.6 2.73 
BPSH-40 1.939 ± 0.021 2.80 ± 0.02 0.0920 16.7 ± 0.3 2.76 
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Before examining the PALS results in detail, it is instructive to first consider the 

density and fractional free volume, FFVρ, estimated from density for the dry samples, 

because this technique is widely used to estimate free volume.  Since fractional free 

volume cannot be measured directly, it is typically estimated using the group contribution 

method of Bondi [86, 87]: 

 
P

oPP

V

VV
FFV ,−

=ρ  (5.1) 

where VP is the polymer specific volume, VP,o is the specific occupied volume (i.e., the 

volume which is not available to assist in penetrant transport).  The occupied volume is 

estimated as follows: 

 wPoP VV ,, 3.1=  (5.2) 

where VP,w is the Van der Waals volume of the molecule, typically determined from 

group contribution methods [120]. 

As shown in Table 5.1, the density of dry BPS and BPSH samples increases 

regularly with increasing degree of sulfonation.  Moreover, the acid form materials are 

always more dense than their salt form analogs.  The FFVρ values estimated from the 

group contribution method are presented in Table 5.1.  From these data, FFVρ changes 

little with sulfonation degree in the salt form materials, but it generally decreases with 

increasing degree of sulfonation in acid form materials.  The FFVρ in acid form 

materials is lower than that in their salt form analogs. 

The addition of highly polar sulfonate groups to the aromatic rings of these 

polymers produces increased intermolecular interaction by pendant ions[60].  The 

increased interaction would tend to bring molecular segments closer to each other, 

resulting in more efficient chain packing and decreasing FFV.  However, the sulfonate 

groups are bulky, and the addition of bulky side groups to aromatic polymers, such as 

polysulfones, often increases free volume [139, 153, 154].  Thus, as sulfonation level 

increases, there is potentially a tradeoff between increasing chain polarity, which would 

reduce FFV, and increasing concentration of a bulky substituent, which would increase 

FFV.  Furthermore, salt cations are larger than protons[155, 156], so one might expect 
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the sulfonated salt groups to be bulkier than their acid form analogs, leading potentially 

to more extensive disruption of polymer chain packing in the salt form materials, which 

would explain the higher FFV values in salt form materials than in acid form materials.  

In the salt form materials, the increase in polarity and in the number of bulky substituents 

as sulfonation level increases largely balance one another, and FFV changes little with 

sulfonation level.  In the acid form materials, the increase in polarity accompanying 

increasing sulfonation levels is more important than the increase in the number of bulky 

substituents, so FFV generally decreases as degree of sulfonation increases. 

The PALS results on the dry samples, shown in Table 5.1 and Figure 5.1, support 

the previous discussion.  Figure 5.1(a) presents the o-Ps lifetimes, τ3
D, as a function of 

disulfonated monomer concentration.  Within the uncertainty of the measurements, the 

o-Ps lifetime, which characterizes the average free volume element cavity size (Equations 

3.2 & 3.3), is generally independent of sulfonation levels in the salt form materials, 

except perhaps for the most highly sulfonated sample, which has a somewhat lower o-Ps 

lifetime than the other samples.  In the acid form materials, the o-Ps lifetime decreases 

with increasing degree of sulfonation.  Furthermore, the free volume element size is 

generally smaller in the acid form materials than in the salt form materials, consistent 

with the density and FFV results. 
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Figure 5.1: τ3
D (a) and I3

D (b) values as a function of sulfonated monomer content in dry 

samples in the salt (BPS ()) and acid (BPSH ()) forms.  Error bars are population 

standard deviations of the results. 
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Figure 5.1(b) presents the o-Ps intensity, I3
D.  The intensity values are essentially 

the same in salt and acid form polymers at lower levels of sulfonation (i.e., 20 and 30 %) 

and show some difference at higher degrees of sulfonation, with the intensity being 

somewhat higher in acid form materials than in salt form materials.  While the PALS 

intensity has often been interpreted as being related to the concentration of free volume 

elements in polymers [88, 157], the chemical environment of the polymer can affect o-Ps 

formation.  Positrons interact with electron withdrawing moieties in molecular media, 

such as sulfonate groups, chloride groups, and bromide groups[104, 118].  These 

electron withdrawing moieties can inhibit the formation of o-Ps, which can render I3 

insensitive to changes in free volume element concentration[116-118]. 

Inhibition of o-Ps formation has been used to rationalize sulfonated polymer 

PALS data.  For example, in sulfonated poly(ether ether ketone) with a high degree of 

sulfonation, the o-Ps intensity was barely detectable, compared to an o-Ps intensity value 

of 21.2% for unsulfonated poly(ether ether ketone).  In sulfonated poly(ether sulfone), 

the o-Ps intensity exhibits a decreasing trend with increasing sulfonation level[158].  In 

sulfonated polymers, o-Ps intensity data often do not correlate with transport properties 

because the o-Ps intensity data are not reflective of the concentration of free volume 

elements in the polymer.  In dry BPS and BPSH polymers, when the concentration of 

disulfonated groups increases in the acid and salt form samples, there may be conflicting 

influences on free volume parameters resulting from increasing the number of bulky side 

groups, which might be expected to increase free volume element concentration, and 

increasing o-Ps inhibition, which might reduce o-Ps intensity value.  The extent to 

which these factors are controlling in acid and salt form materials may well be different, 

resulting in the complex behavior exhibited in Figure 5.1(b). 

Several studies report the free volume in water-swollen films using PALS.  

Specifically, Trotzig et al.[149] observed that o-Ps lifetimes in PEO films decreased as 

water content increased in these films, and they ascribed this decrease to the interaction 

between water molecules and two ether oxygens from different PEO segments, which 

caused the segments to move closer to one another.  In another study, Trotzig et al.[159] 
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reported the presence of water clusters above a water weight fraction of 0.09 w/w in the 

hydroxypropyl methylcellulose-water system, and the free volume hole size in the 

plasticized polymer remained constant above a water weight fraction of 0.22 w/w.  

Sodaye et al.[113] studied the microstructure of Nafion-117 using PALS and reported 

that the absorption of water decreased o-Ps lifetime in H+-Nafion.  They reasoned that 

the free volume elements were located in amorphous regions not occupied by water-

containing pockets or clusters.  Incorporation of water led to expansion of the cluster 

sizes which could squeeze the amorphous free volume, causing a decrease in mean free-

volume element size.  However, Hodge et al.[105] showed that as the water content in 

poly(vinyl alcohol) films increased from 8 to 30 wt.%, the inter- and intra-chain distances 

in the polymeric matrix expanded as the polymer swelled, leading to an increase in free 

volume element size.  Thus, the literature shows that addition of water to polymer films 

can either increase or decrease o-Ps lifetime and, therefore, free volume element size.  

The PAScal program[100] allows analysis of the data for the fraction of o-Ps annihilating 

in free water, such as the free water-containing pockets or clusters found in some 

hydrogels.  A free water component with lifetime of ~1.86 ns[160] could not be detected 

in these studies, indicating that the water in hydrated samples interacts with the polymer. 

The PALS results, τ3
H and I3

H, for hydrated BPS and BPSH films are presented in 

Figure 5.2 as a function of sulfonated monomer content.  The trends with increasing 

sulfonation level are remarkably different from those of the dry films.  For example, in 

Figure 5.2(a), τ3
H

 values in both acid and salt form samples increase systematically as 

degree of sulfonation increases, whereas in the dry samples, they changed little in the 

BPS series and decreased in the BPSH series with increasing extent of sulfonation (cf., 

Figure 5.1(a)).  Previous AFM characterization of these copolymers[60] indicates the 

presence of cluster-like structures, which are believed to represent hydrophilic sulfonated 

segments containing small amounts of water.  In the hydrated state, these hydrophilic 

regions can presumably sorb substantial amounts of water.  Thus, any inter- and intra-

chain interactions, which may be substantial in the dry samples due to the presence of the 

highly charged sulfonate groups, are weakened in the hydrated samples, resulting in the 
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expansion of free volume elements.  Therefore, it is not unreasonable that free volume 

cavity size in hydrated polymers might correlate with the propensity of the copolymers to 

sorb water.  In light of this correlation, the hydrated acid form polymers, which sorb 

significantly more water than their salt-form analogs (cf.,  Table 4.1), have larger free 

volume elements than the hydrated salt form polymers, as shown in Figure 5.2(a). 
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Figure 5.2: τ3
H (a) and I3

H (b) values as a function of sulfonated monomer content in 

hydrated films of BPS () and BPSH ().  Error bars are population standard 

deviations of the results.  The dashed lines are provided to guide the eye. 
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The o-Ps intensity, I3
H, in both acid and salt forms of these hydrated films 

decreases with increasing sulfonated monomer content, as shown in Figure 5.2(b).  

While the intensity values begin at essentially the same value in the 20% sulfonated 

copolymer, as sulfonation extent increases, the intensity in the acid form materials 

becomes larger than that in the salt form materials.  In the dry films, the o-Ps intensity 

had the same value in acid and salt forms of the material with 20% and 30% sulfonation, 

but it increased somewhat in the acid form materials and decreased slightly in the salt 

form materials, so that the acid form materials had higher o-Ps intensity values in the 

samples with the highest levels of sulfonation (cf., Figure 5.1(b)).  Nevertheless, for 

both salt form and acid form BPS materials, o-Ps intensity inhibition may play a 

significant role in determining the intensity trend: intensity decreases with increasing 

degree of sulfonation. 

The o-Ps lifetime for pure water, 1.86 ns[160], is compared to the values observed 

in these hydrated films in Figure 5.2(a).  Additionally, the pure water o-Ps intensity is 

27%[160].  The addition of water to the polymer matrix increases the average free 

volume element size to values above that in pure water.  Moreover, the o-Ps intensity in 

hydrated BPS and BPSH polymers, decreases with increasing degree of sulfonation, 

moving further away from the value in water, despite the fact that samples with higher 

degrees of sulfonation contain more water than those of lower degrees of sulfonation.  

However, due to o-Ps inhibition, the intensity values may have little relation to the 

concentration of free volume elements in the polymer. 

Based on the o-Ps lifetime data alone, the addition of water to these materials is 

doing more than changing free volume by any simple additive mixing rule between the 

free volume of dry polymer and water.  This result is different from that of uncharged 

hydrogels based on crosslinked poly(ethylene oxide)[110].  There, both o-Ps lifetime 

and intensity generally changed smoothly and regularly between the limits of these 

parameters in the dry polymer and in water. 

As degree of sulfonation increases, both BPS and BPSH samples exhibit increases 

in equilibrium water uptake[45].  Addition of water to the polymer samples may screen 



83 
 

the strong inter- and intra-molecular interactions that contribute to the decrease in FFV 

values in the dry acid form samples as sulfonation levels increase.  These strong 

interactions act to maintain FFV at near constant values in dry salt form materials, despite 

the addition of bulky, potentially packing disrupting potassium sulfonate groups to the 

chain backbone.  Additional evidence for the strong inter- and intra-molecular 

interactions that the sulfonate linkages bring to these polymers in the dry state is provided 

by the fact that glass transition temperature increases sharply with increasing degree of 

sulfonation[60].  Therefore, due to the screening effect of the water, the size of free 

volume elements (i.e., τ3
H) increases with increasing degree of sulfonation despite the fact 

that the polymer/water mixture contains higher concentrations of water, which has a 

lower o-Ps lifetime than that of most of the dry polymers. 

 

Effect of water sorption on polymer free volume 

It is also of interest to compare the PALS parameters between hydrated and dry 

acid and salt form samples having the same degree of sulfonation.  In this regard, the 

difference between the free volume cavity size in dry, RF
D, and hydrated, RF

H, samples is 

presented in Figure 5.3 as a function of the equilibrium volume fraction of water, KW, 

sorbed by the hydrated samples.  The o-Ps lifetime data were converted to free volume 

radii values using Equation 3.2.  At low hydration (i.e., KW < 0.3), the size of the free 

volume elements is smaller in the hydrated samples than that in the dry samples.  Then, 

at high hydration (i.e., KW > 0.3), the free volume elements are larger in the hydrated 

samples than that in the analogous dry samples.  That is, over the entire range of 

hydration, the free volume cavity size in the hydrated polymers increases as water uptake 

increases and finally surpasses the cavity size in the dry polymers.  In Figure 5.3, the 

difference in free volume element size between dry and hydrated samples was forced 

through the zero point because there should be no cavity size difference in a sample 

having no water uptake. 

 



84 
 

 

Several studies have reported a similar phenomenon for nylon-6[161-164]. Singh 

et al.[161] and Welander et al.[163] reported the decrease of free volume cavity size at 

low water uptake. They attributed the reduction in cavity size to the breakage of 

hydrogen bonds and rearrangement of molecular structure made possible due to the 

lowering of the glass transition temperature to room temperature in their hydrated 

polyamides, i.e. the H2O molecules interrupt the hydrogen bonds leading to high 

flexibility and hence relaxation of the molecular chains. However, the glass transition 

temperatures of even fully hydrated BPSH polymers sorbing more water than their salt 

form analogs have been reported to be higher than 100 oC, and no glass transition was 

observed below 100 oC in the DSC thermograms[165]. Therefore, the hydrated BPS and 

BPSH polymers at room temperature are highly glassy and it is unlikely that the 
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Figure 5.3: Correlation between water uptake and the difference in free volume element 

sizes in dry and hydrated films of BPS () and BPSH ().  The volume fraction of 

water sorbed in the samples at equilibrium, KW. 
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molecular structure would experience significant rearrangement upon absorption of 

water.  

On the other hand, Robertson et al.[164] found that moisture absorption in nylon-

6 is accompanied by an initial decrease in τ3 , attributing this decrease to the occupation of 

free volume by water molecules; then the free volume cavity size increases when the 

water sorption level is higher than 10 wt. %, which leads to plasticization/swelling of the 

polymer. In our samples, the initial decrease in free volume cavity size in the hydrated 

samples may also suggest that water sorbs into the polymer with little or no swelling of 

the polymer, which effectively decreases the cavity size.  Such effects are often 

observed when small molecules sorb into glassy polymers – at lower concentrations, the 

small molecules sorb into pre-existing non-equilibrium excess volume sites in the 

polymer, resulting in a loss of free volume[166].  As water content in the polymer 

increases, the inter- and intra-chain interactions are eventually weakened or screened and, 

in samples that have the ability to sorb enough water, the polymer chains eventually have 

the possibility to separate as more water sorbs into the material, thereby generating larger 

cavity sizes.  These hole-filling and swelling effects oppose one another.  At low 

hydration, the hole-filling effect is dominant, so a decrease in cavity size is observed.  

When the hydration (i.e., water uptake) is beyond about 15 volume percent, the swelling 

effect becomes dominant, and free volume element size increases with increasing 

hydration. 

 

Fractional free volume in sulfonated polymers 

The mean free volume element size in the hydrated films, as estimated from the 

PALS lifetime data and Equation 3.3, is presented in Figure 5.4(a) as a function of water 

uptake (i.e., the water solubility values appearing in  Table 4.1).  If this parameter is 

taken as representing the PALS estimate of free volume in these samples, then the free 

volume as probed by PALS in these hydrated films is linearly proportional to water 

content.  This phenomenon has also been reported for PMMA[157].  Additionally, 
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Yasuda et al. [126] hypothesized that such a relation existed as part of a systematic study 

of the influence of water content on salt transport in hydrogels.  More recently, a similar 

relation between PALS-based free volume and water uptake was reported in crosslinked 

PEG-based hydrogels[110].  The difference is that in crosslinked PEG-based 

hydrogels[110], the water uptake is proportional to the fractional free volume, which is 

calculated from PALS-based mean free volume (VF) and o-Ps intensity (I3).  However, 

in the BPS and BPSH films, there is a linear correlation between mean free volume size 

and water uptake. 
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Figure 5.4: Influence of water uptake (as characterized by the volume fraction of water 

sorbed by the sample, KW) on PALS-based: (a) volume of free volume elements and (b) 

fractional free volume in hydrated BPS () and BPSH () films.  The mean free 
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volume element size and volume were calculated according to Equations 3.2 and 3.3, 

respectively. The dashed line is provided to guide the eye. 

 

In Figure 5.4(b), the fractional free volume estimated from both the PALS o-Ps 

lifetime and intensity results (via Equation 3.4) shows no clear trend with water uptake in 

swollen BPS and BPSH films because the o-Ps intensity values, due to o-Ps intensity 

inhibition, presumably do not reflect the concentration of free volume elements in the 

polymer.  Therefore, mean free volume element size is a more useful parameter to 

connect water uptake and PALS-probed free volume for BPS and BPSH films. 

Fractional free volume has often been estimated from PALS o-Ps lifetime and 

intensity as shown in Equation 3.4 [88, 104, 110].  Although PALS information for 

sulfonated materials exists largely because of the wide use of these materials in fuel cell 

applications, there is no evidence of successful correlation between transport properties 

and o-Ps intensity due to the previously discussed inhibition effect[104, 118, 140, 158, 

167], indicating that o-Ps intensity may not be a useful parameter to measure the free 

volume in this family of polymers.  The use of VF, which is a function of τ3 only, instead 

of VFI3 in Equation 3.4 as a measure of free volume has been reported for other 

materials[117, 157].  Therefore, the fractional free volume in BPS and BPSH films is 

also taken to be proportional only to the mean free volume size as shown in Equation 3.5. 

 

Correlation between free volume and transport properties 

Membrane transport properties have been reported to be governed by free 

volume[110, 126, 142].  Ju et al.[110] showed that, in cross-linked PEG hydrogels, the 

fractional free volume is well correlated with transport properties such as salt diffusivity.  

If the fractional free volume of BPS and BPSH films is calculated according to Equation 

3.4, this well established correlation is not observed in the plot of water permeability of 

these films versus reciprocal fractional free volume (cf., Figure 5.5(a)).  However, as 

shown in Figure 5.5(b), water permeability coefficients of BPS and BPSH films are 
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strongly correlated with reciprocal average free volume element size, VF
H, when the free 

volume is determined, using Equation 3.3, from PALS o-Ps lifetime values in hydrated 

samples.  If the average free volume in the hydrated polymer is taken to be proportional 

to the free volume element size in the hydrated state (cf., Equation 3.5), then these results 

show that permeability varies exponentially with changes in reciprocal average free 

volume, as expected from free volume theory[85].  The water permeability values of 

both salt and acid form samples lie on the same trend line with PALS-based reciprocal 

average free volume element size, indicating that the role of the cation, at least as it 

applies to water transport, is to influence the water uptake and morphology of the 

samples, and it is the water uptake that strongly influences free volume and, in turn, water 

permeability. 
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Figure 5.5: Correlation between diffusive water permeability and (a) reciprocal fractional 

free volume estimated from Equation 3.4 and (b) average free volume element size, VF
H, 

estimated using Equation 3.3 in hydrated BPS () and BPSH () films. 
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The free volume interpretation of diffusion data has been used for both gas 

separation membranes [145, 146, 168] and liquid separation membranes [7, 126, 164, 

169].  To understand the diffusive permeability of small molecules through hydrated 

BPS and BPSH films, free volume theory [85, 170-173] can be used to correlate the free 

volume and transport properties.  In the discussion that follows, we use average free 

volume element size in hydrated samples, VF
H, as a parameter indicative of the average 

free volume in the polymer.  

According to the free volume theory and Equations 2.29 and 3.5, small molecule 

diffusion coefficients in polymers can be correlated with free volume as shown below[85, 

173]: 

 







−⋅= *exp v

V
AD

H
F

D

γ
 (5.3) 

Thus, as penetrant size increases, its diffusion coefficient decreases. In aqueous solution, 

salt ions exist in a hydrated state with several water molecules surrounding each ion to 

form a hydrated ion [174-176].  The hydration effect increases the dynamic radius of 

salt ions, and the size of hydrated ions is larger than that of water molecules [155, 177].  

Additionally, due to the electroneutrality constraint, each sodium ion that diffuses 

through a polymer film must have a chloride counterion with it, which means that the 

effective size of the diffusing species is further increased in the case of the salt [175].  

Therefore, the water diffusion coefficient in these copolymer films is expected to be 

higher than that of sodium chloride.  This expectation is verified by diffusion coefficient 

results presented in Figure 5.6(a).  Over the range of sulfonated monomer contents 

considered, water diffusion coefficients are higher than those of sodium chloride and 

scale as expected with free volume.  As suggested by Equation 5.3, the diffusion 

coefficients of larger penetrants (NaCl in this case) vary more strongly with changes in 

free volume than those of smaller penetrants (water in this case). This phenomenon is 

also observed in Figure 5.6(a) because the slope of the line through the NaCl data is 

steeper than that through the water data. 
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Figure 5.6: Influence of free volume element size from PALS measurements on: (a) water 

and NaCl diffusivity and (b) diffusivity selectivity, αD in BPS ( and ) and BPSH ( 

and ) films. The dashed lines are provided to guide the eye. 
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Free volume cavity size not only determines the diffusion coefficient of 

penetrants, but it also controls the diffusion selectivity of one penetrant over another.  

For desalination membranes, it is important to have high selectivity for water molecules 

over sodium chloride ions to achieve high salt rejection.  The diffusivity selectivity, αD, 

of water over salt is defined as follows[139]: 

 
S

W
D D

D
=α  (5.4) 

Substitution of DW and DS into Equation 5.4 yields: 

 ( )







−== **exp WSH

FS

W
D vv

VD

D γα  (5.5) 

where vS
* and vW

* are the minimum free volume element sizes accessible to salt ions and 

water molecules, respectively. Based on this result, diffusivity selectivity should vary 

exponentially with free volume.  Indeed, Figure 5.6(b) shows that the water/salt 

diffusivity selectivity of the copolymers considered in this study varies approximately 

exponentially with free volume element size, as expected.  Films with larger free 

volume elements have lower water/sodium chloride diffusivity selectivity but higher 

diffusion coefficients.  This trend is observed because larger penetrants are more 

sensitive to the size of free volume elements, so the sodium chloride diffusivity increases 

more rapidly with an increase in free volume cavity size than water diffusivity.  This 

tradeoff between rates of transport of water and salt and their selectivity appears to be a 

general phenomenon in polymers [133].  

In the solution diffusion model, permeability, P, depends on the product of the 

solubility of a penetrant in a polymer, K, times the effective diffusivity, D, of that 

penetrant through the polymer [6, 69, 70]: 

 DKP ⋅=  (5.6) 

Introducing Equation 5.3 yields: 
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According to Figure 5.4, the water solubility in these polymer films is proportional to the 

mean free volume size.  Previous studies [45, 178] also showed that the sodium chloride 

solubility in these copolymers is proportional to water uptake.  Therefore, Equation 5.7 

can be rewritten as: 

 







−⋅⋅⋅= *exp v

V
VBAP

H
F

H
FKD

γ
 (5.8) 

where BK is a constant correlating the penetrant solubility of polymer films with the mean 

free volume element size in the polymer matrix. 

The experimental water and sodium chloride permeability data for these 

copolymer films are presented in Figure 5.7(a) as a function of reciprocal free volume 

element size. The trend is very similar to that observed in the diffusion coefficient data. 

The solid lines in Figure 5.7(a) represent fits of Equation 5.8 to the experimental data. 

For comparison, the dashed lines show the fits of Equation 5.8 to the experimental data 

by ignoring the term (VF
H) that is linear in water uptake.  Obviously, the exponential 

term in Equation 5.8 is dominant and the influence of linear term (VF
H) is weak enough 

that the solid lines look to be almost linear. 
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Figure 5.7: Influence of free volume from PALS experiments on: (a) diffusive water and 

NaCl permeability and (b) permeability selectivity, αP, in BPS ( and ) and BPSH ( 

and ) films. The solid lines represent fits of Equations 5.8 and 5.9 to the experimental 
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data. For comparison, the dashed lines represent fits of Equation 5.8 to the experimental 

data by ignoring the term (VF
H) in Equation 5.8 that is linear in water uptake. 

 

Permeability selectivity can be expressed as follows: 

 ( )







−== **
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, exp WSH
FSK
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S
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P γα  (5.9) 

where BK,W and BK,S are constants related to water and sodium chloride transport in these 

materials, respectively. Comparison shows that Equation 5.9 is very similar to Equation 

5.5. Therefore, a plot of permeability selectivity as a function of average free volume 

element size (Figure 5.7(b)) yields similar trends as those observed in the diffusion 

selectivity plot (Figure 5.6(b)). 

 

CONCLUSIONS 

PALS results of dry and hydrated BPS and BPSH films were measured and 

correlated with transport properties.  PALS-based free volume element size in hydrated 

polymers directly correlates with water and salt transport properties.  Sorption of water 

influences the free volume in polymeric films by two mechanisms: hole-filling and 

swelling.  At low hydration, sorbed water molecules occupy pre-existing nonequilibrium 

free volume elements in glassy polymers.  As hydration increases, additional water 

molecules swell the polymer matrix and subsequently enlarge the free volume cavities.  

The equilibrium volume fraction of water is proportional to the mean free volume cavity 

size, indicating that fractional free volume in BPS and BPSH films is strongly correlated 

with free volume cavity size, as characterized by τ3.  Water and salt diffusivity and 

permeability of BPS and BPSH films vary exponentially with changes in free volume 

element size as probed by PALS.  Moreover, the diffusion and permeability selectivity 

increase exponentially as free volume size decreases.  Larger free volume cavities lead 

to higher diffusion and permeability coefficients and lower diffusion and permeability 

selectivity, and vice versa.
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Chapter 6:  Influence of Processing History on Water and Salt 

Transport Properties of Films Prepared from Disulfonated Polysulfone 

Random Copolymers 

INTRODUCTION∗ 

Cation exchange membranes prepared from sulfonated materials have been 

widely studied as fuel cell membranes, and thermal processing history has been reported 

to influence conductivity and water uptake [119, 179-182]. However, few studies focus 

on how processing history affects water and salt transport properties [183-186]. 

Processing history is likely to have a significant effect on these materials because, even 

when hydrated, many of these polymers are glassy, and their properties could and should 

depend upon thermal processing history [144, 187, 188]. 

Berezina et al. reported the influence of processing history on water uptake and 

electro-transport properties of perfluorinated sulfonated polymer membranes [184]. For 

example, heating membranes in aqueous salt or acid solutions increased water uptake and 

water permeability, and the duration of the thermal treatment further influenced 

membrane transport properties [184]. Characterization of sulfonated polymers prepared 

in different alkali counter-ion forms shows the influence of counter-ion form on water 

uptake and transport properties [184, 189]. This observation can be attributed to 

differences in cation-sulfonate group binding affinity [183]. The influence of thermal 

processing history on water uptake and hydraulic permeability was also reported for 

Nafion films [185, 186]. Thermal treatment of Nafion in water, salt solutions, or basic 

solutions increased water uptake and permeability, and morphological rearrangement was 

suggested as the basis for the observed change in properties [185]. 

Therefore, this chapter investigates the influence of processing history on water 

and salt transport properties of BPS-32, which is an aromatic polysulfone-based polymer 

unlike the perfluorinated polymers discussed previously. The polymer was conditioned 

                                                 
∗ This chapter has been adapted from an article of the same title submitted to Polymer. 



98 
 

using techniques including acid treatment, thermal treatment, and ion exchange, and the 

effect of solution and solid-state acidification on film properties was investigated. Free 

volume theory was used to interpret the results. One objective of these studies is to 

understand more completely the range over which salt and water transport properties may 

be manipulated by various processing protocols as opposed to varying the chemical 

structure of the polymer, so the results of the current studies will be placed in perspective 

by comparing with the influence of changing chemical structure, at fixed thermal 

processing history, on water and ion transport properties. 

 

RESULTS AND DISCUSSION 

Ion exchange in BPS-32 films 

 The concentration of counter-ions in the BPS-32 films was measured to validate 

the treatment protocols in Figure 3.3. The results, recorded in Table 6.1, illustrate the 

effectiveness of the protocols in Figure 3.3.  For example, the H sample, acidified in 

solution (cf. Figure 3.3), contained no appreciable potassium or sodium, as expected for 

an acidified film. Samples H-K and K-HB-K are predominantly in the potassium salt 

form, and samples H-Na and K-HB-Na are predominantly in the sodium salt form; no 

sodium or potassium was detected in acid form samples H, H-K-H, and K-H. In 

summary, the observations of negligible concentrations of sodium and potassium in acid 

form polymers, as well as sodium in films expected to be in the potassium form, and 

potassium in films expected to be in the sodium form further suggests that the 

conditioning protocols, outlined in Figure 3.3, produced films in the intended counter-ion 

form. 
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Table 6.1. Counter-ion concentration in BPS-32.  

 

 

The measured counter-ion concentrations are comparable to the expected ion 

exchange capacity (IEC) of BPS-32.  The IEC of sodium form BPS-32 (sample K-HB-

Na) was calculated from solution-state 1H NMR spectra as described previously [66] and 

is 1.30 meq/g(dry polymer), and the IEC measured by solution-state poteniometric 

titration and solid state film titration is reported as 1.2 meq/g(dry polymer) [91]. 

The BPS-32 counter-ion concentration was a few percent higher in boiled samples 

than in samples not exposed to elevated temperature. Previous reports suggest that 

acidifying the BPS films by boiling in sulfuric acid does not change the IEC or the degree 

of sulfonation [60, 130]. The counter-ion concentration in the potassium counter-ion form 

polymers was somewhat higher than that in the sodium counter-ion form polymers.  The 

observation that the potassium concentration is greater than the sodium concentration is 

consistent with the tendency of potassium to bind more strongly to sulfonate groups than 

sodium [183, 189]. Ultimately, the counter-ion form measurement procedure verified the 

counter-ion form of the polymers considered, and the origins of the subtle differences 

mentioned above are not well understood at this time.  

Sample 
Ion concentration 

[meq/g(dry polymer)] 
Ion concentration 

[meq/cm3(hydrated polymer)] 

Sodium Potassium Sodium Potassium 

H <0.01 <0.01 <0.01 <0.01 

H-K <0.01 1.26 +/-0.011 <0.01 1.30 +/-0.050 

H-Na 1.09 +/-0.015 <0.01 1.10 +/0.008 <0.01 

H-K-H <0.01 <0.01 <0.01 <0.01 

K-H <0.01 <0.01 <0.01 <0.01 

K-HB-K <0.01 1.31 +/-0.005 <0.01 1.40 +/-0.064 

K-HB-Na 1.16 +/-0.003 <0.01 1.36 +/-0.178 <0.01 
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ATR-FTIR spectroscopy was used to characterize the chemical structure of BPS-

32 films. The IR spectra of selected films, including those prepared via solid-state 

acidification (K, K-H, K-HB, and K-HB-Na) and solution acidification (H, H-K, and H-

Ca), are presented in Figure 6.1.  No significant difference in IR spectra exists between 

the two groups of films prepared from different acidification routes. However, some 

differences appear when comparing salt and acid form films. The strong characteristic 

peaks at 1030 and 1098 cm-1 were assigned to symmetric and asymmetric stretching of 

the sulfonate groups in BPS-32, and the peak at 1006 cm-1 corresponds to the diphenyl 

ether band which is taken as a reference peak [60]. The acid form films in Figure 6.1 (H, 

K-H, and K-HB) exhibit weaker peaks at both 1030 and 1098 cm-1 than the salt form 

films (K, K-HB-Na, H-K, and H-Ca), probably due to extensive hydrogen bonding in the 

acid form polymer matrix, which inhibits both symmetric and asymmetric stretching of 

the sulfonate groups on the polymer backbone [190]. 



101 
 

 

Because the counter-ion form of the polymer influences water uptake and, in turn, 

transport properties, the ion exchange process may also be monitored by transport 

property measurements.  For example, pure water permeability of an initially acid-form 

BPS-32 film was measured as a function of NaCl solution contact time. During this 

procedure, the sample was converted from the acid to the sodium salt form.  Several K-

HB samples were loaded into dead-end filtration cells, and pure water permeability was 

measured.  Next, the cells were emptied and refilled with 0.1 M NaCl solution, and the 

upstream surface of the BPS-32 film, mounted in each cell, was allowed to contact the 

NaCl solution for a specified period of time at ambient temperature and pressure.  After 

the contact time, the cell was rinsed with DI water three times, and pure water 

permeability was measured again. This procedure was repeated for 3 days. The results of 

this experiment are presented in Figure 6.2. 

10001050110011501200

A
b

s
o

rb
a

n
ce

Wavenumbers (cm-1)

K-HB-Na

K

H-K

H-Ca

K-HB

K-H

H

1098

1030
1006

 
 
Figure 6.1: ATR-FTIR spectra of BPS-32 films. The samples acidified in solid-state (K-

HB-Na, K, K-HB and K-H) are in solid lines and those acidified in the solution (H-K, H-

Ca and H) are in dashed lines. The spectra have been displaced vertically for easier 

viewing. 
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Water permeability decreased rapidly within the first 2 hours of NaCl solution 

contact time.  After 2 hours, the water permeability remained essentially constant.  The 

final pure water permeability measured in this experiment was (1.05±0.08)×10-6 cm2/s.  

After the experiment, the counter-ion form of the samples was measured using the ash 

analysis technique, and the results showed a Na+ concentration of 1.26±0.019 meg/g(dry 

polymer). This result indicates complete ion exchange of protons for Na+ ions during the 

experiment. The pure water permeability of K-HB-Na samples, obtained by soaking acid 

form K-HB samples in 0.5 M NaCl solution for 3 days, was (1.19±0.06)×10-6 cm2/s, and 

the Na+ concentration in the K-HB-Na samples was 1.16±0.003 meg/g(dry polymer) (cf. 

Table 6.1); the reasonable agreement between the water permeability from these two 

experiments indicates that sodium form BPS-32 films having essentially the same water 

permeability could be produced by different routes. Furthermore, this experiment further 

indicates that ion exchange from the BPS-32 acid to sodium counter-ion form occurs over 

a period of a few hours in films that are 40-70 μm thick. 

 

Figure 6.2: Water permeability as a function of exposure time of acid form BPS-32 films 

(K-HB) to 0.1 M NaCl solution at ambient conditions. 
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Effect of process conditioning on transport properties 

 BPS-32 polymer samples were prepared in the potassium form and acidified by 

two procedures. BPS polymers in previous studies [60, 130, 178, 191] were acidified in 

the solid state by boiling the films in acid. However, the thermal treatment associated 

with boiling may also influence the properties of sulfonated films [184, 185]. For 

example, boiling acid form Nafion 117 films in DI water for 1 hour doubles water 

permeability [185]. To separate the effects of thermal treatment from those associated 

solely with ion exchange, solution-state acidification was performed. 

The water uptake, water and NaCl permeability, and water/salt permeability 

selectivity of BPS-32 films, initially in the acid form, are recorded in Table 6.2. For 

solid-state acidified films, K-H samples were obtained by soaking K films in 0.5 M 

sulfuric acid at room temperature for 3 days, while K-HB samples were obtained by 

soaking K films in boiling 0.5 M sulfuric acid for 2 hours and then in boiling DI water for 

2 hours. The water uptake of boiled samples was 50% higher than that of un-boiled 

samples; water and NaCl permeability of boiled samples increased to 2.3 and 21 times 

that of un-boiled samples, respectively. The water/NaCl permeability selectivity 

decreased by nearly an order of magnitude, from 460 in the K-H sample to 49 in the K-

HB sample.  Qualitatively, this result is consistent with expectations from free volume 

theory [85]; any change to a material that increases water uptake should increase water 

and salt permeability. Furthermore, the permeability of hydrated ions (which are larger 

than water molecules) should increase more than the permeability of water as water 

uptake increases, which would lead to decreased water/salt permeability selectivity [110, 

191].  However, this example illustrates the sensitivity of the polymer transport 

properties to prior thermal history. 

 



104 
 

Table 6.2: Effect of solid state or solution acidification on water uptake, water 

permeability, NaCl permeability, and water/NaCl permeability selectivity of H+ form 

BPS-32 films.  

 

For solution-acidified films, H and H-K-H samples were prepared as indicted in 

Table 6.2. The water uptake and transport properties (see Table 6.2) of these samples are 

similar. Thus, when ion exchange and thermal processing steps are performed before 

samples are cast from solution, the resulting samples have similar properties.  This 

Sample Preparation KW PW ×107

(cm2/s) PS ×109 
(cm2/s) PW / PS

Solid state acidification 

K-H 1) Cast film of K+ form sample 
from DMAc; 
2) soak film in 0.5 M H2SO4 for 3 
days at ambient conditions. 

0.24±0.01 6.4±0.3 1.4±0.1 460 

K-HB 1) Cast film of K+ form sample 
from DMAc; 
2) soak film in boiling 0.5 M 
H2SO4 for 2 h; 
3) soak film in boiling DI-water 
for 2 h. 

0.36±0.01 14.6±0.9 30±2 49 

Solution acidification 

H 1) Dissolve K+ form sample in 
DMSO; 
2) mix solution with 0.5 M 
H2SO4 and filter after 2h; 
3) boil polymer gel in 0.5M 
H2SO4 for 2 h; 
4) filter, dry and dissolve 
polymer in DMAc and cast film. 

0.27±0.01 3.0±0.2 0.70±0.12 430 

H-K-H 1) Soak sample H in 0.5 M KCl 
solution for 3 days at ambient 
conditions; 
2) soak film in 0.5 M H2SO4 for 3 
days at ambient conditions. 

0.29±0.01 3.7±0.1 0.91±0.20 410 
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result is reasonable because all of the ion exchange and thermal history effects were 

accomplished before the material had been dissolved in solvent and cast as a solid film.  

By dissolving the sample in solvent, where it would be in an equilibrium, rubbery state, 

the thermal history involved in the acidification protocol was erased.  

The salt and water permeability coefficients of acid form BPS-32 films prepared 

by various processes are presented in Figure 6.3(a).  Generally speaking, processing 

protocols that increase water permeability also increase salt permeability.  The acid 

form BPS-32 films prepared by the boiling process (K-HB) had higher water and NaCl 

permeability than all other acid form films in Figure 6.3(a).  Additionally, the effect of 

thermal processing conditions on water and salt transport properties was less in 

magnitude than changes in water and salt permeability resulting from changing the 

concentration of sulfonated monomer used to prepare the polymer, resulting in a change 

in the polymer’s degree of sulfonation from 20 to 40% (shown as open and filled 

triangles in Figure 6.3(a). 
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Figure 6.3: NaCl permeability versus water permeability of: a) H+ form BPS-32 films, b) 

K+ form BPS-32 films, c) salt form BPS-32 films, and d) all BPS-32 films. In this study, 

feed NaCl concentration for salt permeability measurement = 0.1 M. The  and  

symbols represent potassium and acid form BPS data reported previously (feed NaCl 

concentration for salt permeability measurement = 1 M) [178].  Differences in the water 
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and ion transport properties of these samples (i.e., those represented by the  and  

symbols) were brought about by changing the concentration of sulfonated monomer in 

the polymer at fixed film processing conditions. 

  

The films prepared in this study had different water/NaCl permeability selectivity 

compared to previously prepared analogs [178], because the upstream NaCl 

concentration in the salt permeability measurements was different from previous studies 

(0.1 M in this study versus 1 M previously [178]), and the NaCl permeability of 

sulfonated polymers increases as feed NaCl concentration increases [28, 131, 178, 184]. 

Moreover, the current film preparation conditions were not identical compared to 

previous studies [178], which could also influence the water and salt transport properties 

of the resulting films. For example, there are differences in the polymer solution filter 

size (0.45 μm in this study versus 2 μm previously [178]), and film drying temperature 

(vacuum drying at 150 oC in this study versus at 110 oC previously [178]). 

To understand the influence of thermal treatment temperature on film properties, 

potassium form BPS-32 films were soaked in DI water at different temperatures, and the 

transport properties were subsequently measured.  The results of this study are reported 

in Table 6.3 and shown in Figure 6.3(b). As soaking temperature increased, water uptake 

as well as water and NaCl permeability increased, but water/NaCl permeability 

selectivity decreased.  Upon boiling the potassium form BPS-32 films in DI water, the 

water permeability increased by a factor of 3.3, and NaCl permeability increased by 

almost an order of magnitude. As discussed in more detail below, the greater increase in 

NaCl permeability compared to water permeability is likely due to an increase in free 

volume driven by increased soaking temperature. An increase in free volume is expected 

to have a greater effect on a larger molecule’s permeability (e.g., hydrated ions) than on 

that of a smaller molecule (e.g., water) [85, 191]. 
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Table 6.3: Effect of thermal treatment on water uptake, water permeability, NaCl 

permeability, and water/NaCl permeability selectivity of K+ form BPS-32 films.  

 

To rationalize why soaking the samples in water at elevated temperature might 

change transport properties, we estimated the glass transition temperature, Tg, of the 

polymer in the hydrated state to understand whether the soaking protocols were 

conducted on samples that were inherently out of equilibrium (i.e., glassy). Thermal 

processing history can affect properties, including transport properties, of glassy 

polymers since such materials are inherently in a nonequilibrium state [183-186]. The 

potassium form BPS-32 dry polymer’s second scan Tg was measured using DSC (Figure 

6.4) to be 278 oC. This Tg is higher than the reported Tg of sodium form BPS-40 (271 oC) 

[60]. In the present measurement, an additional solvent extraction process, i.e., vacuum 

drying at 110oC for 1 day, was used; residual solvent may have depressed the previously 

reported BPS-40 Tg. The hydrated BPS film Tg values were lower than the dry polymer Tg 

values, and Tg decreased as water content increased. Glass transition temperature 

depression resulting from solvent plasticization is widely known for polymer-diluent 

systems [165, 192-195].  The Tg of the water swollen BPS-32 films was estimated 

following the Kelley-Bueche equation [196]:  

Sample Preparation KW 
PW 

×107 
(cm2/s)

PS ×109 
(cm2/s) PW / PS 

Solid state acidification 

K Cast film of K+ form sample 
from DMAc. 

0.20±0.01 3.0±0.5 0.59±0.05 510 

K-50C Soak sample K in 50oC DI-
water for 4 h. 

0.22±0.01 3.3±0.5 0.88±0.12 380 

K-75C Soak sample K in 75oC DI-
water for 4 h. 

0.26±0.01 6.3±1.6 2.5±0.1 250 

K-B Soak sample K in boiling DI-
water for 4 h. 

0.30±0.01 9.8±0.1 5.4±0.2 180 
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where 1φ  and 2φ  are the volume fractions of component 1 (water) and component 2 

(BPS-32) in the hydrated BPS-32 films, Tg1 and Tg2 are the glass transition temperatures 

of water (-137 oC) [197] and dry BPS-32 polymer (278 oC), respectively, and Rg ≡ α1/α2, 

with αi being the difference in thermal expansivity between liquid and glass for 

component i. These values were generally taken to be α1 = 10-3 and α2 = 4.8×10-4, and 

thus R = 2.1 [198, 199]. 

 

The influence of water content on the Tg of hydrated potassium form BPS-32 was 

estimated using Equation 6.1 and is shown in Figure 6.5. The volume fraction of water in 

fully hydrated potassium form BPS-32 was 0.20 (cf. Table 6.3), so the estimated Tg of 

this swollen polymer is predicted to be approximately 135 oC. Therefore, BPS-32 films 

soaked in boiling water were presumably near, but still below, the Tg of the 

water/polymer mixture.  . Since these polymer-water were in the glassy state, but near 
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Figure 6.4: DSC thermogram for potassium form BPS-32. 
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the Tg of the mixture, during the higher temperature treatment protocols, long-lived 

changes in water uptake and transport properties should be expected relative to samples 

that were only soaked in water at lower temperatures. Samples soaked at higher 

temperature would have higher chain mobility and, therefore, greater opportunity to relax 

towards an equilibrium state than samples treated at lower temperatures. All samples 

included in this study are predicted to be glassy, even when hydrated, so it is reasonable 

that their properties will depend on thermal processing history. 

 

The NaCl and water permeability of all potassium form BPS-32 films are 

presented in Figure 6.3(b).  The H-K samples had higher water and NaCl permeability 

than K samples (Figure 6.3(b), and Table 6.3).  Among all of these films, the K-HB-K 

samples had the highest water and NaCl permeability, presumably due to its being boiled 
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Figure 6.5: Estimated glass transition temperature (Tg) of hydrated K+ form BPS-32 film 

as a function of volume fraction of water in the hydrated film. Tg was estimated with the 

Kelley-Bueche Equation 6.1 [196]. Boiling point of 0.5 M sulfuric acid was measured to 

be 101 oC, which is very close to that of pure water. 
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in sulfuric acid. Boiling BPS-32 films in sulfuric acid instead of DI water was more 

effective at increasing permeability as well as water uptake. 

Film properties of sodium, potassium, and calcium counter-ion form BPS-32 are 

recorded in Table 6.4 and shown as NaCl permeability versus water permeability in 

Figure 6.3(c). Soaking acid form BPS-32 films in salt solution converted the films to the 

corresponding salt form via ion exchange, as shown in Table 6.1.  However, the 

acidification history also influenced the transport properties of the salt form films. Both 

sodium form and potassium form BPS-32 films (K-HB-Na and K-HB-K) converted from 

K-HB samples had higher water uptake and penetrant permeability coefficients (and 

lower water/NaCl permeability selectivity) than their analogs (H-Na and H-K) converted 

from H samples. Comparing K-HB-Na to K-HB-K and H-Na to H-K, the sodium form 

films had similar water uptake and permeability as their potassium analogs, except that 

the water permeability of K-HB-Na samples is somewhat lower than that of K-HB-K 

samples. 
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Table 6.4: Effect of solid state or solution acidification on water uptake, water 

permeability, NaCl permeability, and water/NaCl permeability selectivity of K+ form and 

Na+ form BPS-32 films, comparing with Ca2+ form BPS-32. 

 

The water and NaCl permeability of H samples and H-Ca samples are also shown 

in Figure 6.3(c) for comparison with monovalent alkali counter-ion form BPS-32 films. 

The water and NaCl permeability of H-Na, and H-K samples were near those of the H 

material (compare results for the H material in Table 6.2 and those for H-Na, and H-K in 

Table 6.4); these results are consistent with the water uptake values in these samples. 

These results indicate no significant difference in swelling of the final films prepared by 

contacting the H material with salt solutions at ambient conditions. 

  The water uptake of H-Ca was perhaps slightly lower than that of H, H-Na and 

H-K samples. Such a result would be qualitatively consistent with the observation that 

Sample Preparation KW PW ×107

(cm2/s) PS ×109 
(cm2/s) PW / PS 

Solid state acidification 

K-HB-
Na 

Soak sample K-HB in 0.5 M 
NaCl solution for 3 days at 
ambient conditions. 

0.33±0.02 11.9±0.6 31±2 38 

K-HB-
K 

Soak sample K-HB in 0.5 M 
KCl solution for 3 days at 
ambient conditions. 

0.33±0.02 17.3±1 28±2 62 

Solution acidification 

H-Na Soak sample H in 0.5 M NaCl 
solution for 3 days at ambient 
conditions. 

0.26±0.01 3.0±0.2 0.98±0.06 310 

H-K Soak sample H in 0.5 M KCl 
solution for 3 days at ambient 
conditions. 

0.26±0.01 3.4±0.3 0.76±0.04 450 

H-Ca Soak sample H in 0.5 M CaCl2 
solution for 3 days at ambient 
conditions. 

0.24±0.01 2.0±0.1 0.87±0.06 230 
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divalent calcium cations can ionically crosslink sulfonate groups within or between the 

BPS-32 polymer chains [200-202], which could decrease the free volume in the polymer 

matrix and subsequently reduce water uptake and, in turn, water and salt permeability 

[95].  

The H-Ca samples had lower water permeability than other monovalent cation 

forms of BPS-32 (cf. Figure 6.6(a)). However, the NaCl permeability of calcium form 

BPS-32 did not exhibit the same trend (cf. Figure 6.6(b)), presumably because the 

shielding effect of calcium cations on the anionic sulfonated groups, reported to decrease 

the repulsive forces between the sulfonate groups and penetrant co-ions [28, 202, 203], 

could increase NaCl permeability, which may offset the decrease in NaCl permeability 

expected due to crosslinking by calcium cations. Therefore, the NaCl permeability of the 

H-Ca film remained similar to that of the other monovalent cation form films (i.e., H, H-

Na and H-K).  
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Figure 6.6: Correlation between reciprocal water uptake and: a) water permeability, and 

b) NaCl permeability of BPS-32 films. The dashed lines are provided to guide the eye. 

 

The water and NaCl permeability of all BPS-32 films are presented in Figure 

6.3(d); data for previously reported BPS films (i.e., a series of potassium and acid form 
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BPS films having varying concentrations of sulfonated comonomer) are presented for 

comparison [178]. By varying the processing conditions, the transport properties of BPS-

32 films could be modified over a broad range.  Generally speaking, a thermal 

processing history that brought about higher water permeability typically also increased 

salt permeability.  For example, the potassium form BPS-32 sample K-HB-K had water 

permeability an order of magnitude higher and NaCl permeability almost two orders of 

magnitude higher than sample K. Among all BPS-32 samples, the films boiled in acid (K-

HB, K-HB-Na, and K-HB-K) had the highest permeability coefficients to both water and 

salt; the films that experienced high temperature treatment in DI water (K-B and K-75oC) 

had higher permeability than those that were not thermally treated.  All the other films, 

without any thermal treatment or treated at a low temperature (i.e., K-50oC), had lower 

penetrant permeability coefficients.  For films that were not thermally treated, changing 

the counter-ion form influenced permeability, particularly the water permeability.  For 

example, the water permeability of H-K-H samples was 1.8×10-6 cm2/s and that of H-Ca 

samples was 0.75×10-6 cm2/s. 

 

Effect of free volume on film transport properties 

Correlation of water and salt transport properties with free volume, characterized 

either by water uptake or based on positron annihilation lifetime spectroscopy (PALS) 

measurements,  have been reported for acid and potassium counter-ion form BPS 

samples synthesized with varying amounts of sulfonic acid comonomer [178, 191]. In 

this study, the concentration of sulfonic acid comonomer was fixed at 32%, and thermal 

processing history was used to vary transport properties by, as will be shown below, 

varying the free volume in the hydrated polymer samples.  

As discussed previously [178], the water partition coefficient was proposed to be 

proportional to the fractional free volume (FFV) in the hydrated polymer samples .  

PALS measurements confirmed the linear relationship between water uptake and free 

volume in hydrated BPS [191] as well as other families of hydrated polymers [110]. 
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According to free volume theory, the connection between FFV and penetrant diffusivity, 

D, is:[85] 
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where kW is constant.  In Figure 5.4, the free volume, as measured by PALS, was found 

to be proportional to the water partition coefficient, KW, and the constant of 

proportionality in Equation 6.2 is kW [110, 191]. 

 In the solution-diffusion model, permeability (P) depends on the product of the 

partition (or solubility) coefficient of a penetrant in a polymer (K) and the concentration-

averaged effective diffusion coefficient of that penetrant through the polymer (D) (cf. 

Equation 5.6). As discussed previously [191], the permeability of BPS films is much 

more sensitive to changes in diffusivity than to changes in partition coefficient. 

Therefore, K in Equation 5.6 could be regarded, roughly speaking, as a constant to 

simplify the calculation. Introducing Equation 6.2 yields: 
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where BP is the product of AD and the partition coefficient K, and BP is considered, as a 

first approximation, to be constant.  

 The measured water and NaCl permeability of the BPS-32 films are presented in 

Figure 6.6(a) and Figure 6.6(b), respectively. For films prepared via solid-state 

acidification (samples K, K-50oC, K-75oC, K-B, K-H, K-HB, K-HB-Na, and K-HB-K), 

both water and NaCl permeability vary exponentially with reciprocal water partition 

coefficient, indicating reasonable qualitative agreement with Equation 6.3. The data 

points for those films prepared via solution acidification (H, H-Na, H-K, H-Ca, and H-K-

H) also exhibit a trend following Equation 6.3 for water, though the trend lines are 

somewhat displaced from the data points of the films prepared via solid-state 

acidification. The NaCl permeability in solution-acidified samples was approximately 

independent of water uptake, and, like for the water permeability data, at the same water 

uptake level, films prepared via solution acidification have lower water and salt 
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permeability than those prepared via solid-state acidification. The fundamental basis for 

this difference and for the insensitivity of NaCl permeability to water content in the 

solution-acidified samples is not yet clear and will be explored in future studies. 

The water/salt permeability selectivity of BPS-32 films is presented as a function 

of water permeability in Figure 6.7, and data from this study are compared with data from 

the literature [6, 45, 110, 134, 135, 178].  Generally, the BPS-32 films exhibit a trade-

off between permeability selectivity and water permeability, i.e., selectivity increases as 

water permeability decreases, and vice versa.  Among the BPS-32 films, the H-Ca 

sample showed the poorest combinations of water and salt transport properties, and the 

K-HB and K-HB-K samples showed the best combinations of water and salt transport 

properties, based on distance to the upper bound line shown in Figure 6.7. For the H-Ca 

sample, this result is consistent with the calcium ions being able to effectively ionically 

crosslink at least some of the sulfonate linkages [200-202], reducing their ability to 

prevent NaCl transport based on either Donnan exclusion [203] or slowing the diffusion 

of negatively charged chloride ions. Moreover, by varying the processing history, the 

separation performance of the same material (i.e., BPS-32) could be tailored over a wide 

range, suggesting that processing history might be used as an additional degree of 

freedom to modify transport properties in membranes designed to control the transport of 

water and salt, such as desalination membranes. 
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Figure 6.7: Water/NaCl permeability selectivity as a function of diffusive water 

permeability in dense films: PI (Δ) = polyimide [134], PA1 (●) = aromatic polyamide 

[134], PBP (▲) = polybenzimidazopyrrolone [134], PAH (◘) = polyamide-hydrazide 

[134], CA () = cellulose acetate [6], PA2 (○) = aromatic polyamide [135], PEG (×) = 

poly(ethylene glycol)[110], BPS (+ [45, 133], , and [178]) = disulfonated 

polysulfones reported previously (feed NaCl concentration for salt permeability 

measurement = 1 M). In this study, feed NaCl concentration for salt permeability 

measurement = 0.1 M. To be consistent with the literature data where Flory-Huggins 

correction was not introduced, PW for BPS-32 films in this study were calculated using 

Equation 2.10 assuming ( ) ( ) 1211 2 =−− WW KK χ . The dashed line is the upper bound from 

literature [133]. 

 

CONCLUSIONS 

BPS-32 films of various cation forms were prepared via two acidification routes.  

The alkali cation (Na+ and K+) concentration in the BPS-32 films was measured to 
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confirm that ion exchange proceeded to completion as expected.  The effect of acid 

treatment, thermal treatment, and counter-ion form on transport properties was 

determined.  Soaking BPS-32 films in 0.5 M sulfuric acid at room temperature increased 

water uptake and permeability.  BPS-32 films treated in DI water at different 

temperatures showed a broad range of transport properties, indicating that thermal 

treatment in DI water can be used to tune BPS-32 transport properties. A combination of 

acid and thermal treatment, i.e., boiling BPS-32 films in sulfuric acid, showed the 

strongest effect on transport properties. Counter-ion form also affected the film 

properties, but this effect was secondary compared to the effects of thermal treatment 

procedures.  The water and salt transport properties of BPS-32 films prepared via solid 

state acidification correlated well with water uptake in the manner expected according to 

free volume theory.  In solution-acidified samples, water permeability increased with 

increasing water content as expected from free volume theory; however, the salt 

permeability was essentially independent of water uptake. Generally, the BPS-32 films 

followed a trade-off between water/salt permeability selectivity and water permeability.   
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Chapter 7:  Polyamide Interfacial Composite Membranes and Effect of 

Post-polymerization Treatment Conditions on Desalination Separation 

Performance 

INTRODUCTION∗ 

The performance of polyamide TFC membranes can be modified by contact with, 

for example, acidic solutions. Cadotte and Walker contacted TFC membranes with 

phosphoric, phosphorous and sulfuric acids and observed increases in water flux and 

decreases in magnesium sulfate rejection [20]. Strantz and Brehm [22] contacted TFC 

RO membranes with potassium permanganate KMnO4 solutions at a pH of about 3; they 

hypothesized that this treatment increased the free volume in the polymeric matrix, 

resulting in increased water flux and reduced salt rejection. Cescon and Hoehn described 

the treatment of linear polyamide reverse osmosis films with acidic solutions, which 

resulted in higher water permeability by a combination of solvent-induced swelling and 

extraction of low molecular weight non-crystalline components [10]. Cescon and Hoehn 

observed that aqueous solutions of protonic acids (e.g., hydrochloric, sulfuric and 

phosphoric acids) with pKa values below 3.0 could also react with polyamides to degrade 

them chemically, particularly by hydrolysis [10]. Thus, such acids were used in the form 

of dilute solutions to reduce their chemical reactivity. 

Chlorine tolerance and fouling resistance are additional criteria for evaluating the 

performance of RO membranes. Membrane fouling increases the permeation resistance to 

penetrants and subsequently reduces flux [36]. Many approaches have been explored to 

increase the fouling resistance of RO TFC membranes, including membrane modification 

by, for example, coating [37-41], pendant grafting [42], and nanocomposite modification 

[43, 44]. 

Chlorine is widely used in desalination processes because it is an economical 

disinfectant to deactivate microorganisms [33]. However, polyamide membranes have 
                                                 
∗ This chapter has been adapted from an article of the same title submitted to Journal of Membrane 
Science. 
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limited chemical resistance to oxidizing agents such as chlorine [45, 128]. Aromatic 

polyamide based TFC membranes undergo chemical degradation due to contact with 

aqueous chlorine for sufficiently long times; this degradation can reduce salt rejection to 

unacceptably low levels [35, 46]. Alternative monomers, which are less sensitive to 

chlorination, have been explored to increase the chlorine tolerance of desalination 

membranes [18, 19, 47, 48]. In this regard, disulfonated polysulfone based desalination 

membrane materials are more tolerant to aqueous chlorine than polyamides [45, 90, 178, 

191]. In this study, the effect of incorporation of such sulfonated monomers into TFC 

membranes via interfacial polymerization on water and salt transport as well as chlorine 

tolerance was characterized. 

There are literature reports regarding the performance of interfacially 

polymerized, aromatic polyamide TFC desalination membranes based on MPD and TMC 

[79, 204-209]. However, as shown in Table 6.1, the performance of these membranes is 

often different from that of commercially available desalination membranes.  For 

example, the NaCl rejection of most literature-reported membranes is less than 99%, 

while the rejection of commercial brackish water desalination membranes is typically 

greater than 99%. Also, water flux was highly variable in the literature studies but much 

more constant in commercial membranes tested at the same feed pressure and salt 

concentration conditions.  Some of this variability is undoubtedly due to difference in 

operating conditions (e.g., transmembrane pressure difference, feed salt concentration, 

pH, etc.).  However, in seeking to understand the effect of process variables (e.g., 

monomer concentration, post-polymerization treatment and changes in diamine) on the 

properties of TFC membranes, it was important to have a stable baseline of data on 

membranes prepared using MPD and TMC.  Therefore, we also studied the effect of 

several interfacial polymerization parameters (e.g., MPD and TMC concentration, 

support membrane wetting protocol, etc.) on water and salt transport properties.  

Additionally, the influence of several post-polymerization treatments of polyamide TFC 

membranes on salt and water transport properties was studied.  
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Table 7.1: Performance of polyamide thin-film composite membranes.  

Membrane  
Transmembrane 

pressure 
difference (psi)

NaCl feed 
conc. (ppm) 

pH  
Temperature 

(oC) 
Water flux 
 (L/(m2 h)) 

Nominal 
NaCl 

rejection (%)

Manufacturer reported performance of commercial polyamide TFC membranes 

Hydranautics LFC1[210] 225 1500 6.5-7 25 47 99.5 

Hydranautics LFC3[210] 225 1500 6.5-7 25 40 99.6 

GE OSMO-MUNI RO[211] 225 2000 7.5 25 45 99.5 

GE DS-11 AG Series[211] 225 2000 7.5 25 43 99.5 

Dow FilmTec BW30-400[212] 225 2000 8 25 45 99.5 

Dow FilmTec TW30-4040[212] 225 2000 8 25 52 99.5 

Literature reported performance of polyamide TFC membranes made with MPD and TMC 

Hirose, 1996[79] 218 1500 6.5 25 42 99.8 

Rao, 2003[204] 250 2000 n/a 25 60 95 

Kim, 2005[205] 225 2000 n/a 25 25.8 96.4 

Zhou, 2006[206] 232 2000 n/a 25 30 98 

Ghosh, 2008[207] 250 2000 n/a 20 26 98.4 

Wei, 2010[208] 218 2000 n/a 25 82 95.3 

Kong, 2010[209] 218 2000 n/a 25 9.4 97.5 

  



124 
 

RESULTS AND DISCUSSION 

Optimum conditions for membrane fabrication 

 Properties of polyamide membranes prepared via interfacial polymerization are 

sensitive to preparation protocols [27].  Figure 3.4 presents a schematic of interfacial 

polymerization of MPD and TMC at the surface of a PSf UF membrane [12, 13].  

Interfacial polymerization is initiated when the top surface of a PSf UF membrane, whose 

porous structure contains an MPD aqueous solution, is contacted with a TMC/n-dodecane 

organic solution.  Based on the classic view of interfacial polymerization described by 

Morgan, the low solubility of TMC in water and somewhat higher solubility of MPD in 

the organic phase results in MPD diffusion from the aqueous phase into the organic phase 

to react with TMC, growing an interfacial polyamide from the organic/water interface 

into the organic phase [9].  Initially, the polyamide layer is quite thin, and MPD 

continues to diffuse through the polyamide layer into the TMC-rich n-dodecane phase, 

reacting with TMC and thereby thickening the polyamide layer.  The growth of the 

polyamide layer essentially stops when it becomes thick enough to strongly impede the 

diffusion of MPD through the polymerized polyamide [9].  Additionally, the acid 

chloride groups on TMC are readily hydrolyzed by water to carboxylic acid groups that 

do not react with the amines on MPD [9].  Therefore, any water diffusing into the 

organic layer can react with TMC, reducing the number of reactive sites on TMC 

available for reaction with MPD, which acts as a further limitation on the ability of the 

polyamide layer to grow.  Due to the rapid condensation polymerization between MPD 

and TMC, the self-limited formation of the polyamide dense layer can be completed over 

time scales of the order of 10 seconds, beyond which the growth of dense layer may still 

occur at a very low rate but with little effect on membrane performance [13].  To 

minimize the effect of residual reagents on the performance of TFC membranes, 

n-hexane was used to rinse the top membrane surface immediately following the 

polymerization step. N-hexane is highly volatile, so it would readily evaporate from the 

membrane surface upon exposure to air. 
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Initially, polyamide TFC membranes were prepared from MPD (3% w/v in water) 

and TMC (0.13% w/v in n-dodecane) following conventional protocols described by 

Cadotte [13]. Figure 3.4(b) ~ (f) presents photographs of these steps.  However, as 

shown in Figure 7.1(a), the salt passage of membranes prepared using this original 

protocol (i.e., the filled circles in Figure 7.1(a)) were highly variable, spanning a range 

from 0.5 to 4.5% (i.e., salt rejection ranged from 95.5 to 99.5%).  The large variability, 

which included some rather high values of salt passage, was likely due to the formation 

of pinhole defects during the membrane fabrication process.  If any pores of the PSf 

support membrane were not adequately wetted during contact with the aqueous MPD 

solution, such pores could become pinhole defects in the resulting interfacial composite 

membranes.  For comparison, the flux and rejection of other MPD/TMC interfacially 

polymerized TFC membranes reported in the literature are also shown [79, 204-209]. 
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Figure 7.1: Crossflow filtration performance of polyamide TFC membranes prepared via: 

(a) the original (●), revised (▲), and (b) optimized (♦) protocols.  For comparison, data 

are also presented for commercial membranes ( ) [210-212] and other MPD/TMC TFCs 

reported in the literature ( ) [79, 204-209].  Unless otherwise stated, all membranes in 

this study were tested in a crossflow filtration system at the conditions noted below, and 
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NaCl rejection data were not corrected for concentration polarization.  Test conditions: 

feed = 2000 ppm (0.034 M) NaCl aqueous solution, transmembrane pressure difference = 

225 psi (15.5 bar), feed flow rate = 0.7 gpm, feed pH = 6 ~ 7, and feed temperature = 25 

± 0.5 oC.  

 

The membrane fabrication protocol was revised by adding the step shown in 

Figure 3.4(a) to decrease the possibility that pinholes would form during the membrane 

fabrication.  Immersing the PSf UF membrane in DI water overnight presumably helped 

ensure more thorough wetting of the support membrane pores (Figure 3.4(a)), so more of 

the membrane pores would receive an adequate amount of MPD aqueous solution in the 

subsequent MPD contact step. In addition, when using the rubber roller to remove water 

droplets from the top of the PSf membrane surface (Figure 3.4(c)), it was crucial to apply 

sufficient force to the roller to ensure that no water droplets remained; if the roller 

pressure was low, so that water droplets remained on the surface of the PSf membrane, 

these could become weak regions (and, in turn, form pinhole defects) once the interfacial 

polymerization was completed. 

The salt passage and flux of membranes prepared using this revised protocol are 

shown as filled triangles in Figure 7.1(a).  Using this protocol, the resulting membranes 

consistently had salt passages of < 1 % (i.e., salt rejection > 99%), and there was less 

scatter in the rejection values than observed with the original protocol.  For comparison, 

the performance of a number of commercial membranes, tested under conditions of feed 

concentration and feed pressure similar to those used in our studies, is shown in this 

figure to provide some perspective of the values of salt passage and flux [210-212].  

While the salt passage of the membranes prepared with the revised protocol was similar 

to that of these particular commercial membranes, the water flux was lower. 

Based upon literature reports, the water flux of RO membranes is influenced by 

hydrophilicity, thickness and density of the polyamide barrier layer [9, 27].  

Correlations between membrane performance and its film thickness and structure have 

been studied and simulated using mathematical models [213-216].  Generally, 
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interfacial polymerization of MPD and TMC is believed to include an incipient fast stage 

until the formation of a core dense barrier layer is complete followed by slow growth 

limited by monomer diffusion across the dense polymer barrier [213, 215].  The fast 

reaction upon contact of both monomers at the oil-water interface in the incipient stage 

provides the dense core layer, which is significantly thinner than the extended loose layer 

formed later due to monomer diffusion through the dense core layer [216].  Freger [215] 

suggested that the thickness of the core dense layer decreases slowly with an increase in 

the concentration of either monomer; however, the subsequent diffusion-limited growth 

may eventually reverse this trend because the diffusion of MPD is driven by its 

concentration difference, particularly for high MPD concentrations.  Chai and Krantz 

[213] observed a positive dependence of film thickness on amine concentration.  A high 

thickness usually corresponds to a low permeate flux. 

On the other hand, membrane performance also depends on the polyamide layer 

density, which is influenced by polymerization degree and crosslink density for 

crosslinked polyamides [214].  The polymer density across the film is not uniform [217] 

and has a dense region (near the original MPD/TMC interface) and a gradual reduction in 

density as the polymer grows further into the organic phase [215, 218].  The 

polymerization degree depends on the local molar ratio of the amine groups to acyl 

chloride groups [219].  In most cases of interfacial polymerization using MPD and 

TMC, the initial amine concentration is much higher than the acyl chloride concentration, 

and either decreasing the amine concentration or increasing the acyl chloride 

concentration would make their molar ratio closer to unity, so that the polymerization 

degree increases and the resulting polyamide layer becomes denser [219].  Free volume, 

which governs the permeation rate of penetrants in polymeric films, decreases as density 

increases.  Thus, increases in either density or thickness of the MPD/TMC barrier layer 

would increase transport resistance of TFC membranes.  Therefore, by changing the 

initial concentration of monomers used in the preparation of interfacial composite 

membranes, transport properties of the resulting membrane can vary. 
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Polyamide TFC membranes were prepared by varying the concentration of MPD 

and TMC and the MPD residence time, respectively.  The influence of these variables 

on permeate flux and salt passage is presented in Figure 7.2.  All membranes exhibited 

salt passage values of <0.5% (i.e., rejection > 99.5%), but water flux varied significantly.  
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Figure 7.2: Dependence of polyamide TFC membrane performance on: a) MPD 

concentration in aqueous solution (TMC concentration = 0.13% (w/v)), b) TMC 

concentration in n-dodecane solution (MPD concentration = 1.5% (w/v)), and c) MPD 

residence time (MPD concentration = 1.5% (w/v) and TMC concentration = 0.05% 

(w/v)). 

 

Figure 7.2(a) presents the influence of MPD concentration in the aqueous solution 

on water flux and salt passage.  The salt passage was relatively insensitive to MPD 

concentration over the range of concentrations considered.  The permeate flux exhibited 

a maximum near 1.5% (w/v) as MPD concentration increased from 0.5% to 3.0%.  

Generally, one might expect water flux to decrease with increasing MPD concentration, 

which probably resulted in a thicker polyamide barrier layer.  However, at very low 

MPD concentration (0.5%), the molar ratio (≈ 5) of amine/acyl chloride became closer to 

unity, which should favor formation of a more dense region near the original MPD/TMC 

interface within the polyamide barrier layer due to high crosslinking density, which 

would hinder water transport [215, 220]. Therefore, a maximum in water flux, at an MPD 

concentration of about 1.5-2.0 %, was observed. 
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Figure 7.2(b) presents the influence of TMC concentration in the organic phase on 

permeate flux and salt passage when the MPD concentration in the aqueous phase was 

1.5% (w/v).  Since interfacial polymerization is MPD-diffusion controlled during 

growth of the polyamide layer, variations in TMC concentration would affect the layer 

density by varying the molar ratio of amine/acyl chloride [215, 220].  Generally, one 

might expect water flux to decrease with increasing TMC concentration because of the 

decreasing molar ratio of amine/acyl chloride and subsequently increased film density 

[215, 220].  However, when the TMC concentration was 0.025%, water flux was 

somewhat lower than at 0.05%.  It has been reported [213] that for low TMC 

concentrations (< 0.01%), the interfacial polymerization process is diffusion controlled in 

the organic layer. Perhaps at a TMC concentration of 0.025%, with a rather high 

amine/acyl chloride molar ratio of 98, the interfacial polymerization process was 

influenced by both MPD diffusion in the polyamide layer and TMC diffusion in the 

organic layer.  A low concentration of acyl chloride groups at the reaction zone may 

allow the polyamide film to grow thicker, which would decrease flux [214].  

The effect of MPD residence time in the PSf support membrane prior to 

contacting it with the TMC/n-dodecane solution on permeate flux and salt passage is 

presented in Figure 7.2(c). Both permeate flux and salt passage were approximately 

independent of residence times over the range considered, which was 5 minutes to an 

hour. Therefore, MPD residence time had a negligible influence on membrane 

performance. 

At the optimum conditions (1.5% MPD, 0.05% TMC, and a residence time of 10 

minutes), polyamide TFC membranes were prepared as described in Experimental 

section, and their performance is presented as the filled diamonds in Figure 7.1(b).  The 

membranes had salt passage of 0.4±0.1% (i.e., NaCl rejection of 99.6±0.1%), and the 

permeate flux was 42±3 L/(m2 h). The transport properties of these membranes were 

comparable to those of the commercial membranes in Figure 7.1(b).  
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Post-polymerization treatment 

Heat treatment following polymerization, to induce additional curing of the 

crosslinked polyamide network, has been used in several studies to modify polyamide 

TFC membranes for better performance, including polyamides synthesized from MPD 

and TMC [204-209] and those synthesized from alternative amine monomers [206, 221-

224] and acyl chloride monomers [222, 223, 225, 226].  In those studies, thermally 

cured polyamide TFC membranes usually exhibited higher salt rejection than untreated 

analogs, presumably because the polymerization was extended under high temperature.  

Typically, when salt rejection was reported to improve with heat treatment, the 

membranes before heat treatment had rejection values significantly lower than those of 

commercial membranes, suggesting that the polyamide layer formed during 

polymerization contained defects potentially due to, but not limited to, lack of thorough 

wetting of the ultrafiltration support membrane, residual amine aqueous droplets on the 

support membrane before the contact with acyl chloride solution, or unoptimized 

monomer concentration and ratio [205, 208, 209].  In such cases, the post-

polymerization curing process had a positive effect on salt rejection [207].  However, 

reduced or unchanged permeate flux usually accompanied decreases in salt passage (i.e., 

increases in rejection) [207].  For example, Ghosh et al. found that MPD/TMC 

membranes treated at 90oC for 10 minutes exhibited almost the same permeate flux but 

lower salt passage (3%) than those treated at 45oC for 10 minutes (salt passage = 4%) 

[207].  

The effect of thermal treatment on properties of TFC membranes prepared in this 

study, using the optimized protocol, was examined, and the results are recorded in Table 

7.2.  The thermal treatment temperature was selected to be below 90 oC because there is 

a chance of pore shrinkage in the support membranes at higher temperatures [207].  

Relative to the control membranes, which were not heat treated, the thermally treated 

membranes had similar water flux and salt rejection (with somewhat higher variability), 

so heat treatment did not improve salt rejection which already had high salt rejection 

before heat treatment. 
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Table 7.2: Effect of thermal treatment on polyamide TFC membrane performance. 

Note: at least 3 membranes were prepared and tested for each category. 
 

Inspired by previous work (cf. Chapter 6) on disulfonated polysulfone films 

treated with boiling sulfuric acid solution to alter transport properties [90, 178], the 

influence of boiling water treatment on polyamide TFC membrane performance was 

studied by rinsing the membranes with boiling water for 10 minutes as described in the 

Experimental section.  The TFC membranes were treated only on the top surface, i.e., 

the side with polyamide active layer, to minimize any changes to the PSf support 

membrane.  As shown in Table 7.2, neither permeate flux nor salt passage was strongly 

influenced by exposure to hot water, which is different from the observations for 

disulfonated polysulfone films [90, 178].  The free volume of linear disulfonated 

polysulfone could be changed by boiling films of this polymer in water, and these 

changes influenced water and salt transport properties [191]. 

Sulfuric acid (H2SO4), sodium hydroxide (NaOH) and isopropanol (IPA) were 

selected as a representative acid, alkali and alcohol for treatment of freshly synthesized 

polyamide TFC membranes.  To reduce the possibility of chemical degradation of the 

membranes upon exposure to strong acid or alkali, a relatively low concentration (0.5 M) 

was chosen for sulfuric acid and sodium hydroxide aqueous solutions.  IPA was used 

without dilution.  Membranes were treated by immersion in these solutions for periods 

of time ranging from 10 minutes to 72 hours and then rinsed with DI water for 3 minutes 

before being loaded into the crossflow filtration system for evaluation.  In this study, 

Membrane 
Water flux 
(L/(m2 h)) 

NaCl rejection 
(%) 

NaCl passage 
(%) 

Control PA TFC 42 ± 2 99.6 ± 0.1 0.4 ± 0.1 

PA TFC in 80oC oven for 10 
min 

45 ± 2 99.2 ± 0.6 0.8 ± 0.6 

PA TFC rinsed with 100oC 
water for 10 min 

38 ± 2 99.5 ± 0.3 0.5 ± 0.3 
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control membranes were polyamide TFC membranes that had not been treated with acid, 

alkali or alcohol solution. 

The performance of treated polyamide TFC membranes is shown in Figure 7.3.  

IPA treated membranes had comparable water flux to that of control membranes (cf., 

Figure 7.3(a)).  However, the salt passage increased to 1.5% after a residence time of 

only 10 minutes and to 2.0% for residence times of 24~72 hours.  Commercial 

polyamide TFC membranes are often pretreated with a mixture of IPA and water before 

crossflow testing [127].  The purpose of the pretreatment is to wet the porous structure 

of the PSf support backing.  In this study, the PSf support backing was thoroughly 

wetted by immersing in DI water overnight before use and remained wet until testing, so 

the IPA treatment had a negligible influence on the water flux of the TFC membranes 

synthesized in this study.  On the other hand, IPA could potentially react with any 

residual acyl chloride groups or carboxylic acid groups via esterification [227], which 

could reduce the concentration of anionic carboxylate groups on the membrane surface.  

In other words, it could, in principle, reduce the membrane’s negative charge, thereby 

weakening its ability to reject Cl- anions, resulting in increased salt passage. 
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Figure 7.3: Dependence of polyamide TFC membrane performance on residence time in: 

a) IPA, b) 0.5 M NaOH solution, and c) 0.5 M H2SO4 solution. 

 

Membranes treated with sodium hydroxide (cf., Figure 7.3(b)) and sulfuric acid 

(cf., Figure 7.3(c)) had increased flux relative to that of the control membranes, and their 

flux increased as residence time increased, particularly at long residence times. For 

example, at a residence time of 10 minutes, the NaOH treated membrane had a flux of 49 

L/(m2 h), while the sulfuric acid treated one had a permeate flux of 58 L/(m2 h), while 

that of the control membranes had an average permeate flux of approximately 42 

L/(m2 h).  After 72 hours of soaking, the flux of the membrane soaked in NaOH solution 

increased to 62 L/(m2 h) and that of the membrane soaked in H2SO4 solution increased to 

76 L/(m2 h). 

The influence of these treatments salt passage was somewhat different. The salt 

passage of NaOH treated membranes was approximately 0.7% after 10 minutes of 

residence time, which was somewhat lower than that of the control membranes, which 

was about 0.4±0.1%.  The salt passage after 72 hours of contact with NaOH solution 
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had increased to about 0.85%. However, for H2SO4 treated membranes, salt passage 

increased to 0.9% after only 10 minutes of soaking and increased as soaking time 

increased.  After 72 hours, salt passage had increased to 2.3%, which was much higher 

than that of the control membranes.   

According to literature reports [10], contact of PA TFC membranes can swell the 

membranes, thereby increasing free volume.  If free volume increases, the salt and water 

permeability would tend to increase and water/salt selectivity would tend to decrease 

[133]. The increase in water permeability, with all other factors being equal, would tend 

to increase the water flux of the membrane [133]. The rejection or, equivalently, salt 

passage, however, depends on the ratio of water and salt permeability as well as operating 

parameters for the experiment [133]. To separate the influence of acid and base treatment 

on water and salt transport properties of these composite membranes, it is useful to 

examine the data of Figure 7.3 in terms of water permeability and water/salt selectivity.  

Because the thickness of such composite membranes is rarely precisely known, it is not 

possible to unambiguously calculate permeability calculations.   However, an estimate 

of water and salt permeability can be made using the approximate thickness of the 

membranes determined from the SEM studies, which was about 120 nm.  From water 

flux, salt passage, membrane thickness, and experimental conditions (feed and permeate 

pressures and salt concentrations), apparent water and salt permeability coefficients can 

be calculated using the solution/diffusion model [133]. Of course, the individual 

permeability coefficients estimated by this approach should be regarded as approximate 

since the thickness of the hydrated sample under the conditions of the test is not known, 

and the salt passage has not been corrected for concentration polarization.  The 

water/salt selectivity, however, is not affected by thickness. 

Such calculations were performed for the membranes exposed to acid and base, 

and these apparent salt and water permeability coefficients and selectivities are presented 

on the trade-off plot in Figure 7.4.  The data points for the polyamide TFC membranes 

treated with acid and base solutions move parallel to the trade-off upper bound. These 

results are consistent with an increase in free volume due to swelling of the polymer 
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matrix caused by exposure to acidic or basic solutions. Previously, acid-induced swelling 

of the polymer matrix and, potentially, extraction of oligomers or other components not 

bound to the polymer network [10], were hypothesized to combine to increase free 

volume in the polyamide dense layer, resulting increase permeate flux and salt passage, 

as we observe in the case of membranes exposed to sulfuric acid [85].  The estimated 

water and salt permeability from base-treated membranes also move approximately 

parallel to the upper bound, beginning at higher selectivity and lower water permeability 

for untreated samples and moving towards higher water permeability and lower 

selectivity for samples exposed for longer periods of time to the base solution.  

However, since salt passage (cf. Figure 7.3(b)) depends on both water and salt 

permeability as well as operating conditions, the changes in salt and water permeability 

as a result of exposure to base were such that overall salt passage changed little with 

increasing exposure time. 
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Figure 7.4: Water/NaCl permeability selectivity as a function of diffusive water 

permeability in dense films and in thin film composite membranes prepared in this study: 

◊ = PA TFC membranes soaked in pure IPA (i.e., data from Figure 7.3(a)), ▲ = PA TFC 

membranes soaked in 0.5 M NaOH (i.e., data from Figure 7.3(b)),  Δ = PA TFC 

membranes soaked in 0.5 M H2SO4 (i.e., data from Figure 7.3(c)), and ○ = PA TFC 

control membranes prepared with the optimized recipe (cf. diamond symbols in Figure 

7.4(b)); PBP (■) = polybenzimidazopyrrolone [134]. The dashed line is the upper bound 

from Geise et al. [133].  To represent the TFCs on this tradeoff diagram, an estimated 

membrane thickness of 120 nm (cf. Figure 7.6) was used in the calculation of the 

permeability coefficients, and no correction was applied for concentration polarization. 

 

The data points for TFC membranes treated with IPA are also shown in Figure 

7.4.  Generally speaking, they lie further from the upper bound line than the acid or base 

treated membranes, and this trend may reflect the influence of other effects, such as 

changes in the charge of the membrane as a result of contact with IPA, on water and salt 

permeability. 
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The treated membranes were further characterized to understand the impact of 

these exposure treatments on membrane structure.  The morphology of the membrane 

surface and cross section was characterized by SEM.  The results are presented in 

Figure 7.5 and Figure 7.6.  The polyamide TFC surface had a layer of tightly packed 

globules and scattered ear-shaped polyamide ridges, presumably generated on top of PSf 

areas having surface pores so that sufficient MPD could diffuse into the organic phase 

and formed these microprotuberances [228].  The observed surface morphology is of so-

called ridge-and-valley structure and similar to that of MPD/TMC derived polyamide 

TFC membranes previously reported [79, 207].  Comparing the surface morphology of 

the polyamide TFC membranes treated with IPA, sodium hydroxide or sulfuric acid to 

that of the control membranes hardly showed any difference, indicating that these 

treatments did not affect the characteristic ridge-and-valley pattern of the membrane 

surface morphology. 
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Figure 7.5: SEM images of top surface of: a) PSf UF supporting membrane, b) control 

polyamide TFC membrane, and analogs treated in c) IPA, d) 0.5 M NaOH solution, and 

e) 0.5 M H2SO4 solution for 10 min. The scale bar length is 100 nm.  
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Figure 7.6: SEM images of cross section of: a) PSf UF supporting membrane, b) control 

polyamide TFC membrane, and analogs treated in c) IPA, d) 0.5 M NaOH solution, and 

e) 0.5 M H2SO4 solution for 10 min. The scale bar length is 200 nm. The number shown 

(a) (b) 

(c) (d) 

114 nm 

119 nm 

117 nm 

117 nm 

(e) 
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on Figure 7.6(b)-(e) are estimates of the thickness of the barrier aromatic polyamide 

layer. 

 

The cross section of the PSf support and polyamide TFC membranes is presented 

in Figure 7.6.  The PSf support, which is a UF membrane, had an asymmetric structure 

with a relatively dense layer on top and a highly porous structure underneath.  The 

thickness of the top dense layer was normally about 50 nanometers as demonstrated in 

the SEM image in Figure 7.6(a).  The polyamide active layer formed via interfacial 

polymerization on top of the PSf support is reported to have two distinct layers [214, 

215].  The core dense layer serving as the separation barrier in the TFC membrane is 

thought to develop in a short time after the MPD-wetted PSf membrane contacted the 

TMC-containing organic solution.  At the beginning of the interfacial polymerization, 

there was sufficient MPD at the interface so that the condensation polymerization 

occurred rapidly, accompanied by the polymer chain growth and inter- and intra-

molecular crosslinking until a highly crosslinked barrier layer was created [214, 215].  

The resulting barrier hinders MPD diffusion to the organic phase, decreasing the 

polymerization degree and crosslinking density to form a relatively open polyamide 

layer, i.e. the second layer between the core dense layer and the organic phase [214, 215].  

Normally the core dense layer is much thinner than the open layer, and the two layers 

intermingle with each other at the boundary [214, 215], so that the asymmetric structure 

of the polyamide thin-film consisting of two layers can hardly be observed from SEM 

images.  There was no apparent difference between the control membranes and the 

membranes treated with acid, base, or alcohol either on the film surface or on the cross 

section morphology. 

Membrane surface hydrophilicity was characterized in terms of contact angle, and 

the results are recorded in Table 7.3.  Polyamide TFC membranes treated with NaOH 

and H2SO4 had the same contact angle as control membranes, indicating a negligible 

change in hydrophilicity as probed by this method.  In contrast, the contact angle of 

membranes treated with IPA increased from 33 degrees (i.e., that of the control 
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membrane) to 89 degrees, suggesting that the membrane surface became much more 

hydrophobic following IPA treatment.  Esterification, which was described above as a 

possible reaction between the polyamide and IPA, might be converting at least some of 

the hydrophilic carboxylic acid groups to more hydrophobic ester segments [227].  In 

addition, the increased salt passage of the IPA treated membrane discussed previously is 

qualitatively consistent with a reduction in density of negatively charged carboxylic 

groups upon exposure to IPA. 

 

Table 7.3: Contact angle of polyamide TFC membranes. 

Note: 3 membranes were prepared and tested for each category. 

 

The stability of treated membranes was evaluated by performing crossflow 

filtration for 72 hours, and the results are presented in Figure 7.7.  Membranes were 

treated by contacting only the TFC membrane top surface with 0.5 M NaOH or H2SO4 

solution, rather than by immersing the whole membrane in these solutions, to minimize 

any effects of acid or alkali solution on the PSf support.  Generally, the permeate flux of 

both control membranes and treated membranes was constant as shown in Figure 7.7(a).  

The relative order of the fluxes is the same as reported in Figure 5 for samples that had 

been immersed in NaOH or H2SO4.  That is, the NaOH-treated samples had slightly 

higher flux than that of the control membrane, and the H2SO4-treated membrane had 

higher flux than either the control membrane or the NaOH-treated membrane.  As 

shown in Figure 7.7(b), the salt passage of the control membranes remained unchanged 

during the test.  However, the salt passage of alkali or acid treated membranes was high 

Membrane Contact angle, θ (degrees) 

Control PA TFC 33 ± 2 

PA TFC immersed in IPA 89 ± 1 

PA TFC immersed in 0.5M NaOH  33 ± 2 

PA TFC immersed in 0.5M H2SO4 34 ± 2 
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initially and decreased slowly, gradually approaching the salt passage of the control 

membrane.  Although the mechanism is not yet clear, a plausible explanation is that the 

swollen polyamide segments underwent chain relaxation during the filtration test to 

reduce the free volume within the polymer matrix.  Based on free volume theory, the 

logarithm of permeate permeability should be inversely proportional to the reciprocal of 

free volume, with both water and NaCl permeability decreasing with reductions in free 

volume [191].  However, permeability of larger solutes (e.g., hydrated salt ions) is 

expected to be more sensitive to changes in free volume than that of smaller solutes (e.g., 

water) [191].  Therefore, NaCl permeability may be expected to decrease more rapidly 

than that of water if free volume decreases. Based on literature reports [10], it was 

believed that soaking the samples in acid or base could swell the membranes slightly, 

thereby increasing their free volume. If this additional free volume relaxes slowly once 

the acid or base is removed, it would be expected to decrease both water and salt 

permeability and likely increase water/salt selectivity, which would influence observed 

flux and salt passage. Clearly, exposure to acid or base increases flux, as shown in Figure 

7.7(a), which is consistent with swelling of the membranes by either acid or base, more 

so with acid, but there is little observed change in flux with operating time, suggesting 

that any changes in free volume are too subtle to be detected by the water flux 

measurement.  For the acid and base treated membranes, the salt passage decreases with 

increasing operating time, apparently asymptotically approaching that of the control 

membrane.  From free volume theory, a reduction in free volume would be expected to 

reduce salt permeability more than water permeability, which may explain, at least in 

part, the results presented in Figure 7.7(b). 
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Figure 7.7: Stability of polyamide TFC membrane performance: a) water flux and b) 

NaCl rejection and passage under testing in a crossflow filtration system. ●: control 

polyamide TFC membranes, □: control PA TFC rinsed with 0.5 M NaOH solution for 10 

min, ■: control PA TFC rinsed with 0.5 M H2SO4 for 10 min. 
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All data points from Figure 7.3 and those obtained from TFC membranes treated 

by rinsing membrane top surface with 0.5 M NaOH or H2SO4 solution for 10 minutes, 

including the initial data points in Figure 7.7, were added to Figure 7.1(b) to generate 

Figure 7.8. IPA treated membranes had much higher NaCl passage than control 

membranes.  Membranes treated with NaOH and H2SO4 solutions, along with the 

control membranes, exhibit a trade-off pattern (i.e., as water flux increases, salt rejection 

decreases and vice versa).  The acid and base treated membranes had both higher water 

flux and higher NaCl passage than the control membranes.  Moreover, membranes 

rinsed only on the top surface with sulfuric acid had improved flux/rejection properties, 

in the sense that the performance of these membranes was closer to the upper bound line 

shown in this figure.  For example, a polyamide TFC membrane treated on the top 

surface with sulfuric acid had a flux of 61 L/(m2 h) and a rejection of 99.6% (cf. Figure 

7.8). 
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Figure 7.8: Crossflow filtration performance of polyamide TFC membranes fabricated in 

this study compared to that of commercial analogs and those reported in the literature. (

: commercial membranes; : literature reported PA TFCs as show in Table 7.1; ♦: TFCs 

prepared with the optimized recipe, i.e., control TFCs; : control TFCs soaked in IPA; 

: control TFCs soaked in NaOH solution; □: control TFCs soaked in sulfuric acid; : 

control TFCs rinsed with NaOH solution; ■: control TFCs rinsed with sulfuric acid.) The 

dashed line is the upper bound adopted from reference [133] assuming a membrane 

thickness of 0.1 microns, a transmembrane pressure difference of 225 psi (15.5 bar), and 

a feed concentration of 2,000 ppm NaCl. 

 

Synthesis and characterization of disulfonated diamine monomer (S-BAPS) 

In 2004, Einsla et al. [229] reported the synthesis of disulfonated bis[4-(3-

aminophenoxy)phenyl]sulfone (S-BAPS), a disulfonated diamine monomer. The reaction 

was conducted between SDCDPS and m-AP in DMSO at 170 ºC for 24 hours [229]. 

However, the reported overall yield was 62% [229], which is somewhat low considering 

the reaction is a simple nucleophilic aromatic substitution reaction. 
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To improve the synthesis yield, different solvents and azeotropic agents were 

explored.  When the reaction was performed in DMAc with potassium carbonate and 

toluene as the dehydrating agents (cf. Figure 7.9), the synthesis turned out to be free of 

side reactions.  Although a longer reaction time (48 hours) was necessary to complete 

the reaction than previously reported (24 hours) [229], very pure S-BAPS could be 

obtained with a significantly improved yield (> 95%).  The 1H NMR spectrum in Figure 

7.9 confirms the high purity of S-BAPS from the modified reaction without any further 

purification except precipitation in IPA and vacuum drying. 
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Figure 7.9: Synthesis of S-BAPS and its 1H NMR spectrum. 
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Membranes prepared from disulfonated sulfone diamine 

The disulfonated sulfone diamine monomer, S-BAPS, was used instead of MPD 

to synthesize polyamide TFC membranes.  The chemical structure of S-BAPS based 

polyamide TFCs was characterized by ATR-FTIR, and its infrared spectrum was 

compared to that of MPD based polyamide TFCs (i.e., control membranes) in Figure 

7.10.  Because the minimal depth of ATR-FTIR penetration was about 0.4-0.5 µm in the 

wavelength region of interest [204], the IR spectrum of the top 0.4-0.5 µm of the TFC 

membranes was measured, which was much deeper than the thickness of the polyamide 

barrier layer (approx. 0.1-0.2 µm).  Therefore, the spectra shown in Figure 7.10 reflect a 

combination of the polyamide barrier layer and the PSf substrate.  Among the peaks in 

the wavelength range of interest, those at 1660 cm-1 and 1548 cm-1 correspond to the N-

C=O and C-N-H vibrations, respectively, and the peak at 1608 cm-1 is associated with the 

hydrogen bonded carbonyl of the amide linkage [230].  All three peaks correspond to 

the amide linkages in the polyamide dense layer and are weaker for the S-BAPS based 

polyamide than for the MPD based polyamide.  The characteristic bands at 1029 cm-1 

and 1077 cm-1 in the spectrum of the S-BAPS based membrane indicate that the 

symmetric stretch of the sulfonate groups [60], which were not observed for MPD based 

membrane. 
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Figure 7.10: ATR-FTIR spectra of polyamide TFCs made from S-BAPS/TMC and 

MPD/TMC. Symmetric stretch of sulfonate group: 1077 and 1029 cm-1.  The spectra 

have been displaced vertically for easier viewing. 

 

TFC membranes prepared from S-BAPS and TMC at various concentrations were 

evaluated, and the results are shown in Figure 7.11.  The S-BAPS concentration was 2% 

and 5% (w/v), and the TMC concentration varied from 0.1% to 2% (w/v).  For 5% S-

BAPS solution, a very low TMC concentration (0.1%) was used at the beginning, but the 

resulting polyamide TFC membranes exhibited high salt passage (>66%).  When the 

TMC concentration was increased to 0.5%, salt passage decreased to 22%.  The TMC 

concentration was increased to 2%, but the salt passage of the resulting TFC membranes 

was never below 22%.  In another series, the S-BAPS concentration was reduced to 2%, 

and the TMC concentration varied from 0.5% to 2%.  Salt passage of the resulting 

membranes decreased steadily from 32% to 12% as TMC concentration increased.  For 

the same TMC concentration, TFC membranes derived from 2% S-BAPS solution had 

lower salt passage than those made from 5% S-BAPS solution.  Given that S-BAPS had 

a much higher molecular weight (669 g/mol) than MPD (108 g/mol) and was more 
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hydrophilic (because of the highly hydrophilic sulfonate groups) than MPD, the transport 

of S-BAPS into the organic phase may have been retarded.  Therefore, the formation of 

the polyamide dense layer may have lasted longer, and its crosslink density could have 

been much lower than that in the MPD/TMC system due to the low mobility of S-BAPS 

in both the organic phase and in the nascent polyamide matrix [215].  As a result, salt 

passage in such relatively open polyamide barrier layers would be much higher than that 

of MPD/TMC derived membranes, consistent with the experimental results. 
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Figure 7.11: Effect of TMC monomer concentration on S-BAPS-based polyamide TFC 

membrane performance: a) NaCl rejection and b) water flux. 

 

In addition, a study [213] suggests that the diffusion of some TMC into the 

reaction zone and the support membrane occurs, which could play a significant role by 
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accelerating the polymerization of S-BAPS and TMC.  Therefore, either decreasing the 

S-BAPS concentration or increasing TMC concentration would decrease the local molar 

ratio of amine/acyl chloride, thereby increasing crosslink density, which could reduce salt 

passage and water permeability.  The measured flux and salt passage results were 

consistent with this hypothesis: TFC membranes prepared from 2% S-BAPS solution 

exhibited lower salt passage and permeate flux than those prepared from 5% S-BAPS 

solution at the same TMC concentration; the salt passage and permeate flux decreased 

with increasing TMC concentration when using a 2% S-BAPS solution (cf. Figure 7.11). 

The membrane chlorine tolerance was examined for MPD-based (i.e., control 

membranes) and S-BAPS based polyamide TFC membranes, respectively.  The results 

shown in Table 7.4 imply that the S-BAPS based membranes had reduced chlorine 

tolerance than the control membranes.  A proposed mechanism of chlorination of 

aromatic polyamides by Koo et al. [46] suggests that free chlorine attacks the amide 

nitrogen by substituting the associated hydrogen followed by Orton rearrangement of the 

chlorine to the N-H bonded aromatic ring, after which the polymer undergoes chain 

scission, and the membrane separation ability decreases.  Therefore, the N-H bond in an 

amide linkage and the N-H bonded aromatic ring are two keys for chlorination.  

Reviewing the polyamide structure derived from S-BAPS, both key structures susceptible 

to chlorination exist, and no improvement in chlorine tolerance was observed.  

Moreover, because the S-BAPS derived polyamide presumably had lower crosslink 

density than the MPD derived analogs, the chlorination induced membrane failure could 

potentially increase the salt passage of the S-BAPS based membranes more rapidly than 

in the control membranes. 
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Table 7.4: Chlorine resistance of polyamide TFC membranes. 

Note: 3 membrane coupons were characterized for each category. 

 

Polyamide TFC fouling resistance was evaluated via crossflow filtration system 

with a feed of oil-in-water emulsions.  Membranes prepared from an amine mixture of 

MPD and S-BAPS with low salt passage (< 2%) were compared to control membranes 

synthesized from only MPD and TMC in Figure 7.12.  All membranes used for fouling 

tests were synthesized as follows: TMC concentration = 0.13% (w/v) and overall diamine 

monomer concentration = 3% (w/v).  Although the initial flux of the control membranes 

was higher, it decreased more rapidly than that of the MPD/S-BAPS derived membranes 

upon exposure to the emulsion feed and fell below the flux of the MPD/S-BAPS (mol. 

ratio=90/10) derived membranes after 100 hours.  The normalized flux is presented in 

Figure 7.12(b), where the decline of water flux is expressed as a percentage of its initial 

flux.  The MPD based membranes exhibited a flux decline of 38% of its initial flux at 

the end of the test (134 hours), while the MPD/S-BAPS based membranes had their flux 

decreased by 23%. Thus, the introduction of S-BAPS into the MPD/TMC based 

polyamide structure may offer some improvement in the fouling resistance of the 

resulting membranes. 

 

  

Membrane 
Before chlorine exposure After chlorine exposure 

Rejection (%) Flux (L/m2/h) Rejection (%) Flux (L/m2/h) 

MPD/TMC 
(control) 

99.4 ± 0.2 41 ± 2 97.7 ± 0.3 93 ± 8 

S-BAPS/TMC 87.9 ± 1.4 55 ± 5 58.4 ± 6.3 157 ± 6 



158 
 

12

14

16

18

20

22

0 20 40 60 80 100 120

F
lu

x 
(L

 / 
(m

2  h
))

Operating time in crossflow system (h)

MPD

mol. ratio S-BAPS/MPD
= 10/90

mol. ratio S-BAPS/MPD
= 5/95

(a)

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

0 20 40 60 80 100 120

N
o

rm
al

iz
ed

 f
lu

x

Operating time in crossflow system (h)

mol. ratio S-BAPS/MPD
= 5/95

mol. ratio S-BAPS/MPD
= 10/90

MPD

(b)

 

Figure 7.12: Membrane fouling resistance: a) permeate flux and b) permeate flux 

normalized to initial flux, respectively, versus operating time in crossflow system. Test 

conditions: crossflow filtration system, feed = 135 ppm n-decane and 15 ppm sodium 

dodecyl sulfate water emulsion, transmembrane pressure difference = 225 psi (15.5 bar), 

feed flow rate = 0.8 gpm, feed pH = 6 ~ 7, and feed temperature = 25 ± 0.5 oC. 
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CONCLUSIONS 

Defect-free polyamide thin-film composite membranes were prepared from 

m-phenylenediamine and trimesoyl chloride via interfacial polymerization.  By 

optimizing the fabrication conditions, desalination membranes were prepared having a 

NaCl passage of 0.4±0.1% and permeate flux of 42±3 L/(m2 h), which were comparable 

to the performance of some commercial membranes under the same test conditions. 

The effect of post-polymerization treatment on membrane performance was 

studied.  Thermal treatment did not improve salt rejection or permeate flux, indicating 

that the often used thermal curing process to improve membrane transport properties was 

not necessary for the preparation of TFC membranes from MPD and TMC in this study.  

Membranes immersed in isopropanol maintained flux but had higher NaCl passage than 

untreated membranes.  Immersing the membranes in 0.5 M sodium hydroxide or 

sulfuric acid solution increased both water flux and NaCl passage.  Rinsing the top 

surface of control membranes with 0.5 M sulfuric acid for 10 minute increased the flux 

by 30% to 50%, and it had a small effect on salt passage, which remained below 1%. 

Polyamide TFC membranes were synthesized from S-BAPS, a disulfonated 

sulfone diamine.  By changing the monomer concentrations, a membrane having a NaCl 

passage of 12% and a permeate flux of 55 L/(m2 h) was prepared from a 2% (w/v, i.e., g 

S-BAPS/100mL DI water) S-BAPS aqueous solution and a 2% (w/v) TMC n-dodecane 

solution.  TFC membranes prepared from S-BAPS had lower chlorine tolerance than 

those made from MPD.  However, introduction of S-BAPS into the MPD/TMC 

polymerization system appeared to increase the fouling resistance of the resulting 

polyamide TFC membranes. 
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Chapter 8:  Conclusions and Recommendations 

CONCLUSIONS 

This dissertation focused on fabrication and characterization of disulfonated 

poly(arylene ether sulfone) (BPS) random copolymer based desalination membranes. The 

transport properties were correlated with water uptake and free volume of the materials 

using free volume theory. A novel disulfonated diamine monomer was synthesized for 

the preparation of polyamide thin film composite (TFC) membranes. The effect of 

processing history on both BPS films and polyamide TFC membranes was studied, 

providing more possibilities to modify desalination membranes. 

The transport properties of BPS films can be tuned by varying sulfonation level 

and sulfonate cation form of the BPS copolymer. In this regard, a series of disulfonated 

poly(arylene ether sulfone) random copolymers was prepared in both salt and acid forms 

with sulfonation levels from 20 to 40 mol percent. Water and sodium chloride solubility, 

diffusivity and permeability of these polymers were characterized. The sulfonation level 

and ionic form of the polymers strongly influence water uptake in the polymers, with 

polymers in the acid form and those having higher concentrations of sulfonic acid groups 

having higher water uptake. The water diffusion and permeation properties, as well as 

salt solubility, diffusivity and permeability were well correlated with water uptake; 

samples with higher water uptake had higher water diffusivity and permeability as well as 

higher salt solubility, diffusivity and permeability.  There appear to be tradeoffs between 

water solubility, diffusivity, and permeability with water/salt solubility, diffusivity and 

permeability selectivity. Samples with higher water solubility, diffusivity and 

permeability generally had lower values of water/salt solubility, diffusivity and 

permeability selectivity. 

The influence of cation form and degree of sulfonation on free volume, as probed 

via positron annihilation lifetime spectroscopy (PALS), was determined for BPS 

copolymers. Polymer samples were studied in both the dry and hydrated states. PALS-
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based estimates of free volume in the dry polymers were compared with those estimated 

using density and the Bondi group contribution method, and PALS-based free volume 

data for hydrated polymers were correlated with water and salt transport properties. 

Sorption of water influences the free volume in polymeric films by at least two 

mechanisms: hole-filling and swelling. At low hydration, sorbed water molecules occupy 

pre-existing nonequilibrium free volume elements in glassy polymers. As hydration 

increases, additional water molecules swell the polymer matrix and subsequently enlarge 

the free volume cavities. The equilibrium volume fraction of water is proportional to the 

mean free volume cavity size, indicating that fractional free volume in BPS and BPSH 

films is strongly correlated with free volume cavity size, as characterized by τ3. Water 

and salt diffusivity and permeability of BPS and BPSH films vary exponentially with 

changes in free volume element size as probed by PALS. Moreover, the diffusion and 

permeability selectivity increase exponentially as free volume size decreases. Larger free 

volume cavities lead to higher diffusion and permeability coefficients and lower diffusion 

and permeability selectivity, and vice versa. 

The influence of processing history on water and ion transport properties of the 

glassy BPS polymer was studied.  BPS-32 films having 32 mol% sulfonation, which are 

prepared in the potassium salt form during polymerization, were acidified using solid-

state and solution routes.  The resulting acid-form materials were then converted to 

sodium, potassium, and calcium counter-ion forms films via ion exchange.  

Additionally, several films were subjected to various thermal treatments in the solid state.  

Transport properties, including water uptake as well as water and NaCl permeability, of 

these BPS-32 films were characterized. The effect of acidification, thermal treatment, and 

counter-ion form on transport properties was studied. 

Acidification via immersion of BPS-32 films in boiling sulfuric acid solution 

increased water uptake, and water and salt permeability increased.  Exposure of samples 

to elevated temperature also influenced transport properties. For example, immersing 

BPS-32 films in boiling water for 4 hours increased water sorption by 50%, water 

permeability by 2.3 times, and NaCl permeability by 8 times. The counter-ion form of the 
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sulfonated polymer affected the polymer’s transport properties, but these effects were 

weaker than effects from thermal treatments. Finally, the BPS-32 film transport 

properties were successfully correlated with water sorption according to free volume 

theory. Treatment protocols were identified to improve the combinations of water 

permeability and water/ion selectivity of this polymer. BPS-32 films with various 

processing histories were also found to follow a trade-off between water/salt permeability 

selectivity and water permeability. 

Besides novel polymer materials, i.e., BPS copolymers, alternative monomers, 

which are less sensitive to chlorination, have also been explored as a means of increasing 

the chlorine tolerance of desalination membranes. In this regard, disulfonated sulfone 

diamine, disulfonated bis[4-(3-aminophenoxy)phenyl]sulfone (S-BAPS), based 

polyamide thin-film composite (TFC) membranes were explored in an attempt to 

improve the chlorine resistance of polyamide RO membranes. 

The performance of conventional polyamide TFC membranes synthesized from 

m-phenylenediamine (MPD) and trimesoyl chloride (TMC) reported in the literature was 

found often different from that of commercially available desalination membranes. 

Therefore, the influence of synthesis conditions (e.g., monomer concentration and 

membrane preparation protocol) on transport properties of polyamide TFC membranes 

prepared from MPD and TMC via interfacial polymerization is reported.  For example, 

at 25°C, NaCl rejection and permeate flux combinations of (99.6±0.1)% and (42±3) 

L/(m2 h), respectively, were achieved in crossflow filtration using a 2000 ppm aqueous 

solution of NaCl and a transmembrane pressure difference of 225 psi (15.5 bar). 

The effect of post-polymerization treatment conditions, including exposure to 

sulfuric acid, sodium hydroxide and isopropanol, on the separation performance of these 

polyamide TFC membranes was also studied. Membranes exposed to isopropanol 

maintained flux but had lower rejection than untreated membranes. Treating the TFC 

membranes with 0.5 M sodium hydroxide or sulfuric acid aqueous solutions increased 

water flux but decreased rejection. Membranes rinsed only on their top surface with 0.5 
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M sulfuric acid exhibited water flux increases of 30~50% and maintained rejection above 

99%.  

Finally, the disulfonated sulfone diamine, S-BAPS, was used in combination with 

MPD to prepare TFC membranes. By changing the monomer concentrations, a 

membrane having a NaCl passage (12%) and a permeate flux at 55 L/(m2 h) was prepared 

from a 2% (w/v, i.e., g S-BAPS/100mL DI water) S-BAPS aqueous solution and a 2% 

(w/v) TMC n-dodecane solution. The resulting membranes possess relatively low NaCl 

rejection but high permeate flux. These membranes had reduced chlorine tolerance than 

those prepared only using MPD as the diamine. However, introduction of S-BAPS to the 

MPD/TMC polymerization system increased the fouling resistance of the resulting 

polyamide TFC membranes. 

 

RECOMMENDATIONS 

Effect of conditioning processes on transport properties of BPS films 

BPS-32 films in various cation forms were prepared via two different 

acidification routes. Generally, at the same water uptake level, films prepared via solution 

acidification have lower water and salt permeability than those prepared via solid-state 

acidification (cf. Figure 6.6). This discrepancy could be the result of preparing films via 

different acidification routes. However, DSC spectra presented in Figure 6.1 do not show 

significant differences in BPS-32 films prepared via solid-state acidification and those 

prepared via solution acidification. Therefore, further study should be conducted to 

understand this phenomenon. 

Positron annihilation lifetime spectroscopy should be employed to estimate 

fractional free volume in BPS-32 films. The correlation between fractional free volume 

and water uptake of the two groups of BPS-32 films prepared from different acidification 

routes should be examined and compared. The fractional free volume should then be 
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correlated with water and ion transport properties of BPS-32 films to verify free volume 

theory. 

BPS-32 films prepared from different acidification routes should also be 

characterized by small-angle X-ray scattering (SAXS). The recorded data from SAXS 

contain information about the shape and size of macromolecules, characteristic distances 

of partially ordered materials, pore sizes, and other data [231]. Previous SAXS study 

indicated that the microstructure of Nafion® perfluorocarbon polymer consists of two 

regions: ionic domains, where the ions are not evenly dispersed but aggregate together to 

form hydrophilic ion clusters; and a matrix, where the perfluorocarbon polymer backbone 

forms non-ionic hydrophobic regions [232]. The hydrophilic ion clusters are principally 

responsible for the water uptake of the polymer [232]. Therefore, SAXS should be used 

to characterize BPS-32 films to reveal the information about ionic clusters in the BPS-32 

copolymers. This information should be of help to understand the discrepancy between 

the films prepared from two different acidification routes. 

 

Preparation and characterization of TFC and hollow fiber membranes from BPS 

copolymers 

Preliminary results of preparation of TFC membranes from BPS copolymers were 

reported previously [233]. A 0.5 wt.% polymer solution of BPSH-40 in formic acid was 

cast onto polysulfone UF membranes using a brush, followed by drying the wet 

membranes with an air blower at room temperature. Formic acid was selected as the 

solvent because it had appropriate solubility for BPSH-40 but did not dissolve the support 

polysulfone membrane. BPSH-40 was selected as a candidate coating material because it 

had the highest solubility in formic acid among all the BPS copolymers considered, i.e., 

salt and acid form BPS copolymers with sulfonation levels of 20~40%. The brush coating 

and air drying process was repeated for one or two times to ensure full coverage. The 

effective coating thickness was 0.7~1.2 microns. The resulting TFC membranes were 

then evaluated in a crossflow filtration system with a feed of 2000 ppm NaCl aqueous 
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solution and a transmembrane pressure difference of 27.6 bar. The measured water 

permeance was 1.3~4.5 L/(m2 h bar) and the NaCl rejection was 83~89%. The low NaCl 

rejection is attributed to the high hydrophilicity of the BPSH-40 copolymers, leading to a 

low water/NaCl selectivity.  However, these values of permeance and rejection were 

consistent with dense film performance of the same material, suggesting that the TFCs 

prepared in this fashion were defect-free. 

Salt form BPS copolymers with better selectivity were then proposed for 

fabrication of TFC membranes. According to the transport properties characterized in this 

work, a BPS-32 TFC membrane with a barrier layer of 0.1 microns in thickness would 

exhibit a water flux of approximately 40 L/(m2 h) at a transmembrane pressure difference 

of 225 psi (15.5 bar), which is comparable to that of commercial polyamide TFC RO 

membranes. The salt rejection of the BPS-32 TFC membrane to a 2000 ppm NaCl 

solution should be in the range of 97.5~98%, depending on the fabrication and processing 

conditions. Salt form BPS copolymers with lower sulfonation levels would provide 

higher salt rejection at somewhat lower water permeances. For example, BPS-20 TFC 

membranes are expected to have salt rejection values greater than 99%.  

Nevertheless, salt form BPS copolymers are nearly insoluble in formic acid, so 

alternative solvents or composite solvent systems were investigated. Our colleagues at 

Virginia Tech have found that diethylene glycol (Di(EG)) is a relatively good solvent for 

salt form BPS copolymers and, in some cases, monoglyme (dimethoxyethane) can be 

used as a solvent. Therefore, salt form BPS TFC membranes should be fabricated using 

Di(EG) or monoglyme, and the separation performance and chlorine tolerance of the 

resulting membranes should be evaluated. 

However, the preparation of TFCs via coating a barrier polymer from solution 

onto a pre-existing porous support has potential drawbacks.  The barrier polymer must 

be soluble in solvents that do not attack the porous support or otherwise substantially 

plasticize, soften or degrade it, resulting in collapse of the pore structure during the 

coating operation.  At lower sulfonic acid content, BPS materials would often become 

less soluble in solvents that would not destroy the underlying polysulfone porous support.  
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One could change the support material to something with a different solubility profile 

than polysulfone, but this would mean moving away from the material, polysulfone, 

which is a standard as the support material in this industry.  Additionally, for the coating 

operation to be successful, the viscosity of the coating solution must be sufficiently high 

to prevent substantial pore penetration into the support, which can markedly reduce the 

flux through the composite membrane. 

As a result of the concerns mentioned in the previous paragraph, the preparation 

of BPS membranes as hollow fibers should also be explored.  Hollow fibers are 

typically formed as a microporous support structure having a dense selective layer in a 

single processing step.  BPS hollow fibers could potentially be prepared via solution 

spinning, in which a mixture of the polymer in solvent is extruded and precipitated into a 

nonsolvent [74].  This process would eliminate the two-step procedure inherent in any 

coating operation, such as that used previously to prepare TFCs using BPSH40, which 

would circumvent the issues mentioned above. 

Synthesis and characterization of crosslinked BPS films 

The BPS copolymers studied in this work are linear polymers, which are partially 

soluble in water if the degree of sulfonation is high, i.e., > 50%, which would result in 

extremely low salt rejection for desalination application. A previous report showed that 

crosslinking BPS copolymers having high degrees of sulfonation improved salt rejection 

of the films for desalination performance [67]. Therefore, using crosslinked BPS 

materials may improve the permeability selectivity of resulting films compared to their 

analogous linear BPS copolymers. Several strategies are available for crosslinking, 

including beginning from low molar mass precursors that are crosslinked during film 

formation, as was done previously [67], or beginning with high molar mass polymer 

prepared with crosslinking sites in the polymer chain and forming the membrane and 

performing selective crosslinking after the membrane formation process is complete. 

Such crosslinked BPS films should be evaluated for their separation performance relative 
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to that of films made from analogous linear BPS copolymers having the same degree of 

sulfonation. 

Preparation and characterization of polyamide TFC membranes based on modified 

disulfonated diamines 

A proposed mechanism of chlorination of aromatic polyamides by Koo et al. [46] 

suggests that free chlorine attacks the amide nitrogen by substituting the associated 

hydrogen followed by Orton rearrangement of the chlorine to the N-H bonded aromatic 

ring, from which the polymer undergoes chain scission, and the membrane separation 

capacity decreases. Therefore, the N-H bond in an amide linkage and the N-H bonded 

aromatic ring are two necessary keys for chlorination. Reviewing the polyamide structure 

derived from S-BAPS, both key structures susceptible to chlorination exist, and no 

improvement in chlorine tolerance was observed.   

In this regard, a modified disulfonated sulfone diamine monomer, 3,3’-

disulfonate-bis[4-(4-aminomethylphenoxy)-phenyl] sulfone, (SBAMPS), was proposed 

as shown in Figure 8.1. This diamine monomer was designed by adding two methylene 

groups between the end amine groups and the bonded phenyl groups. In this monomer, 

N-H is not directly bonded to the aromatic ring, which would possibly inhibit Orton 

rearrangement of chlorine from N-Cl to the aromatic ring. As a result, the chlorine 

tolerance of the modified diamine based polyamide TFC membranes should be improved. 
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Figure 8.1: Chemical structures of 3,3’-disulfonate-bis[4-(4-aminomethylphenoxy)-

phenyl] sulfone, (SBAMPS).  

 

This modified disulfonated diamine, SBAMPS, is under development in Dr. 

James McGrath's laboratory at Virginia Tech. Once this new monomer is successfully 

synthesized, further interfacial polymerization using it should be conducted in Dr. Benny 
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Freeman's laboratory, and the separation performance as well as chlorine tolerance of the 

resulting polyamide TFC membranes should be evaluated. 
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