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Abstract 
 

Membrane technology is being applied in more and more processes involving organic 

solvent, examples are re-use of catalytic species, purification of synthesized products, edible 

oil processing, solvent recovery and solvent exchange. To meet the requirements of these 

applications, the membranes are required to have the following properties: they should 

have the desired selectivity combined with a high permeability, as well as good stability in 

the organic solvents and under the required conditions of temperature and pressure. 

Two novel copolymers that can be applied to prepare solvent resistant nano-/ultrafiltration 

(SRNF/UF) membranes have been developed: block copolymers of acrylonitrile (AN) and 

polyethylene glycol (PEG), this block copolymer can be used either directly to prepare 

ultrafiltration membranes that are resistant to many kinds of organic solvents, or cross-

linked via post-treatment and converted to nanofiltration (NF) membranes and they are 

stable even in extremely aggressive organic solvents; copolymers of AN and 2-acrylamido-2-

methyl-1-propanesulfonic acid (AMPS), which can directly form nanofiltration membranes 

for aqueous conditions, it is also possible to cross-link the membranes via post-treatment 

thus applicable in non-aqueous conditions or to improve the rejection of salts. 

For the synthesis of block copolymers of PAN and PEG, it was unconventional free radical 

copolymerization initiated by cerium(IV)-PEG redox system. The reaction conditions have 

been optimized. The composition of the copolymers was characterized by attenuated total 

reflection infrared spectroscopy (ATR-IR), 1H-NMR, element analysis, and the molecular 

weight information was studied by gel permeation chromatography (GPC). The free radical 

concentration in the initiation step was studied with the help of stable free radical. From the 

compositions of the copolymers and the experiments on the free radicals, the proposed 

mechanism of the reaction was proved to be true. Furthermore, because of the mechanism 

of the polymerization, the copolymers were exclusively block copolymers. Membranes from 

the block copolymers were prepared via non-solvent induced phase separation. Because of 

low solubility of the block copolymers in dimethylformamide (DMF), dimethyl sulfoxide 

(DMSO) or N-methylpyrrolidone (NMP), it was not possible to prepare polymer solutions 

with concentration higher than 16%, therefore, only ultrafiltration (UF) membranes were 
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formed. From the research on the membrane performance and pore morphologies as well, 

the concentration had strong influence on the properties of the resulting membranes. 

Variation of other parameters in the preparation steps was made to find out the optimized 

conditions for membranes and also to derive membranes with distinct separation 

performances. The membranes were also tested in several normal organic solvents, and the 

results showed that the membranes were stable in these solvents; therefore they are 

applicable in some SRUF processes. After cross-linking as post-treatment, the membranes 

were stable in almost all the organic solvents including DMF, NMP and so on, so application 

of the membranes can be greatly broadened. With another post-treatment to convert the 

membranes to NF types, the membranes became largely densified, the finally resulting 

membranes were endowed with excellent pure solvents permeability, solvent resistance and 

good rejection of polymers in both aqueous and organic conditions. Besides, the membranes 

were also capable to reject salts in aqueous solutions at an acceptable level. It was also 

possible to adjust the separation properties of the membranes by changing the conversion 

conditions, therefore, the membranes can be used in most SRNF applications as well as in 

aqueous NF applications. 

For the copolymers of AN and AMPS, they were synthesized via typical free radical 

polymerization initiated by azobisisobutyronitrile at elevated temperature. The reaction 

conditions have been optimized. The composition of the copolymers was characterized by 

ATR-IR, 1H-NMR, element analysis, and the molecular weight information was studied by gel 

permeation chromatography (GPC). Reactivity ratio of these two monomers were studied in 

real condition synthesis, and found to be similar to each other and close to 1. Therefore, 

copolymers tended to be random copolymers. Because of the similar reactivity ratios, it was 

possible to change the compositions of the copolymers freely, thus to influence the 

separation properties. It was not possible to prepare polymer solutions with concentration 

higher than 6%, but the resulting membranes were rather dense even from lower 

concentration. From the filtration experiments, it was found that all the membranes were 

dense as well in application. The composition of copolymers also had clear influence on the 

separation performance and influence of other parameters during the preparation step was 

also studied to get the optimal conditions for that. The resulting membranes were endowed 

with both high water permeability and high rejection of PEGs, but the rejection of salts was 

relatively low, which was probably because of the low charge density in the membranes, 
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since the charge was provided by sulfonic acid groups in AMPS, and the mole ratio of AMPS 

in the copolymers was low. In order to improve the salt rejection, content of AMPS have to 

be increased, and then a cross-linking process would be needed, otherwise the copolymers 

were water soluble. Therefore, this part of work needs and is worth further research. 

This study provides a novel method to synthesize SRNF/UF membranes, and also develops a 

new type of NF membrane for aqueous condition using conventional method.  
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Chapter 1. Introduction 

 

1.1. Background and motivation 

Nanofiltration is a relatively recent pressure-driven process, and NF membranes have been 

used increasingly because of their advantages such as relatively low operating pressures, 

high fluxes and low operating and maintenance costs [1]. NF membranes were mostly 

applied as alternative to reverse osmosis membranes for the purification of water by 

eliminating bivalent or trivalent salts and for the removal of middle to low molar mass 

molecules from aqueous solutions [2-4]. 

Nowadays, the demand for the application of NF membranes in non-aqueous systems is 

increasing rapidly in several strategic fields, They include materials recovery from dyeing 

industry, separation of active pharmaceutical compounds, residual reactants or solvents in 

pharmaceutical synthesis, separation of homogeneous catalysts from organic solutions, 

separation of mineral oil from organic solvents, separation of free fatty acids from vegetable 

oil and separation of light hydro-carbon solvents from lube filtrates [4-18]. Whereas, the 

solvent-resistant nanofiltration (SRNF) membranes are required instead of applying the 

already existing NF membranes for aqueous systems. There are some commercially available 

SRNF membranes which were designed for specific applications, but some of them were 

reported to fail in an extended run [4]. A number of novel SRNF membranes are also under 

development [5, 19-21]. 

1.2. Objectives of this research 

The objective of this project is to produce solvent resistant ultra- and/or nanofiltration 

membranes based on polyacrylonitrile (PAN), with both high permeability and rejection, and 

the membranes are expected to have both chemical and mechanical stabilities. To achieve 

this goal, several investigations in the following will be required: 



2 
 

(i) To investigate the effect of various parameters during the copolymers synthesis 

on the composition and structure of the resulting copolymers, hence the 

mechanical and the chemical stability of the membranes. 

(ii) To investigate the influence of parameters in membranes preparation on the 

structure and separation performance of the resulting membranes. 

(iii) To find out optimized condition for post treatments to get desired membrane 

performance. 

1.3. Scope of the thesis 

There are already several membrane processes applied in the application under organic 

conditions, which indicates the large potential of pressure driven membrane processes in 

this field. However, the development of the membrane technology for non-aqueous 

applications lags behind for the reasons like chemical and mechanical resistance of 

membranes and modules under organic conditions. Improvements in material and 

optimization of membrane synthesis could extend the possibilities for wider application. This 

will be the main scope of this work. 

Two types of polymeric membranes were researched and developed: 

1) Cross-linked membranes based on block copolymer of PAN and PEG 

2) Cross-linkable membranes based on copolymer of PAN and AMPS 

In the case of PAN-b-PEG, a study on the synthesis of block copolymers using unconventional 

water phase precipitation radical copolymerization was first carried out. Detailed 

characterizations for figuring out the composition and other important properties of the 

copolymers were performed, which includes 1H-NMR, ATR-IR, element analysis by CHNS 

analysis and GPC. Influence of different parameters on the resulting copolymers was studied.  

Membranes from this block copolymer were then developed. While it is not possible to 

directly prepare nanofiltration membranes from this copolymer, the performance of the 

membranes in ultrafiltration processes was first studied. Cross-linking as post treatment was 

then carried out to enhance the chemical stability and to improve the performance in 

organic solvents. The cross-linked membranes were tested in extreme conditions to prove 

the wide applicability in organic solvents filtration processes. After cross-linking, another 
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post treatment to convert the membranes into nanofiltration type was performed, the 

eventual organic solvent resistant nanofiltration membranes were derived. The performance 

of the membranes in organic solvents nanofiltration process was researched. 

A second approach was to develop another copolymer based on PAN, and to prepare 

membranes from this copolymer. Study on the characterizations of the copolymers was 

necessary, nanofiltration membranes can be directly formed from this copolymer, and the 

performance in nanoflitraion was evaluated. Influence of various parameters was studied to 

get the optimized membrane properties which are evaluated with two classic output 

parameters, namely permeability and retention. 

  



4 
 

Chapter 2. Theories 

 

2.1 Membrane technology 

A membrane is a selective barrier between two phases [22]. Membranes are being applied in 

a wide and diverse range of occasions, one important example of which is the huge 

desalination plants spreading all around the world especially in the Middle East for 

producing drinking water. Depending on the application, different membrane morphologies 

will be used. A schematic representation of various morphologies is given in Fig. 2.1. Several 

types of membrane separation mechanisms exist. In membrane applications where the 

solution diffusion mechanism plays the major role, the membrane material is chosen based 

on the selective sorption and diffusion properties, membrane morphology will be not the 

main factor to affect the selectivity but it is still important as regarding to total flux. 

 

Fig. 2.1 Schematic representation of different membrane morphologies 
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In all the membrane processes, driving force is essential to deliver the energy to separate 

the feed molecules; commonly applied driving force includes pressure, electrical potential, 

temperature, concentration or partial pressure gradient. The most widely used pressure 

driven processes are generally classified as microfiltration (MF), ultrafiltration (UF) and 

hyperfiltration, which is normally subdivided in reverse osmosis (RO) and nanofiltration (NF). 

However, the difference between the processes is not always so sharp, which can be seen 

from Table 2.1, summarizing the main characteristics of various membrane processes, in 

which, typical permeability is for solvent mixture. 

Table 2.1 pressure driven membrane processes 

Membrane process 
Typical pressure 

(bar) 

Typical permeability 

(l/(m2·h·bar) 

Morphology of the 

selective layer 

Microfiltration 0.1-2 >50 Porous 

Ultrafiltration 1-5 10-50 Porous 

Nanofiltration 5-20 1.4-12 Porous/Dense 

Reverse Osmosis 10-100 0.05-1.4 Dense 

 

The membrane efficiency for pressure driven separations is evaluated by the retention (Eq. 

2-1) and the permeability (Eq. 2-2): 

                 
  

  
                                                     (2-1) 

                            
  

        
                                            (2-2) 

Where Cp is the solute concentration in permeate [mol/l or wt%], Cf is the solute 

concentration in the feed solution, Vp is the volume of permeate [l], Am is the active 

membrane surface [m2], t is the permeation time [h] and p is the pressure [bar]. To 

characterize the membranes, the concept of molecular weight cut-off (MWCO) is often used. 
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The MWCO is defined as the molecular weight of the solute, which is 90% rejected by the 

membrane. 

2.2 Solvent resistant nanofiltration and ultrafiltration membranes 

During the 1990s, green chemistry has come to the fore as a way of developing focus on 

more atom efficient chemical process [23]. The conventional chemical industry has to face 

the vision of increasing the efficiency of chemicals especially the solvents engaged in the 

reaction of in other processes. SRNF as an emerging field can offer a better solution for 

solvent intensive processes to yield the significant environmental and cost benefits. SRNF 

was then attracting more attention and getting applied in wider field. 

 

2.2.1 Applications of SRNF/UF membranes 
 

At present, the application of SRNF membranes is mainly focusing on the following processes: 

1. Purify organic solvents in order to reuse them. In this case, the separated solute is of 

no or minor interest. 

2. Recover products, inhibitors, catalysts… from reaction media, fermentation broths… 

3. Exchange solvents. 

4. Combination of 1, 2 or 3. 

Normally the membrane process is applied in combination with other separation techniques, 

like evaporation, distillation and extraction, as the membrane separation itself is almost not 

capable to isolate completely a product or a catalyst from an organic solution. The organic 

mixture will be first concentrated and then solvents will be completely removed via an 

evaporation or distillation step. Only in the case of solvent purifications, as the required 

product is exclusively the solvent, the membrane processes can be used without any other 

separation processes. The advantage of using membranes in these processes is to reduce the 

energy consumption and reduce the discharge of harmful components in the environment. 

In the following, different processes involving membrane separations in organic conditions 

will be illustrated in detail, including catalytic processes, processes in petrochemical industry, 

in food processing and in the pharmaceutical chemistry. 
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Catalytic organic processes 

Membrane separations are playing an important role in bridging the gap between 

homogeneous and heterogeneous catalysis. In the membrane process, catalytic species can 

be separated from solvent and products, and after the separation they can be reused. If the 

separation was performed by traditional UF membranes, MWCO of which is above 1000 Da, 

another process for enlarging or immobilizing the homogeneous catalysts is needed. Several 

routes are following this respect, such as, anchoring the catalyst to solid supports or the 

synthesis of dendrimeric forms. Other possibilities are the use of catalytic nanoparticles or 

emulsion systems with catalytic species situated in the dispersed droplets [24]. A review 

made by Vankelecom described the state of the art in the membrane assisted catalysis field 

[25]. 

In some of the syntheses of fine chemicals, where hydrogenation, hydroformylation and C-C 

coupling reactions are common reactions, off-the-shelf homogeneous catalysts are mainly 

applied. In most cases, these catalytic transition metal complexes are expensive and toxic, so 

they have to be separated from the products and be reused again. Therefore, membrane 

separation processes are attracting growing interest, and in these processes, nanofiltration 

and reverse osmosis membranes are applied. 

Even in some work that initiated in the seventies of last century, the separation of 

homogeneous transition metal complexes (TMC) from the reaction products and solvents in 

membrane processes has been done on screening the suitability. The patent of the British 

Petroleum Company applied cellulose acetate membranes (Sartorius) in the separation of 

TMC used in the aqueous hydroformylation and dimerisation of olefins [26]. Similar 

separations were performed with aromatic polyamide membranes [27] and cross-linked 

PDMS membranes (MPF-50) [28]. As for non-aqueous conditions, Scarpello et al. screened 

several commercial polymeric membranes on their potential to separate the Jacobsen 

catalyst, Pd-BINAP ((R)-(+)-2,2`-bis(diphenylphosphino)-1,1`-binaphthyl) and Wilkinson 

catalysts out of different organic solvents [29]. Separation of Pd complexes from a Heck 

reaction product with dimethylacetamide (DMAc) as solvent with inorganic silicalite 

membranes was studies by Turlan et al. [30]. 



8 
 

 

Fig. 2.2 Schematic representation of Semi-continuous process 

A semi-continuous process operated by Nair et al. which is schematically represented in Fig. 

2.2 allowed the catalyst concentrated retentate resulting from membrane filtration to be 

pumped back to the reaction batch for a subsequent reaction [31]. Another continuous 

approach was introduced by De Smet et al., which combined catalyst separation with a 

continuous stirred tank reactor [32]. 

Processes in petrochemical industry 

Membrane technology has also been applied in the petrochemical industry, especially in 

refining lubricants and gasoline. 

I) Dewaxing process 

In order to achieve desired properties for the resulting lube oil, a lube refining process is 

needed, commonly referred to as dewaxing, in which a mixture of volatile organic solvents is 

applied to remove paraffin was from a waxy intermediate. In the conventional dewaxing 

process, it is always involved with high energy and cooling water demands and a significant 

exhaust of organic solvents. To de-bottleneck these processes, membrane technology has 

been introduced. 

As shown in Fig. 2.3, in traditional dewaxing process, paraffin wax crystallizes during the 

chilling of feed mixture that is composed of waxy feed and solvents. The chilled feed mixture 

is then sent to the rotating drum dewaxing filters to separate the wax mix and lube oil 

filtrate. Both of them contain certain content of solvent, and then the solvent is removed 

and recycled by a combination of successive vaporization and distillation operations. The 

lubricating oil is then derived. Because of the vaporization and distillation steps and large 

amount of solvent applied, this process is highly energy intensive. 
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Fig. 2.3 Conventional chilled solvent dewaxing 

 

 

Fig. 2.4 Solvent dewaxing with membrane separation (adapted from [38]) 
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In the late eighties of last century, several groups initiated research to apply membrane 

technology to separate the dewaxing solvents from the lube oil in conventional processes. 

Exxon filed several patents concerning membrane development, basically describing the 

utility of some membrane materials, such as cellulose acetate (CA) [33], polyamides (PA) [34] 

and especially polyimide (PI) [35,36]. Eventually, the process based on membrane 

technology to recover these solvents was developed [37,38,39]. Fig. 2.4 represents the 

dewaxing process with membrane separation. The lube oil filtrate is filtrated through PI NF 

membranes, resulting in more than 95% rejection of lube oil, and cold solvent with a purity 

of more than 99%. The purified solvent can be directly recycled to the chilled feed stream. 

The concentrated lube oil solution is then treated as in conventional process yielding the 

pure lube oil.  

As large content of cold solvent can be recycled, the storage of lube oil solutions needs much 

less refrigeration capacity. Therefore, the lube oil production is increased by 25%, at the 

mean time, the yields are improved and total energy cost is significantly decreased. 

II. Removal of sulphur 

Membrane technology has been also applied in the process of removing elemental sulphur 

from gasoline. By treating a sulphur containing gasoline with NaOH, alcohols and 

organomercaptan compounds, insoluble polysulfides are formed, and then insoluble 

polysulfides can be easily removed by ultrafiltration or even microfiltration [40]. 

Applications in food processing 

In most cases, processes in the food industry are under aqueous condition, whereas, in some 

special condition, like in vegetable oil industry and the synthesis of amino acids and their 

derivatives, which are used as food additives, organic solvents are also applied. 

I. Edible oil processing 

Virtually there are two processes to obtain oil from seeds: 1, the oil is pressed out of the 

seeds, like the production of soybean oil and sunflower oil; 2, oil is extracted with a solvent, 

mostly hexane, seeds that have oil content below 25% are economically suitable for this 

process. After extraction, the obtained oil micelles contains not only edible oil but also the 

solvent, phospholipids, free fatty acids, carbohydrate fractions, proteins and pigments. All 
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these components must be removed. In classical processes, addition of high amounts of 

water and chemicals like NaOH, phosphoric acid and bleaching earth are always needed [41], 

besides, as high temperature treatments are normally applied, the consumption of energy is 

also high. Therefore, membrane technology is introduced in edible oil processing: the 

removal of phospholipids and pigments, extraction solvent recovery and deacidification of 

the oil. With the help of membrane technology, thermal treatment is not necessary anymore, 

as a result, the thermal damage to the products is minimized, besides water, energy and 

chemicals consumption is reduced. 

II. Degumming process 

Degumming process is the most studied process. The main apparent purpose is to remove 

phospholipids, because of their amphiphilic characteristics, reversed micelles in apolar 

solvents are formed by trapping the more polar components inside. The molecular weight of 

these micelles is around 20,000, which makes it easy to separate them from the oil and the 

solvent, so in these processes, ultrafiltration membranes are applied. Lever Brothers 

patented the application of ultrafiltration membranes in the removal of phospholipids from 

soybean oil in hexane. The phospholipids content was reduced to 23 ppm with a 

polyacrylonitrile membrane (IRIS 3042, Rhone-Poulenc, MWCO 50 kDa). Besides, even the 

color of the crude soybean oil was reduced and the content of metals such as calcium, iron 

and magnesium were decreased, free fatty acid content was not changed. Finally the silicone 

membrane was selected as the best membrane, even though a certain degree of selectivity 

for triglyceride was also detected with this membrane, and the permeability of this 

membrane was also a bit lower [42]. Another work made by Gupta mentioned the addition 

of ammonia to neutralize the crude oil, resulting in increased free fatty acid retention [43]. 

One problem of high resistance for the passage of viscous miscella in spiral wound modules 

with 0.3 mm to 3 mm thick spacers that happened in the filtration was reported by several 

works [44, 45]. In the membrane process, the miscella could be concentrated up to 200 

times, so although the rejection of phospholipids could be more than 99%, quite high 

content of oil stayed in the retentate stream, which is not good for the recovery of oil. So 

Koseoglu et al. suggested a higher concentration factor or the use of continuous processes 

to recover more oil [45]. 
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Another important problem in the degumming process is the fouling of the membrane which 

is caused by the retained micelles of phospholipids. To solve this problem, Ochoa et al. 

investigated the fouling resistance of polyvinylidenefluoride (PVDF), polyethersulfone (PES) 

and polysulfone (PSf) membranes, and found out that PVDF had a considerably better 

fouling resistance [46]. 

III. Recovery of extraction solvents 

Another interesting application of membrane technology in the edible oil processing is the 

recovery of the extraction solvents. In conventional processes, this is done by distillation, 

which occupies 50% of the total energy cost in edible oil processing. Besides, considerable 

amount of solvents could be exhausted in the environment during the distillation process. 

The introduction of nanofiltration and reverse osmosis process can greatly overcome the 

drawbacks of the conventional processes. Similar to the membrane process in de-waxing, 

after filtration through the membranes, the concentrated oil fraction still needs purification 

with distillation to remove the solvent, but much less energy is required. 

As the solvents used in the process are not so aggressive, i.e. isopropanol, ethanol and 

hexane, it is also possible to apply some membranes designed for aqueous conditions 

directly in this process. Köseoglu et al. reported the performance of some commercial RO 

and UF membranes in the separation of cotton seed oil from solvents [47]. All the tested 

membranes had acceptable performance in isopropanol and ethanol, but as regards to 

hexane, most membranes were either damaged or showed a low permeability. Cross-linked 

PDMS membranes had good performance in the hexane, which were reported by Schmidt et 

al. [48] and Stafie et al. [49]. 

Processes in pharmaceutical industry 

One evident application is the concentration of antibiotics or pharmaceutical intermediates 

out of organic solvents or aqueous solutions containing organic solvents. A typical example is 

in the synthesis of 6-aminopenicillinic acid (6-Apa). After the formation of 6-Apa, the 

particular composition of the reaction solution is 0.37% 6-Apa, 16% methanol and 2% 

methylene chloride. The content of 6-Apa were concentrated to 4% in commercial scale with 

the help of a commercial NF membrane [196]. 
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In the synthesis of pharmaceuticals, reactions are often involved in several steps, and for 

each step, the optimal solvent may differ, therefore, solvent exchange is necessary in most 

pharmaceutical synthesis chains, keeping in mind that the yield per reaction step should be 

as high as possible and the content of the impurity as low as possible. Because most 

intermediates are thermally labile, athermal processing is required and high vacuum is 

necessary in the conventional distillation. Furthermore, when solvents with high boiling 

points have to be exchanged with low boiling solvents, distillation becomes even impossible. 

Membrane separation of the high molecular weight product of interest from the low MW 

by-products, reactants and solvents seems to be an interesting alternative. Practically, NF 

membranes are applied to retain compounds with molecular weights between 250 and 1000 

Da. In the membrane process, solutions are filtered through the NF membrane, then diluted 

with another solvent, repeated for several times to achieve the desired concentration. The 

process is proven for an erythromycin solution in ethyl acetate, exchanged with methanol. 

In a continuous mode, the volume of solution is also reduced with a classical nanofiltration 

process. However, during the membrane filtration, methanol was continuously added to the 

solution until the ethyl acetate concentration was low enough [50]. 

Livingston tested the concept with solutions containing tetraoctylammoniumbromide 

(TOABr) and tetrabutylammoniumbromide (TBABr) dissolved in toluene or methanol. 

Toluene was exchanged with methanol and the methanol with ethyl acetate [51]. 

2.2.2 Preparation of SRNF membranes  

The majority of SRNF membranes are either composites comprising a separating layer on a 

membrane support, or integrally skinned asymmetric membranes made of polyimides [52], 

which are schematically represented by the last two graphs in Fig. 2.1. To increase the 

chemical and thermal stability of the membranes, chemical cross-linking has been widely 

used and shown appreciable effect [53,54], although this is often at the expense of a 

decrease in permeability [55-57]. 

Synthesis of composite membranes 

Composite membranes are generally defined as membranes consist of two layers that are 

made from different polymer materials. The choice of support materials, together with the 
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procedures to optimize them in order to get a proper performance of the resulting 

composite will be discussed. In essence, several methods to deposit a thin and defect free 

selective layer on the support layer were developed, such as interfacial polymerization and 

dip coating will be also discussed in detail. 

I. Support materials 

One of the advantages of the composite membranes is the good chemical, mechanical and 

thermal stability offered by the support layer. In most cases, the support membrane is an 

asymmetric UF membrane, with an average pore size around 0.1 μm. PSf UF membranes are 

frequently used supports [58-65], besides PI [66-69], PAN [70], polycarbonate (PC) [71] and 

PVDF [72] as well as some inorganic membranes can be used alternatively. Some other 

materials such as polypropylene (PP) [73] and nylon 6,6 [74] are also applied for supports. 

When coating the selective layer onto the porous support, because of capillary force, the 

coating solution can intrude into the pores of the support, thus results in drastic decrease in 

permeability. In order to solve this problem, several routes have been developed. One 

solution is to fill the pores with a fluid that is immiscible with polymer solution [75]. Pore 

protectors like paraffin, mineral oils [73] or glycerol are reported also in some publications. A 

third route is to pre-coat the supports with low molecular weight polymers, such as 

polyethylene glycol (PEG) [76] or polysiloxanes [77, 78]. 

As membranes are used in organic solvents, the supports also have to be stable in them. So 

some inorganic materials are also applied, alumina supports that have good stability in 

almost all the organic solvent, were used in the preparation of polyphospazene composite 

[79]. Using TiO2 mesoporous material as support was also reported, but NaCl solution as 

pore fillers have to be introduced to prevent pore blocking caused by the coating polymers, 

after the formation of the composite membrane, NaCl was removed by water [80]. 

Normally a heat treatment is applied after the coating process, to induce the cross-linking 

reaction of the selective layer. The pores of the supports tend to collapse at elevated 

temperature, resulting in a decrease in permeability through the supports [81]. Introduction 

of pore protectors is also able to prevent pore collapse during the heat treatment [77, 82]. 
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II. Interfacial polymerization 

A comprehensive overview of thin film composite membranes was reported by Petersen in 

1993 [83]. And during the last decades, there was less academic attention paid on this field. 

 

Fig. 2.5 Schematic illustration of the interfacial polymerization 

Interfacial polymerization has become a very important and useful technique for the 

synthesis of thin film composite RO and NF membranes. As shown in Fig. 2.5, porous 

membrane is first immersed in solution 1 that contains reactant A, the excess of the solution 

is removed, followed by contacting the saturated support with a second solution that 

contains reactant B, then polymerization takes place at the interface between two solutions. 

For instance, low temperature polycondensation of 3,3’-diaminodiphenylsulfone (3DDS) and 

terephthaloyl chloride (TPC) can be performed in DMAc solution, which can be used in this 

system. As a sequence, a thin polymer layer is formed on top of the porous support. The 

composition and morphology of the membranes depend on different parameters, such as 

concentration of the reactants, their partition coefficients and reactivity ratio, kinetics and 

diffusion rates of the reactants, presence of by-products, competitive side-reactions, cross-

linking reactions and post-reaction treatment.  

III. Dip coating 

A relatively simple membrane preparation technique is to coat polymer solutions on a 

support. Several coating techniques were developed including a simple lamination of two 

layer, spin coating, dip coating and plasma deposition. When the viscosity of the coating 

solution is high enough, the solution can be casted on the support by a casting knife. Fig. 2.6 

represents a dip coating procedure frequently used in the industry. 
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Fig. 2.6 Schematic representation of a dip coating setup used in industry 

Because of the simplicity of setups and applications, lots of polymers have been studied as 

coating polymers for application in organic processes, for instance, chitosan [84-86], 

polyvinyl alcohol [73,81,87,88], polyacrylic acid [71,89,90], polydimethylsiloxane 

[77,78,91,92], polyethyleneimine [93-96], polyphenyleneoxide [97], polyphosphazene 

[79,98-100] and poly(aliphatic terpenes) [101]. 

Generally, elastomeric polymers are superior to glassy polymers, because during the solvent 

evaporation step, the glassy polymers pass from the rubbery to the glassy state, which 

induces stress and possibly cracks. 

During a dip coating process, there are several parameters to control, the most important 

one of which is the thickness of top-layer. The top-layer is an equilibrium state of a film 

deposited on a support resulted from a balance between viscous forces, surface tension and 

gravity. The thickness d (m) depends on the coating velocity v (m.s-1), the viscosity η (kg.m-

1.s-1) and the density ρ (kg.m-3). Then it can be calculated via the Navier-Stokes equation: 

  
 

 
  

   

   
 

 (2-3) 

where, g is the gravity constant (9.807 m.s-2) [102]. 

Higher viscosity of the casting solutions leads to thicker top-layers, thus lower fluxes but 

normally the retentions are not affected obviously. The viscosity of polymer solution 
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depends on the molecular weight of the polymer, temperature and the concentration of the 

solution, additives, etc. Influence of solution concentration on the permeation rates was 

reported on a polyacrylic acid coating on a polycarbonate support [71]. Higher viscosity also 

prevents the intrusion of the solution into the support. As the molecular weight of the 

dissolved polymer has strong influence on the viscosity of the solution, thus on the thickness 

of the coated film, increasing the molecular weight of polyethyleneimine (PEI) lead to higher 

dye retentions for PEI/PSf-composite membranes [96]. The solvent that dissolves the 

polymers affects the properties of the resulting membranes as well, because it has direct 

influence on the viscosity of the solution. This influence was investigated for PVA coatings on 

Psf-supports [81]. In an appropriate solvent, the polymer coils extend, therefore, the 

intrusion of polymer solution into supports is reduced as a result of larger size of the 

polymers [102]. 

After the formation of a membrane, normally a cross-linking process is then performed to 

increase the stability of the membrane and sometimes also leading to better separation 

performance. In general, cross-linking will make the membrane denser, less permeable and 

more selective. The degree of cross-linking is then an important factor that affects the 

membrane properties, which is determined by type of cross-linking agent, its concentration, 

reaction time, temperature, etc. Much effort has been made to develop cross-linked 

composite membranes from polymers like polyethyleneimine (PEI) [96,103], 

polyphenyleneoxide (PPO) [97,104], polyorganosiloxanes [105-107]. 

Preparation of integrally skinned asymmetric membranes 

Instead of composite membranes, it is also possible produce membranes with a thin 

selective layer and porous substrate from the same polymer, which is named integrally 

skinned asymmetric membranes. The development of this asymmetric membrane made a 

major breakthrough first for NF/RO membrane synthesis [108], later for gas separation. The 

synthesis of this type of membranes is mainly based on the “phase inversion” process, which 

refers to the controlled transformation of a cast polymeric solution from a liquid into a solid 

state. The process relies on the phase separation of polymer solutions producing porous 

polymer films. 



18 
 

Phase separation mechanisms are generally subdivided in three main categories based on 

the conditions that induce demixing. By changing one of these conditions at one particular 

side of the film, asymmetric boundaries are formed on the polymer film which can be seen 

in the resulting structure. By changing the temperature at the interface of the polymer 

solution, solubility of the polymers in the solution is altered and demixing can be induced 

(thermal induced phase separation or TIPS). The original polymer solution can also be 

subjected to a reaction which causes phase separation (reaction induced phase separation 

or RIPS). The most used technique is based on diffusion induced phase separation (DIPS). In 

this technique, by contacting a polymer solution to a vapor (VIPS) or liquid (non-solvent, 

NIPS), or by evaporating the volatile solvent from the solution (EIPS), diffusional mass 

exchange will lead to a change in the local composition of polymer film and demixing takes 

place [109]. Often combinations of various methods are applied to achieve the desired 

membrane [110]. 

I. Influence of polymers 

Asymmetric membranes from many types of polymers have been already developed. The 

polymer characteristics have an important influence on the membrane performance and the 

stability of membranes. 

At first, most obviously, the polymer characteristics can affect the chemical and thermal 

stability of the membranes. A crystallized polymer will be better to gain higher stability of 

the asymmetric membranes. Also rigid main chains consisting of aromatic and/or 

heterocyclic groups without any flexible group lead to higher stability, such as 

polyphenyleneoxide and aromatic polyamides. Existence of resonance structures in the main 

chain increases the stability furthermore [109]. Examples for such polymers are polyimides, 

polybenzimidazoles and polyoxadiazoles. Bulky side groups can decrease the possibility of 

main chains to rotate thus enhance the stability. For example, polyacrylonitrile, the high 

polarity of the side groups (-CN) results in better interaction between the chains, therefore, 

these polymers are less soluble and chemically more stable. 

Another influence, and also most important for the membranes, is the influence on the 

membrane performance. Higher hydrophilicity of a polymer can obviously lead to an 

increase in flux of polar solvents through the membrane prepared from it, either due to 
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better wetting for porous membranes or higher sorption/diffusion for dense membranes. 

Examples for this phenomenon were illustrated by comparing the water flux of membranes 

prepared from CA and cellulose acetate butyrate (CAB, 17% butyryl content). Accompanied 

with higher water flux, the salt rejection was also lower [111,112]. 

Polarity of the membranes will also affect the separation performance. Introducing charged 

groups can improve the hydrophilicity of the membranes, thus water flux is higher, and salt 

rejection that is based on Donnan exclusion also gets higher. Membranes from polyamide 

(PA) with varied amounts of carboxylic groups were studied to check the influence of 

polarity and charge effects [113,114,115]. 

The polymer structure has also influence on the membrane performance. Membranes 

prepared from highly-branched polymers are expected to have higher fluxes, as the distance 

between different chains is higher. In case of relatively rigid polymers, such as PA and 

poly(amide hydrazide) (PAH), higher molecular weight lead to lower fluxes and higher 

retentions. This was explained by the fact that longer chains establish more secondary 

hydrogen bonds between the imino and carbonyl groups, which would cause densification of 

the membrane and dense barrier layer leads to longer solution diffusion time [116]. 

II. Basic principles 

The thermaldynamical aspects of immersion precipitation are normally illustrated by the 

(polymer/solvent/non-solvent) three phase diagram as shown in Fig. 2.7. 

The initial cast solution is situated in the stable region of the diagram outside the two curves. 

There are two ways for the solution to induce phase separation. For path A, polymer 

solutions situated in the region between the bimodal and the spinodal are metastable. They 

will phase separate into a polymer lean and a polymer rich phase according to the nucleation 

and growth mechanism. The second path B in Fig. 2.7 represents the “spinodal demixing” 

(SD), which occurs when the demixing path crosses the critical point, going directly into the 

unstable region, instead of well defined nuclei, two co-continuous phases are formed. 
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Fig. 2.7 Mechanism of phase separation during membrane formation 

As regarding to the integrally skinned asymmetric membranes, it is important to have 

different processes to form skin layer and sub-layer. The morphology of the sub-layer is 

more important for the determination of flux and mechanical stability of the resulting 

membrane. In this context, very important features are the so-called macrovoids that means 

finger-like pores, as they severely limit the compaction resistance of the membrane. 

When the rate of inward diffusion of non-solvent into the polymer poor phase exceeds that 

of the outward solvent diffusion, macrovoids structure forms, as more non-solvent enters, 

the wall will deform and expand in the form of a tear. The main driving force for the non-

solvent to enter the developing pore is the osmotic pressure. As the content of solvent 

decreases continuously, at a certain point, the pore wall will vitrificate or crystallize, and 

pore wall is then completely formed. In the opposite conditions, when the diffusion 

coefficient of the non-solvent is low, when osmotic pressure is low or when a lot of small, 

stable nuclei are formed, sponge-like membranes will be formed. 

The ultimate membrane morphology is determined by the thermodynamic characteristics of 

the polymer solution combined with the kinetic aspects of diffusion [109,117]. Therefore, 

the following parameters could have strong influence on the morphology: 1, characteristics 

of polymer; 2, composition of the cast solution; 3, post-casting treatment; 4, coagulation 

bath; 5, post-treatment of membrane. The influence of parameters 2-5 will be discussed in 

the following section. 



21 
 

III. Composition of cast solution 

Besides the polymers, the most important component in the casting solution is the solvent. 

The interaction between the solvent and the non-solvent are of great importance, when the 

interaction is low, more sponge-like structures will be formed [115]. The polymer 

concentration and addition of additives affect the morphology and separation performance 

of the ultimate membranes as well. 

A direct way is to increase the polymer concentration in the casting solution. The inward 

diffusion is then reduced because of the higher polymer concentration at the polymer/non-

solvent interface upon immersion, and the demixing is delayed, resulting in denser skins 

with increased thickness, sub-layers with lower porosities and lower fluxes [109,117,118]. 

Adding additives in the polymer solution is also an effective method to obtain distinct 

membranes. Addition of volatile solvents can greatly enhance the evaporation effect after 

casting process even at room temperature, then a relative dense skin layer is formed. 

Ethylether and tetrahydrofuran (THF) were added to (S)PPESK/N-methylpyrrolidone (NMP) 

solutions [118,119] to prepare membranes with retentions and fluxes within the NF range. 

White et al. [39,120] added THF in the PI/NMP solution, by evaporating THF under a 

convective airflow at controlled temperatures, they derived membranes with dense 

selective layer. 

Addition of non-solvents or ‘bad’ solvents is also used to control the morphology of the 

membranes and affect the formation of a defect free skin layer significantly. At first, 

increasing the content of non-solvent or bad solvent lead to macrovoids structure, but when 

the content is increased further, after a certain limit, the film will reach metastable state and 

a lot of stable polymer-lean nuclei will emerge. Then phase separation will take place quickly 

and equally throughout the film, thus hindering growth of nuclei and formation of 

macrovoids [117]. Furthermore, the osmotic pressure is also reduced when non-solvent is 

added into the polymer solution [121]. 

There are several pore forming additives applied in the membrane preparation to improve 

the separation performance. LiCl or LiNO3 was added into polyamide hydrazine (PAH) casting 

solutions resulting in a higher flux without reducing selectivity [122-124]. Addition of 

Mg(ClO4)2 increased the porosity of asymmetric CA or CAB membranes, but the selectivity 
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was also reduced [111]. Besides, organic additives are also frequently used. As maleic acid 

(MA) enhances the solubility of cellulose triacetate (CTA) polymers, it is added to CTA casting 

solutions to increase the porosity and permeability of the membranes. Polymeric additives 

are also widely applied, such as sulfonated poly(ether ether ketone) (SPEEK) [125], PEG [126], 

PPO [127] and so on. 

IV. Evaporation step 

Before immersing the casted film into non-solvent, or putting them into oven, an additional 

evaporation step can be also applied, which is normally achieved by forcing a convective 

airflow along the cast film or by allowing the solvent to evaporate freely in the open air. The 

evaporation of solvents leads to a higher polymer concentration in outer surface of the cast 

film. The higher concentration of polymer in this region leads to a dense layer, named the 

skin layer. 

Evaporation time is an important parameter in this process, as increasing evaporation time 

leads to decrease in permeability and increase in rejection. This was illustrated for 

membranes prepared from PA [113,128], PAH [116,122-124,129,130], CA [111,112] and 

PPESK [131]. But decreased selectivity was also found in the preparation of PAH membranes, 

when evaporation time was increased to longer than 50 min at 110 °C, which was attributed 

to the onset of crystallization process [124,130]. Besides, evaporation temperature is also 

very important for the performance of ultimate membranes [116,122]. 

V. Coagulation bath 

As discussed in composition of casting solution, the interaction between solvent and non-

solvent is highly important in the membrane formation process. Good interaction will lead to 

a high exchange rate. Thus porosity is higher, for example, the solvent/non-solvent pair 

NMP/water leads to a porous structure. 

The interaction between solvent and coagulation bath can be changed by adding additives in 

the coagulation bath. Adding poor coagulants to the coagulation bath can reduce the 

exchange rate, for example, addition of alcohols to the water coagulation bath for the 

casting solution of sulfonated PVDF in DMF, results in denser membranes [132]. Beerlage 

indicated the same effect when coagulating PI/DMF films in alcoholic media. The 
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membranes quenched in ethanol and isopropanol had denser morphologies and lower 

ethanol fluxes [133]. 

Alternatively, addition of the same solvent as in the polymer solution to the coagulation bath 

leads to a similar effect. This reduced the exchange rate because of a reduced osmotic 

pressure and thus decreased the porosity [109]. It is also reported that addition of 

oligomeric or polymeric substances to the coagulation bath can influence the exchange rate. 

For example, poly(ethylene oxide) (PEO) was added to the water bath for the poly(ether 

ketone)/sulfuric acid casting solution, by increasing the amount of PEO, the porosity and the 

MWCO of the membrane was reduced [134]. 

VI. Cross-linking 

One important characteristic of the SRNF/UF membranes is the stability in different organic 

solvents. Chemical cross-linking is an important way to enhance the stability.If the polymers 

carry functional groups, or functional groups can be introduced, it is possible to perform 

cross-linking reactions with multifunctional compounds that are called cross-linkers. 

PAN is widely used in SRNF/UF processes, because of the stability in various organic solvents, 

but after an extra cross-linking it becomes even insoluble in aprotic solvents. Hicke et al. 

reported a novel membrane prepared from a PAN copolymer, namely poly(acrylonitrile-co-

glycidyl methacrylate) (PANGMA). After the formation of the membrane, treatment with 

ammonia resulted in a solvent-resistant membrane [135], mechanism of which is shown in 

Fig. 2.8. 

 

Fig. 2.8 Cross-linking of poly(acrylonitrile-co-glycidyl methacrylate) by treatment with 

ammonia (adapted from [135]) 
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Besides, physical cross-linking is also applied. Takezo et al. followed a more physical 

approach, by plasma-treatment of a PAN membrane with an electrical discharge in He or O2 

gases [136]. 

 

2.3 Redox polymerization 
 

2.3.1 Introduction 
 

Actually all free radical chain reactions require a separate initiation step, in which a radical 

species is generated in the reaction mixture. Some types of chain reactions are initiated by 

adding a stable free radical directly to the reactants, whereas the free radical should have 

little or no tendency to self-combine. Even in this situation, a separate initiation step is still 

involved because these stable radicals are mostly inorganic ions or metals. 

Therefore, according to the way how the first radical species is created, radical initiation 

reactions can be divided into two following general types: (1) homolytic decomposition of 

covalent bonds by energy absorption; (2) electron transfer from ions or atoms containing 

unpaired electrons followed by bond dissociation in the acceptor molecule. 

A very effective method of generating free radicals under mild conditions is by one-electron 

transfer reactions, the most effective of which is redox initiation. This method has found 

wide application for initiating polymerization reactions [137,138] and has industrial 

importance, e.g. in low temperature emulsion polymerizations [139]. 

For the homolytic cleavage of covalent bonds of most practical thermal initiators, the bond 

dissociation energy required is in the range of 125-160 kJ/mol, and compounds with values 

out of this range give either too slow or too rapid rate of generation of radicals at the 

generally used polymerization temperatures. This narrow range of dissociation energies 

limits the types of useful compounds to those containing fairly specific types of covalent 

bonds, for example, oxygen-oxygen, oxygen-nitrogen and sulfur-sulfur bonds. Besides the 

very short induction period (almost negligible), a lower energy of activation (40-80 kJ/mol) 

allows the redox polymerization to be carried out under milder conditions than thermal 



25 
 

polymerization. This lowers the possibility of side chain reactions giving high molecular 

weight polymers with a high yield. 

 

2.3.2 Metal ion oxidants in redox initiation 
 

A lot of reducing agents like alcohols, thiols, ketones, aldehydes, acids, amines and amides 

were used in combination with oxidizing metal ions to participate in general single-electron 

transfer reactions for free radical polymerization. Metal ions used mainly for this purpose 

are Mn(III) (and Mn(VII)), Ce(IV), V(V), Co(III), Cr(VI) and Fe(III). 

Cerium(IV) ion has been used for the oxidation of many organic compounds, in the form of 

cerium(IV) ammonium nitrate (CAN), cerium(IV) ammonium sulfate (CAS), cerium(IV) sulfate 

(CS) and ceric perchlorate and the mechanism of such reactions has been well established. 

Reducing agents combined with cerium (IV) are alcohols, aldehydes, acids and amines. 

Earlier investigations revealed the fact that the rates of vinyl monomers were in the order of: 

ceric perchlorate > ceric nitrate > ceric sulfate which is in the order of oxidation power of 

mentioned species. 

Ceric ion forms complexes with anions such as sulfate, nitrate and hydroxyl in aqueous 

solution whose relative concentrations have been found to be function of hydrogen ion, 

respective anion concentration and ionic strength. Increase of ligand concentration, X = 

   
   and    

  depress the rate of polymerization due to formation of less reactive cerium 

(IV) species, CeXn than Ce4+ and Ce(OH)n. 

The mechanism and kinetics of polymerization involve ceric ion alone [140] and also in 

combination with reducing substrates such as alcohols [141-147], diols [148-150], polyols 

(glycols, sorbitol, mannitol) [151], aldehydes [152] and ketones [153], and amines [154] etc. 

with different monomers, acrylamide, acrylonitrile and methylmethacrylate etc. 

In previous studies, it was generally suggested that for the ceric salts initiated vinyl 

polymerization, both ceric ions and primary free radicals participate in the initiation process 

while the termination occurs exclusively by the interaction of propagating chain radicals and 

ceric ions, or mutual combination of growing chain radicals. On the cerium (IV)--2-
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chloroethanol redox pair initiated polymerization of acrylamide under nitrogen [144], it was 

reported that ceric ion was not able to initiate the acrylamide polymerization under the 

experimental conditions of the study that is reported by other workers [155-161]. In this 

study, it was reported that cerium (IV) ion forms a complex with 2-chloroethanol which on 

decomposition produces free radicals via single-electron transfer process, which is 

represented in Eq. (2-4). It was found that the rate of polymerization is directly proportional 

to the concentration of 2-chloroethanol, dependent on the square of monomer 

concentration at lower concentration and inversely proportional to the concentration of 

cerium (IV) ion. The disappearing rate of ceric ion was found to be independent of monomer 

concentration and directly proportional to the concentration of ceric ion and 2-

chloroethanol. As shown in Eq. (2-5) to Eq. (2-7), following reaction steps were proposed by 

making a conclusion that ceric ions do not participate directly in the initiation process and 

termination occurs exclusively through the oxidative termination of ceric ion only. The 

square dependence on monomer concentration also rules out the possibility of mutual 

termination of growing chain radicals. 

 

                                                                                                                                                               (2-4) 

Initiation 

     
  
     

                                                                    (2-5) 

Propagation 

   
     

  
      

                                                                 (2-6) 

     
     

  
      

                                                               (2-7) 

There are several termination possibilities depending on cerium(IV) concentrations and 

other factors as shown in Eq. (2-8) and Eq. (2-9): 

Termination by cerium (IV) 

   
         

  
                

                                            (2-8) 
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Coupling termination 

            
  
                                                  (2-9) 

It was found that molecular weight of polymer decreases on increasing the concentration of 

ceric ion (cerium ammonium nitrate, CAN) and increases on increasing the concentration of 

acrylamide and 2-chloroethanol [157,158]. 

In the acrylonitrile polymerization by cerium (IV) (CAN)-primary alcohol in nitric acid under 

nitrogen, by the application of Taft’s correlation, it was suggested that the mechanism is free 

radical mechanism [144]. 

                                                    
             

(2-10) 

Similar to polymerization of acrylamide, increase in cerium (IV) decreases the molecular 

weight and increase in alcohol concentration decreases the molecular weight of polymer. 

2.3.3 Factors affecting redox polymerization 

 

There are several factors that can influence the redox polymerization processes, but 

specifically for the polymerization initiated by metal ion oxidants, the following parameters 

will be discussed, including the effect of solvent and retardants, effect of alkali metal salts 

and oxygen. 

I. Effect of solvent and retardants 

It was reported that addition of 5% (v/v) aliphatic alcohols and DMF to the mandelic acid-

permanganate redox system in the acrylamide polymerization lead to increase in induction 

period and a decrease in the yield [162]. And the sequence of the influence is in the order of 

EtOH > MeOH > DMF > Isopropanol 

The reasons for this phenomenon might be: 1, addition of water-miscible organic solvents to 

the reaction medium decreases the area of shielding of a strong hydration layer in aqueous 

medium, resulting in the termination of growing chain; 2, due to transfer of macroradical 
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chains to these solvents, the propagation rate decreases and therefore polymerization rate 

is also observed to decrease. During chain transfer reaction, it is possible to generate a 

solvent radical that is not able to initiate the polymerization reaction, therefore the yield 

decreases as well. The order of the retardation effect of the solvents is following: 

MeOH > EtOH > PrOH > BuOH 

Besides, some amount of the catalyst might be consumed in the presence of these solvents, 

which can also lead to the results above. 

Complete inhibition was observed when adding retarders/chain transfer agents 

(methylamine) to the reaction system for polymerization of N-vinylpyrrolidone [162]. Carbon 

tetrachloride and benzene brought decrease in percentage in polymerization due to 

increased chain transfer. Addition of benzene caused 10 times decrease in molecular weight 

of the polymer. In the polymerization of methylmethacrylate (MMA) initiated by Ce(IV)-

alcohol system [163], the order of decrease in the conversion was found as below: 

MeOH > EtOH > Acetone 

In addition to ethanol and methanol, in the polymerization of AN initiated by thioacetamide-

permanganate system, acetic acid and formic acid (in the presence of 10%) depressed the 

initial rate and maximum conversion as well [164], which is probably due to: 1, solvation of 

the radical end of the propagating chain (cage effect) which hinders the propagation process; 

2, increase in the regulated rate of production of primary radical which render the 

termination rate relatively fast as compared to the growth rate [165,166]. 

II. Retardation effect of alkali metal salts 

In the same reaction system [164] as above, addition of Na2SO4, ZnSO4 and KCl caused a 

decrease in the initiating rate and maximum conversion, which was assumed to be a result 

of increase in ionic strength of the medium. But in the case of CuSO4, the retardation of rate 

was related to an increase in the rate of linear termination of polymer chains by the Cu(II) 

ion. The addition of Na+ into the same reaction system resulted in a decrease in the rate due 

formation of complex with Mn(III) which act as poor source of the primary radicals 

responsible for the initiation of polymerization. 
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The effect of the ionic radii of the alkali metal ion is another possible factor [167] in the 

reduction of the polymerization rate, as the ionic radii increases, the effect of alkali metal 

chloride that suppress the polymerization rate and the maximum conversion also increases. 

The retardation effects of these salts are in the order of  

None > LiCl > NaCl > KCl > RbCl > NH4Cl 

III. Effect of oxygen 

Oxygen plays several roles in radical polymerization reaction, depending on the 

experimental conditions, it may act as initiator, inhibitor or retarder in these reactions [168]. 

In the unique case of high pressure radical polymerization of ethylene, it inhibits the 

initiations [169]. Unlike its role in initiation [170,171] the retarding or inhibitory action of 

oxygen in such reactions was not understood well, not withstanding the well-known 

peroxide scheme [172]. Furthermore, the peroxide based inhibition effect of oxygen in 

radical polymerization is dependent on temperature, as the peroxides decompose at 

elevated temperatures, generating additional radical that may initiate polymerization. 

The inhibition effect of oxygen in the radical polymerization of styrene initiated by Co2+-BH4 

redox system was explained by the formation of 1-phenyl ethanol [173]. Oxygen may react 

with the primary radical to give peroxide radicals: 

                                                              (2-11) 

If the peroxide radicals are not as reactive as the primary radicals, the oxygen will act as an 

inhibitor or retarder of polymerization, in the opposite condition, oxygen may act as an 

initiator itself. 
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Chapter 3. Experiment techniques  

 

3.1 Materials 
 

Acrylonitrile (AN), 2-hydroxylethylmethacrylate (HEMA) and AMPS were purchased from 

Sigma-Aldrich. Poly(ethylene glycol) (400, 600, 4000) were purchased from FLUKA. Cerium 

ammonium nitrate, glutaraldehyde were purchased from Sigma-Aldrich. DMF, ethanol, 

hexane, ethyl acetate, heptane, acetonitrile, chloroform and dichloromethane were 

purchased from VWR. Malonyl dichloride, oxalyl chloride and terephthaloyl dichloride were 

purchased from Acros. Sulfuric acid was purchased from Fisher chemicals. All the chemicals 

purchased were analytical pure (≥98%). Ultrahigh purified argon gas was purchased from 

Messer Griesheim GmbH. Water purified with a Milli-Q system from Millipore was used for 

all experiments. 

 

3.2 Copolymer synthesis 
 

3.2.1 Copolymer of PAN and PEG 

 

PEG was first fully dissolved in distilled water in a three neck flask equipped with magnetic 

stirring and argon inlet and outlet. The flask was kept in a 1 ◦C thermal stable water bath 

and the solution was then deoxygenated by filling with argon. Then, cerium salts dissolved in 

distilled water were injected into the PEG aqueous solution, after a certain time for the pre-

action of PEG and cerium ammonium nitrate (tb), followed by the injection of acrylonitrile 

monomers under vigorous stirring. Copolymerization then began and was allowed to 

proceed for another 4 hours, after which block copolymers were obtained and precipitated 

in distilled water for 24 hours, during which distilled water was changed for three times to 

remove the residue un-reacted PEG. Copolymers gained were filtered and dried at 50°C in 
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vacuum to a constant mass. The amount of cerium salts used was based on the principal that 

mole ratio of ceric salts to hydroxyl groups is 1.1 to make ceric ion moderately excessive. 

The expected mechanism of the polymerization is as following Fig. 3.1: 

 

Fig. 3.1 Proposed polymerization mechanism of PAN-b-PEG-b-PAN 

3.2.2 Copolymer of PAN and hydroxylethyl methacrylate (HEMA) 
 

Azoisobutyronitrile (AIBN) was first dissolved in dimethylformamide in a three neck flask 

equipped with magnetic stirring and argon inlet and outlet. The flask was kept in 60°C water 

bath, and argon flow was used to deoxygenate the solution. Then HEMA was injected into 

the solution, followed by the injection of acrylonitrile monomers. Then the reaction began 

and progressed for 10 hours. The solution of the copolymers in DMF was applied in a rotate 

evaporator to get more concentrated, and then copolymers were obtained by precipitation 

using water as non-solvent. The polymerization reaction is a typical free radical 

polymerization, mechanism of which is shown in Fig. 3.2. 

 

 

Fig. 3.2 Copolymerization of AN and HEMA initiated by free radical 
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3.2.3 Copolymer of PAN and 2-acrylamido-2-methyl-propanesulfonic acid 

(AMPS) 
 

Acrylonitrile and 2-acrylamido-2-methyl-propanesulfonic acid with different weight ratio 

were first fully dissolved in water, it was kept at 60°C with water bath, after purging with 

argon for 10 minutes, azo-isobutyronitrile as initiator was added into the solution, the 

reaction was allowed to process for different durations under rigorous stirring, after a 

certain reaction time, the water bath was removed, and the reaction solution was left in the 

flask for another 24 hours with stirring. The copolymers were obtained and dipped in 

distilled water for 24 hours, within which, the water was changed for several times. Then 

copolymers were filtered and dried at 40°C in vacuum to a constant weight. 

 

Fig. 3.3 Typical free radical polymerization of AN and AMPS 

 

3.3 Characterization of the copolymers 
 

3.3.1 ATR/FTIR 

 

FT-IR spectra of the copolymers were observed by using the instrument Varian 3100 Fourier 

Transform Infrared spectroscopy (FT-IR) Excalibur series equipped with a horizontal ATR unit. 

A total of 64 scans were performed at a resolution of 4 cm-1 using a diamond crystal; the 

temperature was 21±1°C. Pro 4.0 was used to record the different spectra versus the 
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corresponding background spectra. The quantitative composition was estimated from 

relative peak ratios. 

3.3.2 1H-NMR 

 

1H-NMR spectra of the copolymers was evaluated on a Bruker DMX300 spectrometer (300 

MHz) using DMSO-D6 as solvent at 25 °C. TopSpin 1.3 was used to record the spectra. 

3.3.3 Element analysis 
 

Element analysis was operated on CHNS analyzer to calculate the weight content of C, H, N 

and S in the copolymers. The element analyzer is used for simultaneous determination of 

carbon, hydrogen, nitrogen and sulphur content present in organic, inorganic and polymeric 

materials. Samples are sent into a quartz tube at 1020°C with constant carrier gas flow and 

high purity oxygen is used to achieve complete oxidation of thermally resistant substances. 

The combustion gas mixture is driven through an oxidation catalyst (WO3) zone, and 

subsequently through a copper zone that reduces nitrogen oxides and sulphuric andydride 

(SO3) and retains the oxygen in excess. The resulting components of combustion mixture are 

detected in a sequence of N2, CO2, H2O, and SO2 by thermal conductivity detector. 

3.3.4 Gel permeation chromatography (GPC) 

 

GPC was performed to get the information about the molecular weight, in which, 

DMF+0.01M LiBr was used as eluent, PMMA for calibration, and the columns were applied 

as following coupled with a Waters refractive index detector: 

SDplus 102 Å, 10 µm, 300/8 mm, 50- 5 000                      (g/mol) 

SDplus 103 Å, 10 µm, 300/8 mm, 1 000 – 70 000            (g/mol) 

SDplus 105 Å, 10 µm, 300/8 mm, 10 000 – > 1 000 000 (g/mol) 

 

3.3.5 Determination of amount of free radicals 
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The amount of free radicals generated in the initiation step was calculated with the help of 

stable free radical: 2,2-diphenyl-1-picrylhydrazyl (DPPH). First, DPPH was dissolved in a 

mixture of acetone and water with a volume fraction of 3:2, at the meantime, PEG 400 and 

ceric salts with same composition as the copolymer synthesis were dissolved in distilled 

water, after a certain period (t), the reaction solution was added into the DPPH solution, 

when the color of DPPH solution turns from dark violet and black to transparent, the volume 

of reaction solution used was recorded, and the concentration of generated free radicals (Cgr 

[mol/l]) was calculated via the following equation: 

    
       
   

 

(3-1) 

where, Vsr [l] is the volume of the stable radical solution, Csr [mol/l] represents the 

concentration of the stable radicals, and Vrs means the volume of used reaction solution. 

3.4 Membranes and films preparation 
 

3.4.1 Films 

 

Casting solution was made by dissolving PAN-b-PEG-b-PAN block copolymer in N,N-

dimethylformamide (DMF) solvent for 1 day with gentle stirring to form a homogeneous 

solution with a concentration of 12.5% (wt%). Films were prepared by casting the solution 

with a casting knife on a clean and smooth glass, the thickness and the casting speed was 

200 µm and 20 mm/s respectively. Subsequently, the film was dried in vacuum with 

temperature of 40 °C for another 12 hours to evaporate the solvent; it was then immersed in 

water to remove the film from the glass support. 

3.4.2 Membranes 

 

Casting solutions were made by dissolving PAN-b-PEG-b-PAN block copolymer in DMF for 1 

day with gentle stirring to form a homogeneous solution with different concentrations (10%, 

12%, 15% and 16%). Membranes were prepared by casting the solutions on a glass plate 

with different thicknesses (200 µm and 300 µm), the casting speed was 20 mm/s. Then the 
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membrane was directly immersed in coagulation bath for 20 minutes, followed by drying 

with different methods: drying in the air and drying with solvent exchange (ethanol and 

hexane in sequence). 

Copolymers of AN and AMPS were dissolved in NMP with different concentration at room 

temperature. After fully dissolved, the solution was filtered with dense filter paper under 5 

bar, and then degassed with vacuum. Polymer solutions were casted on clean glass plates or 

PET non-woven support with thickness of 300 µm and the casting speed was 15 mm/s, 

followed by immersing the casted solution into different coagulation bath. 

 

3.5 Properties of membranes and films 
 

3.5.1 Swelling test of the films 

 

Dry films with a known weight m0 were immersed into different solvents and were allowed 

to equilibrate for 96 h at room temperature. Each sample was weighed from time to time 

until no weight change was observed, after which these films were taken out from the 

solvents and weighed (recorded as m∞) after the solvent was wiped out with tissue paper. 

The value of swelling degree is calculated according to the following equation. 

   
     

  
      

(3-2) 

3.5.2 Thickness of membranes 

 

The thicknesses of membranes and films were measured by Coolant Proof Micrometer IP 65, 

Mutico Co. Japan, and at least five measurements from different position of the membrane 

were averaged. 

3.5.3 Pore morphology 
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The top surface and cross-section morphology of the membranes were observed by using a 

Quanta 400 FEG (FEI) environmental scanning electron microscopy at standard high vacuum 

conditions. A K550 sputter coater (Emitech, U.K.) was used to coat the outer surface of the 

sample with gold/palladium. The pore size was estimated by a single electric meter in the 

photo treatment software, for each membrane, at least 10 pores were measured, and 

average value was calculated. 

3.5.4 Contact angle 

 

Static contact angles of water on membranes were measured by captive bubble method 

using an optical contact angle measurement system (OCA 15 Plus; Dataphysics GmbH, 

Filderstadt, Germany) at 21 °C. The volume of air bubbles used was always 5 µL. All the 

values were average of at least 5 measurements taken at different locations of the 

membrane surface. 

3.5.5 Separation experiment 

 

Pure solvents flux measurements were conducted in a standard Amicon cell as well as a self-

made stainless steel nanofiltration cell with an active membrane area of 9.1×10-4 m2 and a 

feed chamber volume of 100 ml. In the latter module, membrane discs were supported by a 

porous stainless steel disc and sealed with solvent resistant O-rings. Varied argon pressures 

and solvents were applied at room temperature. For each membrane, solvent and driving 

pressure, tests were repeated at least three times to make sure the stability and 

reproducibility of membrane performance. 

Dead-end filtrations were carried out in the self-made nanofiltration cell using 2 g/L aqueous 

solutions of PEG or Dextran with different molar masses as feed. For the rejection 

measurements in non-aqueous solutions under nano-filtration condition, 2 g/L solutions of 

polystyrene (PS) oligomers in different organic solvents were applied as feed. 

All the rejection measurements were performed under magnetic stirring at 500 rpm with a 

Teflon-coated magnetic stirrer suspended 3 mm above the membrane. For each test, 

permeate samples were collected and weighed in every four minutes to get a detailed 

changing in flux and to determine permeability (P, l/m2·bar·h). For the determination of 



37 
 

rejection (R, %), PEG and Dextran concentrations were calculated via total organic carbon 

(TOC) measurement using a TOC-Vcpn system from Shimadzu (Japan). PS concentrations 

were analyzed using a Gilson high performance liquid chromatography (HPLC) system with a 

Gilson 118UV-Vis detector. Separation of the oligomers was achieved by an ACE 5-C18-300 

column. A mobile phase of 35 vol% analytical grade water and 65 vol% tetrahydrofuran was 

used with 0.1 vol% trifluoroacetic acid. The UV detector was set at a wavelength of 264 nm. 

At present, although other properties such as solute-polymer interactions can affect the 

membrane separation performance [174], the selection of membranes is still based upon 

the molecular weight cut-off (MWCO), which is defined as the molecular weight of the solute 

which is 90% rejected by the membrane. It is also used to characterize the membranes in 

this study.     

3.6 Cross-linking 
 

Different cross-linking methods for PAN-b-PEG-b-PAN were performed to find out the 

optimized process. 

      1, Malonyl dichloride, the total amount of hydroxyl functional group in the copolymer 

membrane, and K2CO3 were measured out in a 1:2:3 molar ratio. The malonyl dichloride was 

first dissolved in dichloromethane (1% v/v), and the membrane was placed in a three neck 

flask along with the K2CO3 powder with a little content of dichloromethane, then the 

solution of malonyl dichloride in dichloromethane was added dropwise. The reaction 

mixture was maintained at room temperature under argon for a total reation time of 12 

hours. The mechanism is shown in Fig. 3.4. 
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Fig. 3.4 Proposed reaction between cross-linker and membrane 

      2, First, glutaraldehyde aqueous solution with 25% (wt) was diluted to 0.25 mol/L with 

MilliQ water, the pH value of the solution was adjusted to 3 by adding sulfuric acid (H2SO4), 

following that, membranes was dipped into the solution, the reaction was allowed to 

proceed at 60°C for 3 hours. The mechanism of the reaction was expected to be the 

following Fig. 3.5: 

 

Fig. 3.5 First-step reaction of the cross-linking process using glutaraldehyde as cross-linker 

 

After this process, the color of the membrane turned from light red and brown to totally 

transparent, which could be a symptom of successful cross-linking, because the color of 

membrane was probably due to the ceric IV ion that was coupled with carbon connected 

with hydroxyl group in PEG segments, after successful cross-linking, all the hydroxyl groups 

reacted with aldehyde groups, then the ceric ion lost the coupling effect as well, as a result, 

the membrane turned to totally transparent. Meanwhile, the solvent resistance of the 
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membranes was also enhanced. They became stable in polar aprotic solvents such as DMF or 

DMSO for long period. 

Hemiacetal was formed after this step, whereas, in the following conversion process, NaOH 

will be used to treat the membrane, and hemiacetals are not stable enough in base solutions, 

so it is necessary to convert the hemiacetals to acetals, which was achieved via the following 

process, PEG 400 was first dissolved in water to form 2 g/L solution, then the pH value was 

tuned to 3 with H2SO4, the membranes were dipped in the solution, the reaction took place 

at 60°C for 3 hours, condenser tube was used to facilitate back flow of water. Fig. 3.6 

illustrates the second-step cross-linking reaction. 

 

Fig. 3.6 Second-step reaction of cross-linking process 

 

 

 

3.7 Conversion to nanofiltration membranes 
 

The membranes after cross-linking were soaked in ZnCl2 aqueous solution with different 

concentrations (15%, 30%, 45% and 60%) for 72 hours. After saturation with the ZnCl2 

solution, the membranes were heat treated in oven at 110°C till completely dry. Followed by, 

the membranes were allowed to cool to room temperature in the open air. By soaking the 

membrane in a very dilute HCl aqueous solution (pH = 3–4), ZnCl2 was removed. The 
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membranes were then hydrolyzed with 1 M NaOH at room temperature for a controlled 

period. After the reaction, the hydrolyzed membrane was treated with 1 M HCl at room 

temperature overnight. Following that, the membranes were infiltrated with a dilute NaOH 

solution (pH = 8–9) to convert it into a NF membrane with highly dense pore surface 

functional groups (–COONa, –CN and –CONH2). 

 

 

 

 

Fig. 3.7 Conversion of membranes for application in nanofiltration  
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Chapter 4. Results and discussion on 
copolymers of PAN and PEG 

The experiment results obtained and discussion on them are divided into three following 

paragraphs: (i) copolymer characterization in part 4.1, (ii) swelling tests on films in part 4.2, 

(iii) characteristics of membranes formed from these copolymers before and after cross-

linking and conversion process in chapter 4.3 to 4.6. 

 

4.1 Characterization of block copolymers 
 

It is well understood and also discussed before that the properties of polymers have much 

influence on the performances of the ultimate UF or NF membranes, especially the 

mechanical and chemical stabilities, which can affect the resistance to various solvents. 

Therefore, it is of great importance to characterize the block copolymers in details in this 

study. The copolymers were characterized with respect to molecular weight and polymer 

composition. As regarding to composition, it has the main influence on the chemical 

properties and also affects the cross-linking procedures, thus it was mainly focused. The 

fraction of each segments were calculated via three different characterization methods: 1H-

NMR, FT-IR/ATR and element analysis.  

4.1.1 NMR, IR, Elemental analysis and GPC results 

 

To get an optimized composition of the block copolymer, a series of variations were 

actualized, which includes molecular weight of PEG, content of PEG, content of ceric salts 

and pre-reaction time for the PEG and ceric salts (tb). The following data will show the effect 

of each parameter, and the most significant difference was caused by the pre-reaction time 

and molecular weight of PEG. Whereas, when the cross-linking process as post treatment is 

taken into consideration, the PEG with lower molecular weight will be preferred, so the 

characterizations were prior focused on the difference of pre-reaction time. In all the 

experiments, copolymers were derived and then characterized in details. 
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Table 4.1 Composition and parameters used in the copolymerization 

 A01 A02 A03 A04 A05 A06 A07 A08 

Water (ml) 90 90 90 90 90 90 90 90 

PAN (g) 7 7 7 7 7 7 7 7 

PEG (g) 

(MW) 

3  

(600) 

3 

(6000) 

3 

(400) 

2 

(400) 

4  

(400) 

3 

(400) 

3 

(400) 

3 

(400) 

Ceric salts 

(g) 

3.216 0.373 4.522 3.014 6.046 4.522 4.522 4.522 

Reacting time 

(hour) 
4 4 4 4 4 4 4 4 

Tb (min) 30 30 30 30 30 0 10 20 

Yield (%) 65 70 58 62 59 60 58 61 

 

As the characteristic peak due to vibration of CN group is fairly obvious and not affected by 

other groups, it is quite convenient to characterize the copolymer with IR spectrum. Fig. 4.1 

shows the IR spectrum of the block copolymers. From Fig. 4.1, absorption bands (cm-1) of 

3507, 2877 and 1113 are assigned to ν(O-H), ν(CH2) and ν(C-O-C) in the PEG block 

respectively, and another three characteristic absorption bands (cm-1) of 2243, 2939.3 and 

1453.3 are assigned to ν(CN), νas(CH2) and σ(CH2) in the PAN block in the block copolymer. 

From the IR data, the absorbance of CH2 group in PEG segment and CN group can be 

calculated via Beer-Lambert law with the equation as following: 

         
 
  
                                                                   (4-1) 
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where, A means the absorbance, I0 and I represents the intensity of incident and transmitted 

light respectively. Table 4.2 shows the absorbance of CN peak and CH2 peak in PEG segment, 

and the relative ratio of these two peaks as well. 
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Fig. 4.1 FT-IR spectra of block copolymers with different composition 

 

Table 4.2 Relative ratio calculated from IR results 

 A01 A02 A03 A04 A05 A06 A07 A08 

Absorbance 

of CN 
3.2 11.9 3.7 4.3 2.1 0.44 2.1 2.9 

Absorbance 

of CH2 in 

PEG 

1.3 4.4 1.0 1.1 0.8 0.17 0.7 0.8 

Relative 

ratio of CN 

to CH2 

2.46 2.7 3.7 3.9 2.6 2.6 3 3.6 
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Fig. 4.2 1H-NMR spectra of the block copolymer from A07 

 

Fig. 4.2 illustrates the 1H-NMR spectrum of the block copolymers. It can be observed clearly 

from the spectrum that chemical shifts at 2.03 and 3.17 ppm are attributed to the hydrogen 

in CH2 and CH in the PAN segments, the appearance of chemical shift at 3.51 ppm is due to 

the –CH2CH2O– group of PEG, and chemical shift at 2.51 ppm is because of the solvent 

DMSO-D6. By integrating the area under the peaks at 2.03 ppm and 3.51 ppm, absolute ratio 

of AN molecules to repeating units in PEG segments (-CH2CH2O- group) can be calculated, 

then contents of every element were derived, which are shown in Table 4.3. 

 

Table 4.3 Content of elements based on the NMR results 

 A01 A02 A03 A04 A05 A06 A07 A08 

C (%) 67.71 64.35 67.75 67.79 67.68 67.55 67.68 67.72 

N (%) 25.98 19.38 26.13 26.19 26.02 25.8 26.02 26.08 

O (%) 0.6 9.7 0.42 0.33 0.59 0.91 0.59 0.5 

H (%) 5.71 6.57 5.7 5.69 5.71 5.74 5.71 5.7 

ppm (t1)
2.002.503.003.504.004.50
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Table 4.4 illustrates the content of each element in the block copolymer derived from 

element analysis compared with the theoretical values which is calculated from the mass 

ratio of PEG and AN added in the reaction solution. 

From the data of three different characterization methods, obvious evidences for PEG 

segments in the copolymer were found. As PEG itself was already polymer before the 

copolymerization, there are alternating blocks of AN and PEG in the copolymer, conclusions 

can be made that block copolymers were successfully synthesized. 

Table 4.4 Content of each element from element analysis 

 
A06 A07 A08 A03 

Theoretical 

value 

C (%) 65.4 66.2 65 66.2 63.17 

N (%) 24.6 25.1 25 25.6 18.49 

O (%) 3.2 1.5 1.4 1.3 11.62 

H (%) 5.8 5.6 5.6 5.6 6.72 

 

Furthermore, information of the molar mass of the block copolymers is also of great 

importance to the solubility in solvents and pore forming properties. Generally, for the 

formation of appropriate membranes, the polymers are required to have molar mass 

between 6000 and 300,000 g/mol. So it is essential to characterize the copolymers with 

molar mass as well as the molar mass distribution. Table 4.5 shows the molar mass of the 

block copolymers from GPC, in which Mn means number average molar mass, Mw represents 

weight average molar mass, and PDI for poly-dispersity index. In the data formula, it can be 

seen that, the PDI is relatively high as comparing to conventional free radical 

polymerizations, which is normally around 2.5. This is mainly due to the unconventional 

initiation step, in ideal condition, it is expected to generate free radicals at both ends of PEG 

molecules, whereas in reality, there is also high possibility to initiate at only one terminal. 

Comparing with the theoretical values, the synthesized polymers have relatively lower 

oxygen content, which means the mole ratio of PEG in the copolymer is lower than that in 
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the feed. It is also connected with the unconventional initiation step, as the free radicals 

disappear with time, it is possible that some of the PEG chains have no generated radicals in 

either end. Then the stable PEG will not participate in the reaction, so certain amount of PEG 

are still left in the reaction solution. 

 

Table 4.5 Molar mass information from GPC 

 A05 A06 A07 A02 

Mn 

(g/mol) 

2.20E+04 5.70E+04 6.60E+04 6.50E+04 

Mw 

(g/mol) 

1.20E+05 3.30E+05 3.40E+05 3.40E+04 

PDI 5.5 5.8 5.2 5.2 

 

In the quantization data of IR and NMR spectra and element analysis results, the copolymers 

prepared from PEG 6000 that was named with A02 had extremely high content of oxygen as 

comparing to other polymers, which is mainly due to its higher chain length that results in 

longer PEG segments in the block copolymer. Whereas, the A02 copolymer also has higher 

molecular weight and low solubility results from the former factor, it was even not able to 

form completely homogeneous solution with 10 wt%. Similar situation also took place on the 

copolymer made from PEG 600 named with A01, the highest concentration can be got from 

this group of copolymer was lower than that from PEG 400. Besides, in the post treatment, 

cross-linking will happen exclusively between hydroxyl group at the end of PEG segments 

and functional group in the cross-linker. So longer length of PEG segment will reduce the 

cross-linking density, which is a negative factor for the solvent resistance, therefore, 

copolymers with lower PEG molecular weight were chosen for the following series of 

comparisons and further studies. 
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4.1.2 Influence of pre-reaction time 
 

In this redox polymerization, complexes were first formed between ceric ion and PEG, then 

free radicals were generated on the decomposing of the complexes (as described in general 

introduction, p. 26), therefore the time for the reaction between PEG and ceric salt (pre-

reaction time) is required and it has high possibility to affect the composition of the 

copolymers. So the influence of pre-reaction time on the copolymers was studied based on 

the results given above. 
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Fig. 4.3 Influence of pre-reaction time on content of oxygen    
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Fig. 4.4 Effect of pre-reaction time on molar mass 

From Fig. 4.3 and Fig. 4.4, clear conclusions can be made, that with the increasing of the pre-

reaction time, both Mn and Mw increased obviously, whereas the Mw increased more 

significant that Mn, and the content of oxygen in the block copolymer decreased on the 

contrary. This can be explained with the following theory: 

the polymers that have short chains will contribute more to the Mn, and long chain polymers 

contribute more to the Mw, when longer pre-reaction time was applied, some of the free 

radicals were already deactivated, hence less PEG molecules participated in the reaction 

which results less content of oxygen in the copolymer, and less initiator groups will lead to 

less but longer chains, which results significant increasing of Mw and slight increase of Mn.  

To confirm this hypothesis, stable free radicals were introduced to track the concentration of 

free radicals generated in the pre-reaction versus time (cf. Experimental part, section 3.3.5).  

Fig. 4.5 shows the mechanism of the reaction between DPPH and free radicals. In Table 4.6, 

the volumes of the used reaction solution were recorded. 

By coupling with another free radical, covalent bound was formed, then the color of solution 

changed obviously and the UV-vis spectrum shifted from pink curve to the yellow one, which 

indicates that all the DPPH have already coupled with other radicals. From the already 

known DPPH concentration and the recorded reaction solution volume used, the 

concentrations of free radicals after different pre-reaction time can be calculated, which is 

also included in Table 4.6. 
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Fig. 4.5 Mechanism of stable free radicals conversion and the corresponding change in UV-

vis spectra 

Table 4.6 Volume of reaction solution used and calculated free radical concentration 

Time (min) 
Volume of used reaction 

solution (ml) 

Calculated free radical 

concentration (mol/l) 

0 0.375 1.35e-2 

5 0.385 1.32e-2 

10 0.390 1.3e-2 

20 0.501 1.01e-2 

30 0.530 0.96e-2 

40 0.551 0.92e-2 

 

Then the dependence of free radical concentration on the pre-reaction time is clearly 

illustrated in Fig. 4.6. With longer pre-reaction time, the concentration of starting radicals 

decreased clearly. This is mostly because, free radicals were generated simultaneously after 

the addition of all the reactants, but with increasing time, even if the radicals didn’t initiate 
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any polymerization, the content and concentration of the existing free radicals decreased 

continuously, which is mostly because of the coupling effect. Therefore, it is better to use no 

pre-reaction time, which means AN monomers should be added into the reaction solution 

immediately after the addition of PEG and ceric ammonium nitrate. 
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Fig. 4.6 Dependence of free radical concentration on the pre-reaction time 

 

4.1.3 Influence of solvent 
 

Problems of solubility happened when repeating the experiments to produce large amount 

of copolymers for membranes. Some copolymers could be dissolved neither in DMF nor in 

NMP even with fairly low concentration. Comparing every condition between these 

copolymers with distinct solubilities, essential condition that affected the properties of the 

copolymers was found to be the solvent used in the synthesis. In the following Table 4.7, 

three kinds of solvents with increasing conductivity were applied and the copolymers 

derived were characterized as before. 
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Table 4.7 Solvents used in the copolymerizations 

 A09 A10 A11 

Solvent MilliQ Water Deionized water 
NaCl aqueous 

solution 

Conductivity (µS/cm) 0.7 3.0 6.0 

MilliQ Deionized Water NaCl solution
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Fig. 4.7 Influence of reaction solvents on composition of copolymers 

Compared with the copolymers synthesized in deionized water, the copolymers from MilliQ 

water have much higher weight average molecular weight. But the difference in number 

average molecular weight is not so significant, which is seen in Fig. 4.8. Besides, when it 

comes to the comparison on the copolymer composition (here the content of oxygen was 

applied to illustrate), as shown in Fig. 4.7, from NMR results, there was almost no difference. 

But as for the results from IR and elemental analysis, copolymers from MilliQ water have 

lower oxygen content, which means also lower content of PEG. This is because in the 

unconventional copolymerization, the polymer PEG acts only as initiator, and the 

propagation of copolymers was exclusively contributed by AN. Therefore, larger molar mass 

is directly connected with lower PEG fraction, thus lower oxygen content. But in the NMR 

measurement, polymers with extremely large molar mass can’t be fully dissolved in the 

solvent DMSO-d6. So there is little distinction in the NMR samples from different copolymers, 
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as for the measurements that is not involved with solvents and solubility, the results are 

more reliable, and also closer to the theoretical analysis. 
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Fig. 4.8 Effect of synthesis solvent on molar mass and PDI 

When NaCl solution substituted distilled water as the reaction solvent, there is no clear 

difference either in molar mass information from Fig. 4.8 or in the copolymer composition 

from Fig. 4.7. Furthermore, the solubilities of the copolymers are also close to each other.  

If the conductivity of the real reaction solution is taken into consideration, addition of ceric 

salts can greatly change the conductivity, and then the difference between these three 

conditions will be largely minimized, even can be ignored. Therefore, conductivity is still not 

proved to be a crucial parameter that can influence the composition or molar mass of the 

copolymer. The effect of solvent on the resulting copolymers is jet not clear, but the most 

appropriate solvent for this study is deionized water. 

4.1.4 Summary 
 

Block copolymers of PAN and PEG were successfully synthesized via water-phase 

precipitation copolymerization using Ce(IV)-PEG as a redox initiator system. It is possible to 

tune the content of PEG, the molar mass of the copolymer, and to change the molar mass of 

PEG segment, thus to tune the properties of the resulting membranes. Optimized condition 
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and composition were worked out to synthesize appropriate copolymers to be used for film 

and membrane studies. 

 

4.2 Swelling properties of films 
 

Swelling behavior of a nanofiltration membrane is of great importance, since so-called 

“channels” could be created in the dense layer of the membrane due to excessive swelling, 

then the permeability and rejection can be significantly changed. Besides, in membranes 

there are large free spaces (pores), which will lead to higher solvent uptake, so the 

calculated swelling degree will be higher than the real value for the polymer, therefore, 

swelling behavior was studied on films. Table 4.8 shows the swelling degree of the films in 

different organic solvents. 

 

Table 4.8 Swelling properties of the films 

 

 

Chloroform Toluene Acetonitrile Acetone Water 

m0 (mg) 11.33 11.01 10.87 15.9 8.05 

m∞ (mg) 11.38 11.3 11.01 16.03 8.25 

Swelling 

Degree (%) 
0.44 2.6 1.3 0.82 2.5 

       

 From this group of data, it can be seen that the films were endowed with good swelling 

resistance, whereas the introduction of PEG that is quite soluble in water can make the 

polymer more hydrophilic, thus a relatively higher swelling degree in water. For the swelling 

behaviors in these organic solvent, it can be explained by Hansen solubility parameters (HSP) 

[195]: 
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· δd The energy from dispersion bonds between molecules 

· δp The energy from dipolar intermolecular force between molecules 

· δh The energy from hydrogen bonds between molecules 

· R0 Interaction radius of the substance being dissolved 

(Ra)
2 = 4(δd2- δd1)2+( δp2- δp1)2+( δh2- δh1)2                                   (4-2) 

RED = Ra/R0                                                                                     (4-3) 

      ·RED < 1 the molecules are alike and will dissolve 

      ·RED = 1 the system will partially dissolve 

      ·RED > 1 the system will not dissolve 

The possible range of Hansen solubility parameters of the copolymer can be simulated with 

the help of the software HSPiP [195], as shown in Fig. 4.9. 

 

Fig. 4.9 Simulation of Hansen Solubility Parameters with HSPIP 

In this 3D diagram, every blue dot represents a kind of solvent. Based on the solubility of 

copolymers in different kinds of solvents and swelling degree in the non-solvents, a certain 

mark between 1 and 5 was given for each solvent, as a level to evaluate the interaction 

between solvent and copolymer, in which, 1 means copolymers are soluble in this solvent, 

and 5 represents the lowest swelling. In the 3D diagram, these values will be seen as the 

distance between two different molecules. The farther the distance is, the less solubility or 
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swelling degree is. From these values, the crude possible range of HSP of copolymers was 

simulated and graphed in the axis as the green sphere. When the dot of solvent stays inside 

the green sphere, the copolymer will be possibly soluble in this solvent, the solvent outside 

the sphere can probably not dissolve, but only induce swelling, and the farther the distance, 

the less swelling. 

 

4.3 Influence of concentration and drying methods 
 

Drying is the first treatment of the membranes. As the membrane is still in swelling state, 

the pore structure is yet not stable and could be reformed during the drying process, so it is 

very important and necessary to investigate the influence of drying methods. 

 

4.3.1 Thickness 

 

In this part of experiments, membranes were casted with the thickness of 200 μm, then 

thicknesses before and after drying methods were measured. As presented in Table 4.9, in 

which water means drying directly from water, whereas solvent exchange stands for drying 

after treating with ethanol and hexane in sequence. 

Table 4.9 Thicknesses and shrinkages of the membranes 

Polymer 

concentration 

(%) 

Water Solvent exchange 

Before 

(µm) 

After 

(µm) 

Shrinkage 

(%) 

Before 

(µm) 

After 

(µm) 

Shrinkage 

(%) 

10 80.75 63.5 21.36 81 77.5 4.32 

12 83 62.75 24.40 88.5 82.5 6.78 

14 91.25 66.63 26.98 91.75 84.88 7.49 

16 92.33 67.35 27.05 93.15 86.05 7.62 
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Fig. 4.10 Influence of drying treatment and polymer concentration on the shrinkage of 

membrane thickness 

All the membranes were casted with thickness of 200 µm, but after the non-solvent induced 

phase separation (NIPS), all the thicknesses decreased by certain content. Increase in 

polymer concentration decreases the reduction. This is because that, solutions with higher 

concentration has also higher viscosity, which will prevent the solution from spreading 

between the steps of casting and immersion into water. In the phase separation process, 

larger content of polymers that leads to lower free volume is good for the membranes to 

maintain the structure. So that when water penetrated into the polymer solution to mix with 

the solvent and then took the solvent out from the solution by diffusion effect, there was 

less reduction in the volume of the casted solution film. Therefore the thickness didn’t 

change so significantly. 

After the drying treatment, the thicknesses of the membranes decreased again, because the 

copolymers has relatively high swelling degree in water, but the membranes from solvent 

exchange treatment showed much lower reduction, which indicates that the morphology of 

the membrane was changed during the drying process, so it is necessary to check the pore 

morphology via Scanning Electron Microscopy (SEM). 
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4.3.2 Pore morphology 

       

Membrane surface and cross-section morphologies were visualized by using SEM. As shown 

in this series of images, all the membranes have asymmetric structure consisting of a thin 

fine porous selective layer and much thicker porous sub-structure, 

 

                                          (a)                                                                             (b) 

 

 

                                             (c)                                                                        (d) 

Fig. 4.11 SEM cross-section images of membranes from the block copolymer: (a) 

concentration 10%, drying from water; (b) concentration 10%, drying with solvent exchange; 

(c) concentration 12%, drying from water; (d) concentration 12%, drying with solvent 

exchange. 
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                                             (e)                                                                        (f) 

 

 

 

 

                                            (g)                                                                        (h) 

Fig. 4.11 SEM cross-section images of membranes from the block copolymer: (e) 

concentration 14%, drying from water; (f) concentration 14%, drying with solvent exchange; 

(g) concentration 16%, drying from water; (h) concentration 16%, drying with solvent 

exchange. 
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(a) (b) 

 

 

 

                                          (c)                                                                             (d) 

Fig. 4.12 SEM surface images of membranes from the block copolymer: (a) concentration 

10%, drying from water; (b) concentration 10%, drying with solvent exchange; (c) 

concentration 12%, drying from water; (d) concentration 12%, drying with solvent exchange. 
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                                         (e)                                                                              (f) 

 

                                        (g)                                                                              (h) 

Fig. 4.12 SEM surface images of membranes from the block copolymer: (e) concentration 

14%, drying from water; (f) concentration 14%, drying with solvent exchange; (g) 

concentration 16%, drying from water; (h) concentration 16%, drying with solvent exchange. 

 

As shown in Fig. 4.11, with increasing concentration of the polymer solution, the difference 

between the selective layer and sub-structure tends to decrease, thus more regular and 

finger-like pores are formed. Effect of concentration on the pore structure can be also 

observed in the surface images in Fig. 4.12, higher concentration leads to smaller surface 

pores. The effect of concentration is mostly explained with free volume: in the polymer 

solution, the solvent occupies much volume, with increasing polymer concentration, the 
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volume occupied by the solvent decreases. In the phase separation process, as the non-

solvent is miscible with the solvent, the mixing of solvent and non-solvent will lead to a 

diffusive flow of solvent that bring the solvent outside the polymer solution. By the 

meantime, the polymer structure also tends to collapse to a certain extent, but much 

volume that was occupied by the solvent was remained to form pores, thus porous 

membranes were formed. With same solvent and non-solvent, the diffusive flow of solvent 

outside the solution has similar speed in different concentrations, so the collapse of the 

polymer structure is also similar, therefore, concentration is the only factor that influences 

the pore structures, higher concentration leads to lower solvent-occupied-volume, 

eventually resulting smaller pores and denser membrane structures. This can also explain 

the reduction of the membrane thickness that was found in section 4.3.1. 

It can be also found that, for the membranes dried directly from water, the pores were 

reformed or even broken, especially in the membranes with lower concentration, i.e. in Fig. 

4.11 graph (e). Whereas for the membranes treated with solvent exchange, the pores were 

maintained regular. In the surface images, differences between two drying methods are 

more obvious and more distinct, the membranes from solvent exchange shows smooth 

surface and regular pore distribution other than the rough surface and irregular pores of the 

membranes dried from water. Besides, difference in pore size between various membranes 

is clearly shown in the surface images, the pores are getting smaller with increasing 

concentration. 

As the membrane has a relatively large swelling degree in water, in the swollen state, 

membranes have larger free volume that is occupied by water. After the drying treatment, 

the absorbed water was compressed out, which leads to a reduction in both thickness and 

pore size. But comparing with drying directly from water, in solvent exchange procedure, as 

PEG is soluble in all the exchanging solvents, when the solvent is changed from good solvent 

-- water to relative poor solvent -- hexane, the PEG segments suffer a slow rearrangements 

of the polymer chains. This slow procedure will probably lead to crystallization of the PEG 

segments, and the semi-crystal segment is prior to completely amorphous polymers in 

mechanical stability. So it is better for maintaining the pore structure. Therefore, as shown in 

the SEM images in Fig. 4.11 and Fig. 4.12, for the membranes from solvent exchange, the 

pores are not so brittle and easy to be broken as the membranes dried directly from water. 
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On the other hand, the semi-crystal structure has much less free volume as compare to the 

totally amorphous structure, and in the dense selective layer, reduction in free volume plays 

a more important role than the collapse of pore walls. From the SEM images, surface pore 

sizes of the membranes from concentration of 16% were estimated, the average pore sizes 

of membranes from water and solvent exchange were 36 nm and 10 nm respectively, which 

indicated that there should be great variance in the filtration properties. Therefore, drying 

with solvent exchange will result in denser structure and smaller pore sizes. 

4.3.3 Separation performance 
 

The membranes were tested in the filtration process to check the performance. As 

mentioned above, after the drying treatment, the pore sizes of the membranes were greatly 

changed, thus difference in filtration properties could be found. Therefore, all the filtration 

experiments were carried out on both wet and dried membranes. In this part, all the 

membrane samples were named with symbol of their properties, in which, HSEH means 

membranes dried with solvent exchange, and HOSH stands for membranes dried in the air 

after the filtration process of organic solvents, and 10%, 12% means the concentration of the 

polymer solution they were prepared from. 

Fig. 4.13 shows the effect of the polymer concentration and drying treatment on the 

performance of unmodified membranes. Water permeability was observed to decrease with 

increasing polymer concentration. A slightly higher MWCO was also achieved at a lower 

polymer concentration. Besides, water permeability was found to decline a lot after the 

drying process, the MWCO decreased as well, but the reduction of MWCO was not as 

significant as that of permeability. In Fig. 4.14, the organic solvents permeability also showed 

strong dependence on polymer concentration, it decreased with increasing concentration. 

Among the organic solvents, ethyl acetate was found always to have the highest 

permeability, hexane and heptanes were also used in the filtration tests, but there were 

almost no flux at all for both solvents. 
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Table 4.10 Permeability of water through membranes 

 Permeability (L/m2·h·bar) 

HSEH10% HSEH12% HSEH14% HSEH16% 

Pressure 1 bar 1 bar 1 bar 1 bar 

Wet 4182 2340 1010 661 

Dry 204 176 140 88 

 

Table 4.11 Permeability of solvents through membranes 

 Permeability (L/m2·h·bar) 

HOSH16% HOSH14% HOSH12% 

Pressure 0.5 bar 0.5 bar 0.5 bar 

Water 576 756 2749 

Ethanol 429 564 2339 

Ethyl acetate 994 1300 5402 

Acetonitrile 505 594 3053 

Hexane    

Water (dried in air) 88 142 196 

 

After the drying treatment, all the membranes got much lower permeability than before, 

which is clearly shown in the two tables; this proved the conclusion from SEM 

measurements that were discussed in section 4.3.2. Besides, both the pore size and the 

permeability of the membranes from concentration of 16% after drying are in the 

reasonable range of ultrafiltration. Therefore, this group of membranes is decided to be 

used for further experiments. 
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Fig. 4.13 Permeability and molecular weight cut-off of the membranes 
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Fig. 4.14 Organic solvents permeability of the dry membranes 

In the ultrafiltration process, pore flow model is often used to describe the transport. The 

pore flow model assumes that the mass transport occurs by pressure driven convective flow 

through the pores of the membranes. Unlike the solution-diffusion model, the membrane 

material is not an active participant at the molecular level in the pore flow mechanism. For 

liquids, the flux through a porous membrane can be described by the Hagen-Poiseuille 

equation for viscous flow: 
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 (4-4) 

where J is the liquid flux, n for the number of pores, rp the pore radius, Δp the pressure 

difference across the membrane, η is the viscosity of the liquid, A is the membrane area, τ 

the membrane tortuosity, l the membrane thickness. For a certain membrane, difference in 

flux of all the solvents was only due to the viscosity of the solvents. Therefore, the 

dependence of solvent permeability on the viscosity was studied to check the applicability of 

pore flow model in this study, thus to explain the difference in permeabilities of different 

solvents. 

Table 4.12 Viscosities and permeabilities of different solvents 

Solvents Ethanol Ethyl acetate Acetonitrile Water 

Viscosity 

(mPa*s) 
1.2 (20°C) 0.426 (25°C) 0.343 (25°C) 1.002 (20°C) 

Permeability 

(l/(m2*h*bar)) 
66 152 77 88 
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Fig. 4.15 Influence of viscosity on the pure solvent permeability 



66 
 

In Fig. 4.15, there is a clear tendency from the second dot, that with increasing viscosity, the 

pure solvent permeability decreased, and the permeability is closely vice proportional to the 

viscosity which fits the Hagen-Poiseuille equation quite well. The only exception happened 

to acetonitrile, which had lowest viscosity, but didn’t have the highest permeability. As the 

pores in ultrafiltration membranes have much larger size than the diameter of the solvent 

molecules, the interaction of solvent and membrane could not affect the viscous flow of 

solvent through the membrane pores effectively, therefore the reason for the abnormally 

low permeability of acetonitrile is still not clear. Besides, the permeability shows linear 

relation to the viscosity. 

4.3.4 Summary: 

 

After the comparison of various membranes treated with different drying methods, the 

membranes from polymer concentration of 16% have the most appropriate pore sizes, and 

treatment with solvent exchange is better to maintain the properties of the membrane and 

to control both the pore size and pore structure. As for the filtration properties, the 

membranes from 16% polymer solution were endowed with relatively high permeability and 

reasonable MWCO. But after drying treatment, the permeability of membranes declined 

from 661 to 88 L/(m2*bar*h), and the reduction in MWCO was from 100 kDa to 70 kDa, 

which was not so significant as the reduction in permeability. Therefore, it is better to store 

the membranes in water other than dry them. Besides, the separation performance in non-

aqueous condition was proved to be stable, and the pore flow model seems to dominate the 

transport through the membranes. 

 

4.4 Influence of coagulation bathes 
 

As discussed in section 2.2.2, in the phase separation process of membrane production, the 

interaction between solvents and coagulation bathes is crucial for the membrane properties. 

Therefore, changing composition of solutions or non-solvents are widely used to modulate 

the interaction thus to control the properties of resulting membranes. In this study, only the 

composition of non-solvent was adjusted.  
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In the following tables and figures, the symbols of the samples refer to different polymers 

and coagulation bathes, A26 means the polymer that the membranes were made from, W 

refers to water as coagulation bath, WIP1/1 and WIP1/2 corresponds to mixture of water 

and isopropanol in a volume ratio 1:1 and 1:2 respectively. 

4.4.1 Thickness 

 

Thickness is an indicator of the inner structure, for the membranes prepared from same 

polymer solution and casted with same thickness, after different formation processes, they 

were given different thicknesses. As polymers are completely not soluble in the coagulation 

bath, no polymers can be washed out from the casted film, so lower thickness means that 

the polymers are more concentrated to occupy the free volume as compare to the higher 

thickness. Therefore it is probably an indicator of the denser pore structure. In this part of 

experiments, all the membranes were casted with thickness of 300 μm.  

Table 4.13 Thicknesses of membranes derived from different coagulation bathes 

Membrane A26-W 
A26-

WIP1/1 

A26-

WIP1/2 

A35-1-

W 

A35-1-

WIP1/1 

A35-1-

WIP1/2 

A35-2-

W 

A35-2-

WIP1/1 

Thickness(um) 176 126 105 150 103 98 180 132 

 

As seen in Table 4.13, the thickness of membranes decreased with increasing content of 

isopropanol in the coagulation bath. The reason for that phenomenon is the slowed down 

mixing speed of solvent and non-solvent, which is because isopropanol is less polar than 

water. 

4.4.2 Pore morphology 
 

Thickness is directly connected with pore morphology. As there was no weight loss during 

the membrane formation process, lower thickness should lead to denser pore structure. 

Therefore SEM images were taken to study the influence. 
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                                        a                                                                                b 

 

                                         c                                                                                 d 

Fig. 4.16 SEM images of membranes derived from different coagulation bathes: (a), cross-

section of membrane derived from water; (b), surface view of membrane derived from 

water; (c), cross-section of membrane derived from WIP (1/1); (d), surface of membrane 

from WIP (1/1) 

Isopropanol may reduce the miscibility of coagulation bath and the solvent which is NMP 

here, because of its low polarity. So when isopropanol is added, the mixing of solvent and 

non-solvent is delayed, which can be easily seen in the preparation. If water is used as non-

solvent, the mixing of solvent and non-solvent is very fast. So when the casted film was 

immersed in water, the inflow of water was occurring in parallel. The convective inflow of 
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water into the liquid polymer/solvent film left its footpath in the casted film, resulting in 

polymer-free regions. Whereas, the diffusive mixing of water and solvent led to the 

precipitation of the polymer chains. After the formation of membranes, the polymer-free 

regions became macrovoids and polymer-rich regions formed the pore walls as seen in Fig. 

4.16 (a). As for the membranes derived from WIP(1/1), because of the delayed mixing, 

solvent can’t be brought out of the casted film as fast as before, the phase separation 

process can be considered as a slowed concentrating process. The concentration in the 

polymer solution phase is increasing continuously, the polymer chains have possibility and 

time to distribute to maintain the homogeneous polymer solution. Therefore the volume of 

the polymer solution decreased with time. At last, as shown in Fig. 4.16 (c), membranes are 

formed with denser and homogeneous structure, the thickness is also lower than that from 

water.  

4.4.3 Separation properties 

 

Fig. 4.17 shows the effect of coagulation bath on the physical property and separation 

performance of unmodified membranes. With increasing content of isopropanol in the 

coagulation bath, the rejection also got higher, which is shown in Fig. 4.18. It is observed 

that, MWCO decreased much more significantly than permeability. This is due to more 

homogeneous structure of the membranes, with increasing content of isopropanol, there 

were no more pores with macrovoid structures in the membrane, the free volume tends to 

distribute more homogeneous to form a structure similar to sponge-like instead. In this 

figure, the membranes were prepared from polymer solution with concentration of 16%.  
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Fig. 4.17 Water permeability and thickness of membranes made from different coagulation 

bathes (membranes from 16% polymer solution) 
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Fig. 4.18 Separation properties of membranes made from different coagulation bathes 

 

Furthermore, membranes from WIP (1/1) and WIP (1/2) have both the sponge-like structure 

(cf. Fig. 4.16), so even the membranes from WIP (1/2) are denser; they do not have much 

better rejection properties in comparison with that of WIP (1/1) and water. 
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4.4.4 Summary 

 

Because of the interaction between solvent and coagulation bath, addition of less polar 

solvent in the coagulation bath can lead to denser structure of the resulting membranes, 

thus lower permeability and better rejection properties. Whereas, compared with 

membranes from the coagulation bath with 50% isopropanol, membranes from 66% 

isopropanol was endowed with much lower pure solvent permeability but relatively less 

reduction in molecular weight cut-off. Therefore it is not a perfect way to reach better 

separation performance by continuously increasing the content of isopropanol in 

coagulation bath. 

 

4.5 Effect of cross-linking 
 

One of the most important properties for the organic solvents nanofiltration membranes is 

the solvent resistance, chemical cross-linking is a commonly applied method to enhance the 

solvent resistance cf. Theory part (section 2.2.2). Whereas, during the cross-linking process, 

especially when the cross-linking reaction took place on the already-formed membranes; the 

cross-linking reaction could remodel the pores or change the separation performance of 

membranes. So it is necessary to investigate various properties after cross-linking. 

4.5.1 Solvent resistance 

 

Immersion tests were carried out on non-cross-linked (M0), cross-linked with the first 

method (M1), cross-linked with only the first step in the second method (M2-1) and fully 

cross-linked (M2-2) membranes to determine the stability in different kinds of polar aprotic 

organic solvents, cf. Experimental part (section 3.6). The following Table 4.14 shows the 

physical phenomenon of the membranes after immersion in the solvent for 96 h.  
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Table 4.14 Stability of membranes in different solvents 

Membrane Solvent Observation 

M0 

NMP 

Immediately dissolves 

 
DMF 

DMSO 

M1 

(Malonyl dichloride) 

NMP 

Insoluble, but strong swelling 

 
DMF 

DMSO 

M2-1 

(Glutaraldehyde) 

NMP 

Stable for short term, swells after 

2 days 
DMF 

DMSO 

M2-2 

(Glutaraldehyde and PEG) 

NMP 

Completely stable DMF 

DMSO 

 

It was found that M0 dissolved in the tested solvents immediately, which is unremarkable 

given that the polymer is known to be soluble in several polar aprotic solvents, and the 

membranes themselves were derived from the solution in DMF or NMP. As for the 

membranes cross-linked with malonyl chloride (M1), they are not soluble in these solvents 

despite large swelling. Whereas, after the first-step cross-linking with glutaraldehyde, the 

membranes M2-1 showed good solvent stability in short term, after two days, there was a 

certain content of swelling. For the completely cross-linked membranes M2-2, they were 

endowed with excellent solvent stability and remained un-dissolved in various polar aprotic 

solvents. Membranes from M1 and M2 are all resistant to strong solvents, the different 

swelling degree are probably due to different cross-linking density. 



73 
 

The cross-linking reaction was carried out on the already formed membranes; therefore, to 

achieve the best cross-linking efficiency, it is better to perform the process when membrane 

is under strongly swollen state. As shown the swelling test in paragraph 4.2, the membrane 

has the largest swelling degree in water, so the best condition for the cross-linking reaction 

is in aqueous solution.  

The first method, as the cross-linker malonyl dichloride can be hydrolyzed in water, which is 

described as the following mechanism in Fig. 4.19, is not feasible. 

 

Fig. 4.19 Hydrolysis of malonyl dichloride in water 

So the reaction was carried out in toluene, in which membranes have the largest swelling 

degree except water. The result of swelling test indicated that the cross-linking reaction 

indeed happened, but the cross-linking density could be not high enough. It is widely applied 

to functionalize hydroxyl-containing polymers or oligomers with unsaturated anhydrides or 

acyl chlorides in the presence of a proton scavenger, triethylamine (TEA or Et3N) [175-179]. 

But yellowish or dark brown precipitates are always formed during the reaction in this 

method, and they are practically rather difficult to be removed completely. L. Cai and S.F. 

Wang [180] performed the reaction between TEA and different unsaturated anhydrides or 

acryl chlorides in order to demonstrate the formation of complex, and found out that the 

complex between TEA and acryl chlorides is unavoidable and the complexation competes 

with the esterification of hydroxyl-containing polymers. Besides, K2CO3 was recommended 

to replace TEA in such reaction. Whereas K2CO3 is insoluble in toluene, combined with low 

swelling degree of membranes in toluene, the cross-linking density is not expected to be 

high enough, which can be proven in the solvent resistance tests. 
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Fig. 4.20 Mechanism for the decolorization of the membrane 

For the second method, reaction can be performed in water. After the cross-linking reaction 

the color of the membrane turned from light yellowish orange to totally white, it indicated 

the successful cross-linking. Because the color in the membrane was probably from Ce (IV) 

that is still in the complex with the carbon connected with hydroxyl group, after the reaction 

between hydroxyl group and aldehyde, the carbon lost the ability to complex with Ce (IV), 

then the membrane turned back to pure white. It can be described as the following 

mechanism in Fig. 4.20. After two-step cross-linking, the membrane became completely 

stable in any solvents, which confirmed again that the cross-linking was successful. 

4.5.2 Characterization via FT-IR/ATR 

 

Membranes cross-linked with malonyl dichloride 

After cross-linking, the membrane was first evaluated by IR, in the IR spectra as shown in Fig. 

4.21, reduction of OH group which is a broad peak around 3500 cm-1 and appearance of new 

ester group (1750 cm-1) indicated that the reaction between the cross-linker and the base 

membrane has taken place. The appearance of a new peak at 1750 cm-1 was due to the 

stretching vibration of C=O double bond, and it was an evidence of the newly-formed ester 

group. Besides, the decline of the OH group at around 3500 cm-1 proved that the OH group 

in PEG segments has successfully reacted with the cross-linker which was malonyl dichloride 

here. These two changes in the IR spectra could be clear evidences of successful reaction 

between cross-linker and membrane. But in the solvent resistance tests, the membranes 
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were under strong swelling in polar aprotic solvents although not soluble, which 

demonstrated again that although the cross-linking reaction happened, the cross-linking 

density was not high enough. 
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Fig. 4.21 IR spectra of a membrane before and after cross-linking with malonyl dichloride 

 

Membranes cross-linked with glutaraldehyde 

 

In Fig. 4.22, there was a light increase of the peak at 1750 cm-1 which is due to the stretching 

vibration of C=O double bond, which indicated the successful introducing of glutaraldehyde 

into the membrane. Besides, there were no other obvious changes in the IR spectra, because 

the second cross-linker PEG-400 already exists in the membrane material, and the unreacted 

hydroxyl group in PEG-400 remained the peak at around 3500 cm-1 at the level similar to 

original membrane. 
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Fig. 4.22 IR spectra of a membrane before and after cross-linking glutaraldehyde and PEG 

 

4.5.3 Pore morphology 
 

After the solvent resistance test, the membranes were immersed in water again, to wash out 

the solvents absorbed in the membranes, also to stabilize the membranes that were strongly 

swollen in these strong solvents. Afterwards, the morphology of the membranes was 

observed again in SEM. 

 

                                          a                                                                              b 
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Fig. 4.23 SEM images of membranes cross-linked via different routes: a, membranes cross-

linked with malonyl dichloride (M1);  

b, membranes cross-linked with glutaraldehyde and PEG (M2) 

 

In Fig. 4.23, clear difference can be found between M1 and M2. After cross-linking with 

malonyl dichloride (first method), although membranes were not soluble in DMF any more, 

there were strong swelling in polar aprotic solvents. Therefore the membranes were 

significantly reformed, when they were precipitated in water again to form stable 

membranes, the morphology of the membranes was greatly changed from asymmetric to 

relatively homogeneous structures. Whereas, for the M2 group membranes, after the cross-

linking, membranes were completely stable, therefore, the morphologies were not clearly 

affected, besides, the densification effect was more efficient on the selective layer, for the 

macrovoid pores, densification can only affect the walls of the pores but not the pores 

themselves, so the morphology was similar to the membranes before cross-linking. 

4.5.4 Separation performance 

 

First, water permeability and thickness were studied on the original membranes and 

membranes cross-linked with two different methods. 
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Fig. 4.24 Water permeability and thickness of membranes treated with different cross-

linking process 

 

After the cross-linking process, membranes were tested again in the filtration setup. Fig. 

4.24 summarized the water permeability and thickness of unmodified membranes (M0) 

prepared from water only as non-solvent, membranes cross-linked with manlonyl dichloride 

(M1), membranes cross-linked with glutaraldehyde (M2-1) and membranes cross-linked with 

glutaraldehyde and PEG (M2-2). Slight decrease of both water permeability and thickness 

can be found from M0 to M2, this phenomenon has been already reported to be a result of 

densification of the membrane [181].  

Because of the densification effect of cross-linking, the water permeability should be directly 

connected with cross-linking density, which means that with increasing cross-linking density, 

the water permeability decreased. It can be clearly observed from Fig. 4.24 and Fig. 4.25 that 

M2 had lower permeability than M1, besides membranes from M2 were more stable than 

that from M1, therefore, the cross-linking density of M2 group was mostly higher than that 

of M1 group. Furthermore, densification of membranes also leads to slight decrease in the 

pore size, therefore, the MWCO decreased as well after the cross-linking, and with 

increasing cross-linking density, the reduction in MWCO got higher. 
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Fig. 4.25 Water permeability and MWCO in water of different membranes 

4.5.5 Summary 

 

It was proven via FT-IR measurement that the designed cross-linking reaction was possible to 

take place between all the cross-linkers and the membranes. After the cross-linking with two 

different processes, the membranes became more stable than before. Based on different 

cross-linking density, the resulting membranes showed difference in solvent resistance. 

Because of the densification effect of cross-linking process, the cross-linked membranes had 

lower water permeability and lower MWCO as well, higher cross-linking density lead to 

greater reduction in both permeability and MWCO. The resulting membrane had excellent 

solvent resistance, relatively high permeability and rejection properties as ultrafiltration 

membranes; so it is possible to apply them directly in solvent resistant ultrafiltration process, 

or as support materials for solvent resistant nanofiltration. 

 

4.6 Conversion to nanofiltration membranes process 
 

After the cross-linking process, the membranes were qualified for solvent resistant 

ultrafiltration or as support for solvent resistant nanofiltration. For direct application in 

organic solvent nanofiltration processes, the membranes were then treated with another 
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process to convert the membranes to nanofiltration types. Similar work has been done by J. 

Wang et al. [182], but the membrane material was PAN homo-polymer, and cross-linked 

membranes prepared from PAN-b-PEG-b-PAN were applied here in this study. Accordingly, 

conditions for the treatment were optimized for this block copolymer. 

4.6.1 Parameters in the conversion 
 

To achieve the best conversion result, according to the procedure described in Experimental 

part (cf. section 3.7), variation of various parameters was applied as following Table 4.15. 

Table 4.15 Parameters applied in the conversion process 

Parameters Values 

 Concentration 

of ZnCl2 
15% 30% 45% 60% 

Temperature of 

heat treatment 

(°C) 

100 110 120 130 

Heat treatment 

time (h) 
1 2 5 Over night 

 

It was found that the solution of ZnCl2 with 60% concentration was able to dissolve uncross-

linked membranes; therefore no further experiments were carried out in 60% solution. 

Besides, after treated in zinc chloride solution, it was not possible to dry the membranes in 

the open air at room temperature, so the temperature of the heat treatment was 130°C, and 

the drying time was the longest --- over night, the membranes were dried in the oven till 

completely dry. Therefore, in the following discussion, variation was made exclusively on the 

concentration of zinc chloride. 
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4.6.2 Characterization via FT-IR/ATR 

 

The resulting membranes were first characterized with IR, to check the conversion of 

functional groups. 
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Fig. 4.26 IR spectra of membranes before and after different post treatments 

 

Fig. 4.26 shows the ATR/FTIR spectra of the membranes modified with the conversion 

process. In this figure, the peak at around 1750 cm-1 corresponds to the –C=O stretching 

vibration. Before the conversion step, this peak was already there because of the cross-

linker. After the conversion, this peak became much stronger, which indicated the 

introduction of the –COONa and –CONH2 groups. Since the peak at 2243 cm-1 for nitrile 

group did not change significantly, only part of the nitrile groups were hydrolyzed. 

 

4.6.3 Pore morphology 
 

After conversion, morphologies of membranes were studied again via SEM. As all the 

membranes from different ZnCl2 solutions had no visible pores in SEM, all the SEM images 

were similar to each other; therefore, only typical images are shown below (Fig. 4.27). 
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Fig. 4.27 SEM images (cross-section view) of membranes after conversion treatment 

After the conversion step, morphologies of membranes were significantly changed, macro 

pores of the membranes support layer were largely declined and the resulting barrier layer 

pores were not observable in SEM. 

4.6.4 Separation performance 

 

After cross-linking and nanofiltration conversion process, membranes were tested again in 

the filtration setup. Fig. 4.28 illustrates the water permeability of unmodified membranes 

(M0) prepared from water only as non-solvent, cross-linked membranes (M2-2) and cross-

linked membranes after nano-conversion (M3). Slight decrease of water permeability can be 

found from M0 to M2, which has been already discussed to be a result of densification of the 

membrane [181]. After the nano-conversion, both permeability and rejection of membranes 

were significantly changed as shown in Fig. 4.28, 4.29, 4.30 and 4.31. For the converted 

membranes, the water permeability increased with increasing ZnCl2 concentration in the 

aqueous solutions. There are two main functions of ZnCl2 in the conversion process, which 

were reported before [182]. First, because Lewis acids are able to form coordinate bonds 

with strong electronegative groups (e.g. nitrogen atoms in the nitrile groups, oxygen atoms 

in the unreacted hydroxyl groups), they anchor the nitrile groups on the pore surface even at 

elevated temperatures. When the temperature is higher than the Tg (glass transition 

temperature), in the absence of ZnCl2, some nitrile groups would migrate from the pore 

surface to the bulk of the membrane. The migration will lead to fewer functional groups on 
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the pore surface. In addition, the complexation of ZnCl2 causes severe reduction of pore size 

upon heating. Secondly, ZnCl2 also acts as a filler to prevent a complete shrinkage of the 

pores upon heating, so increasing concentration of ZnCl2 will lead to more pores in the 

membranes, which can probably explain the reason why water permeabilities increased with 

increasing ZnCl2 concentration. 
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Fig. 4.28 Water permeability of membranes treated with different conditions 

Permeabilities of other organic solvents through the membranes were also tested, as shown 

in Fig.4.29 Comparing with former tests, DMF was applied in the filtration tests on the cross-

linked membranes. For M0, membranes are soluble in DMF, so no data were obtained. For 

cross-linked membranes, the permeability of DMF was much lower than other organic 

solvents, this is because of a high swelling of membranes in DMF as compared with other 

solvents, the swollen polymer chains occupied much free volume inside the membrane, thus 

declined the flux of solvents. Besides, the most important observation was the change in 

transport model: in ultrafiltration process, pore flow model dominates, as discussed before 

the permeability was strongly dependent on the viscosity; for nanofiltration processes, the 

commonly used model to describe the permeation is solution diffusion model, in this model, 

it is assumed that each permeating molecule dissolves in the membrane phase and diffuses 

through the membrane in response to the concentration gradient. 
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Fig. 4.29 Organic solvents permeability of membranes treated with different conditions 
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Fig. 4.30 Rejection curves of original and cross-linked membranes in aqueous condition 

As the pore sizes decreased, the permeability declined as well, accordingly, rejection 

properties was expected to get better. In Fig. 4.30 and Fig. 4.31, the rejections of PEG with 

different molar masses in aqueous solution through different membranes were analyzed.  
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Fig. 4.31 Rejection curves of membranes treated in different ZnCl2 solutions 

In the fig. 4.30, it can be seen that for M0 and M2, the membranes had very low rejection of 

PEGs, which is due to their large pore sizes, and the growths of rejection curves were also 

quite stagnant, which was probably because a broad pore size distribution. Whereas, in Fig. 

4.31, after the nano-conversion process, the rejection properties were significantly 

enhanced, the MWCO shifted from about 100 kDa to around 500 Da, as comparison with the 

slight loss of pure solvent permeability, the separation properties of membranes were 

greatly improved. Besides, after the conversion, all the membranes from M3 group had 

similar rejection curves. This can be still explained by the pore filler theory, higher ZnCl2 

concentration may lead to more tiny pores other than larger pores in the membranes. As a 

result, although the M3-45 membranes have higher permeability, the MWCO doesn’t 

increase correspondingly. Furthermore, another phenomenon might result from the pore 

filler effect is that the rejection curves also increased fairly sharp after 400 Da, which 

indicated that, the conversion method can narrow the pore size distribution effectively. 

Consequently, membranes from M3-45 that has both high flux and high rejection were 

preferred. 

An estimation of the pore sizes of the various membranes can be made with the help of 

Stokes radius of PEG molecules. The Stokes radius of a macromolecule can be derived from 

its diffusivity in a solution by using the following Stokes-Einstein equation: 



86 
 

    
  

                                                                            (4-5) 

where DAB is the diffusivity, k is Boltzmann’s constant, η is the viscosity of the solvent and a 

is the Stokes radius. The diffusivity can be also calculated by the following equation [56]: 

    
         

        
 
  

 

(4-6) 

where M and [η] are the molecular weight and the intrinsic viscosity of the polymer 

respectively. By combining the Eq. (4-5) and (4-6), the Stokes radius can be calculated by 

equation: 

                                                                      (4-7) 

where a is in cm, M is in g/mol and [η] is in dL/g. Intrinsic viscosity of a certain PEG of known 

molar mass can be calculated via the following equation [184]: 

                                                                            (4-8) 

Intrinsic viscosities of PEGs of various molecular weights calculated from the empirical Eq. (4-

8) are in very good agreement with the values determined in experiments [183,185]. 

Intrinsic viscosity for some of the PEG molecules were also given by Bessieres et al. [186], 

and they are also in very good agreement with the values calculated from the empirical Eq. 

(4-8). By substituting the expression for [η] in Eq. (4-7), the Stokes radii of PEG molecules (in 

cm) can be obtained from their molecular weights with the following equation: 

                                                                        (4-9) 

Thereafter, the following Table 4.16 can be made to give the estimation of the pore sizes as 

comparison with the values estimated from SEM images. 

In Table 4.16, an agreement between estimations from SEM and from Stokes radius can be 

found as regards to M0 and M2-2 membranes. As for membranes from M3, as the pores 

were not visible in SEM measurements, there was no comparison with Stokes radius. 
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Table 4.16 Calculation of Stokes radii of PEGs of various molecular weights 

 M0 M2-2 M3 

MWCO (PEG) 100 kDa 95 kDa 500 Da 

Stokes radii (nm) 10.2 9.9 0.53 

Pore size estimated 

from SEM 
10 9 n.a. 

 

After the hydrolysis process, a certain amount of nitrile groups were converted to other 

functional groups like –COONa, –CONH2. Thus the membranes became negatively charged in 

aqueous solutions, so in aqueous condition under nanofiltration, they were endowed with 

properties of rejection of salts that have much smaller molar mass than the MWCO which is 

around 500 Da here. In Fig. 4.32, the rejections of different salts through the resulting 

nanofiltration membranes were listed. As the original membranes had absolutely no 

rejection of any salts, the data for these membranes were not shown here. 
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Fig. 4.32 Salt rejections of membranes treated with different ZnCl2 solutions 

As seen in fig. 4.32, the rejection of salts that have divalent anions was fairly high, this is 

because the nanofiltration membranes separate substances based mainly on the Donnan 
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exclusion effect and the steric hindrance effect [187], the membranes are thus more 

effective to reject divalent anions. But when it came to the mono-valent anions that were Cl- 

here in this study, the rejection became much lower. 
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Fig. 4.33 Rejection of PS oligomers in DMF through the membranes treated with ZnCl2 

solution of different concentration 

Rejection properties in organic solvents of the resulting membranes were also tested. As the 

membranes were also usable in solvents such as DMF or NMP and gave good separation 

within the NF range of 200-1000 g/mol. Extreme conditions such as in DMF was tested on 

the membranes, and the results were shown in Fig. 4.33. Comparing with the separation 

properties in aqueous solution, the MWCO in DMF was slightly increased, from 500 g/mol in 

aqueous to 600 g/mol in DMF. The variability of MWCO could be a result of different degrees 

of swelling of the polymer in the different solvents. In addition, the difference in size and 

shape (hydrodynamic radius [188]) of oligostyrenes and PEGs could also result in different 

observed MWCOs. 

 

4.6.5 Summary 

 

It was proven via FT-IR measurement that it was possible to convert the -CN groups in the 

membranes to –COONa or –COONH2 groups via the designed conversion reaction. After the 



89 
 

conversion with different processes, the membranes became much tighter than before. No 

visible macrovoid pores still existed in the membranes, which can be observed from SEM 

images. As the pore morphologies of membranes changed completely, the resulting 

membranes had much lower solvent permeability and significantly improved rejection 

properties as well. Higher ZnCl2 concentration led to better separation performance that 

meant larger solvent permeability and similar MWCO. Furthermore, the membranes were 

also endowed with properties to reject salts that have much smaller molecular weights than 

the MWCO, because of the conversion of –CN groups. The resulting membrane had excellent 

solvent resistance, relatively high permeability and desired rejection properties as 

nanofiltration membranes. So it is possible to apply them directly in solvent resistant 

nanofiltration processes, or in aqueous nanofiltration. 

 

4.7 Comparison with state-of-the-art membranes 
 

Table 4.17 compares the membranes prepared in this study with the commercially available 

MPF-50 membrane which is based on silicone rubber, and the cross-linked Lenzing P84 

polyimide membranes prepared by Y.H. See Toh et al. [189]. In this table, PAN-PEG means 

the membranes prepared in this study. 

Table 4.17 Characteristic parameters of different SRNF membranes 

 Permeability (l/(m2.h.bar)) MWCO (g/mol) 

 PAN-PEG P84 MPF-50 PAN-PEG P84 MPF-50 

Water 8.5-19 2-16 0 500  700 

DMF 2-4.1 1-8  600 250-400 700 

 

For the MPF-50 membranes, it was reported that the pre-treatment has strong influence on 

the separation performance [190]. For example, Machado et al. [191] measured the flux of 

methanol through MPF-50 membrane at 30 bar as 175 L/(m2.h), whereas Whu et al. [192] 
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measured it as 38 L/(m2.h). So a standard pre-treatment is needed to achieve reproducible 

properties. 

As regards to the cross-linked P84 polyimide membranes, although the DMF permeability 

was possible to reach up to 8 l/(m2.h.bar), when the MWCO was in the range of 250-400, the 

permeability was even lower than 1 l/(m2.h.bar). Comparing with other membranes, the 

membranes from cross-linked PAN-PEG have both high permeability and reasonable MWCO 

according to the permeability. 

 

4.8 Conclusions for the block copolymers of AN and PEG 
 

A novel block copolymer of AN and PEG was synthesized via water-phase precipitation 

copolymerization using Ce(IV)-PEG as a redox initiator system. Membranes were prepared 

by casting the solution of this copolymer in DMF or NMP with different concentrations and 

under different conditions. The membranes were successfully converted to solvent resistant 

nanofiltration membranes via cross-linking and nano-conversion process as post treatments 

and the resulting membranes were endowed with excellent solvent resistance, relatively 

high solvents permeability and high rejection of PEG, PS oligomers and salts with multi-

valent anions. However, because of the limitation of Donnan exclusion mechanism, the 

membranes had low rejection of salts with mono-valent anions.  
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Chapter 5. Results and discussion for 
copolymers of PAN and AMPS 

In this chapter, the experiment results and discussion on them are divided into two following 

parts: (I) characterization on the copolymers, (II) membrane performance in separation 

process. 

5.1 Characterization of copolymers 
 

As mentioned in last chapter, the composition and molar mass properties of copolymers can 

affect the performance of the ultimate membranes; therefore it is necessary to characterize 

the copolymers first in detail.  

Table 5.1 Composition and parameters applied in the copolymerization 

 C01-1 C01-2 C02-1 C02-2 C02-3 C03-1 C03-2 

AN (g) 15 7 7 7 7 7 7 

AMPS (g) 6 2.8 3.5 3.5 3.5 2.1 2.1 

AIBN (g) 0.237 0.111 0.138 0.138 0.138 0.138 0.138 

Reaction 

time (h) 
2 1 0.5 1 2 2 4 

Yields 

(%) 
37 30 30 35 39 42 45 

 

In Table 5.1, different ratios of two monomers and amount of initiators according to the 

content of AMPS were adjusted in these experiments to achieve more suitable copolymers 

for the membrane. Besides, to achieve the optimized condition, variation on the reaction 

time was also made. Following data will describe the effect of several important parameters. 
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5.1.1 FTIR/ATR, 1H-NMR, element analysis and GPC results 

 

 

Fig. 5.1 1H NMR spectra of the copolymer from C03 

Samples were dissolved in DMSO-d6. It can be observed from the spectrum that chemical 

shifts at 2.03 and 3.17 ppm are attributed to the hydrogen in -CH2 and -CH in the PAN 

segments. A clear new peak at around 1.4 ppm appeared, it was probably due to the proton 

of -CH3 group in the AMPS, at 3.59 ppm, the peak was the signal of –CH2 group in AMPS, 

besides the chemical shift at 2.51 ppm corresponds to the solvent DMSO-d6.  

Table 5.2 Mole ratio of AN calculated from NMR data 

 C01-1 C01-2 C02-1 C02-2 C02-3 C03-1 C03-2 

Mole ratio 

of AN in 

copolymer 

(%) 

92.0 93.3 94.5 92.2 91.5 96.1 93.1 

Mole ratio 

of AN in 

feed (%) 

90.72 90.72 88.65 88.65 88.65 92.89 92.89 
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From the integration of the area under the peaks at 2.03 ppm and 1.42 ppm, absolute ratio 

of AN segments to AMPS units can be calculated, then mole ratio of AN in the copolymers 

were derived, which are summarized in Table 5.2. 

Because of the obvious and constant characteristic peak of CN group in IR spectra, it is fairly 

convenient to judge the composition of the copolymer with FRIR/ATR. Figure 5.2 shows the 

IR spectrum of representative copolymers from C01 and C02. In the spectrum, the clear peak 

at 2243 cm-1 was due to the -CN group in AN, the broad peak at around 3500 cm-1 proved 

the existence of -NH in AMPS, the peak at 1680 cm-1 was from C=O double bonds in AMPS. 

The quantitative composition was estimated from relative peak ratios. The absorption of 

light was calculated via Beer-Lambert equation. Table 5.3 shows the absorbance of CN peak 

and C=O peak, and the relative ratio of them, then the mole ratio of AN in copolymers were 

calculated compared with the mole ratio of AN in feed. 
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Fig. 5.2 IR spectrum of copolymers from C01 and C02 

From the IR data, the absorbance of C=O double bonds in AMPS segments and -CN group in 

AN segments can be calculated via Beer-Lambert law which is same as in chapter 4. Table 5.3 

shows the mole ratio of AN in the copolymers calculated from IR results in comparison with 

the values in feed. 
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Table 5.3 Mole ratio calculated from IR data 

 C01-1 C01-2 C02-1 C02-2 C02-3 C03-1 C03-2 

Mole ratio 

of AN in 

feed (%) 

90.72 90.72 88.65 88.65 88.65 92.89 92.89 

Mole ratio 

of AN in 

copolymer 

(%) 

73.9 74.1 75.2 73.9 73.7 74.2 73.5 

 

Molecular weight and distribution were derived by gel permeation chromatography (GPC), 

the results of which are listed in Table 5.4, in which Mn means number average molar mass, 

Mw represents weight average molar mass, and PDI for poly-dispersity index. 

 

Table 5.4 Molar mass information of copolymers 

Sample C01-1 C01-2 C02-1 C02-2 C02-3 C03-1 C03-2 

Mw 

(g/mol) 

1.6E+06 3.2E+05 4.9E+04 1.6E+05 7.2E+05 6.6E+05 1.1E+06 

Mn 

(g/mol) 

8.8E+05 1.1E+05 1.2E+04 4.6E+04 2.7E+05 2.5E+05 5.7E+05 

PDI 1.83 2.81 4.08 3.55 2.73 2.65 1.93 

 

Table 5.5 illustrates the content of each element in the copolymers derived from element 

analysis and the mole ratio of AN in the copolymer calculated from the results, among these 

values, the content of sulfur directly represents the proportion of AMPS. 
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Table 5.5 Contents of each element in the copolymers from CHNS analysis 

 C01-1 C01-2 C02-1 C02-2 C02-3 C03-1 C03-2 

C (%) 60.19 60.12 59.55 58.86 58.56 61.65 60.59 

N (%) 20.81 20.75 20.3 19.9 19.75 21.87 20.92 

S (%) 4.44 4.51 5.09 5.18 5.36 3.58 4.06 

O (%) 8.88 9.02 10.18 10.36 10.72 7.16 8.12 

H (%) 5.68 5.6 4.88 5.7 5.61 5.74 6.31 

Mole ratio 

of AN in 

copolymer 

(%) 

90.60 90.45 88.84 88.56 88.01 92.83 91.63 

 

5.1.2 Determination of reactivity ratio 

 

Reactivity ratio is an important parameter in the copolymerization, as it can greatly affect 

the composition and conformation of copolymers. Although it can be looked up in the 

polymer handbook [193], different reaction conditions probably leads to different values, 

therefore experiments to determine the reactivity ratio of two monomers in real condition 

were performed. Copolymerization of AN-HEMA was performed in DMF using AIBN as 

initiator at 60°C. 

Table 5.6 Parameters applied and results derived for the reactivity ratio determination 

Mole fraction of 

AN in feed (M1) 

Reaction time 

(h) 

Oxygen content 

(%) 

Mole fraction of 

AN in copolymer 

(m1) 

Conversion (%) 

0.8 5 14.91 0.808 20.5 
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0.667 5 20.12 0.677 18.3 

0.333 5 27.26 0.344 25.6 

0.2 5 28.97 0.208 19.1 

 

Reactivity ratio r1 and r2 were calculated by the Kelen-Tudos method, which is expressed as 
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Fig. 5.3 Linear fit of parameters in Kelen-Tudos method 

From the linear regression for the data, (r1+r2/a) and (r2/a) can be determined by the slope 

of the plot, which were 1.966±0.138 and 0.959±0.077 separately, then r1 and r2 were 

calculated to be 1.006±0.215 and 0.912±0.073 respectively. 
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r1 (AN) and r2 (AMPS) are similar to each other, and both of them are around 1, which means 

monomer 1 (AN) will react same fast with another AN monomer or with monomer 2 (AMPS), 

and a random copolymer results. 

The reactivity ratio of AN and AMPS can be looked up in a technical handbook [193], in 

which the value of r1 and r2 is 1.2 and 0.7 respectively. Comparing with the condition in this 

study, the copolymerization was carried out in dimethylformamide (DMF) in this handbook, 

which is different from water in this study. The solubility of AN in water is about 7 g in 100 

ml water, which is much lower than that in DMF, therefore the influence of the solvent could 

be a crucial reason for the different reactivity ratios. Besides, the conversion in this study 

was much higher than other works, which was normally controlled to be below 12%. 

5.1.3 Influence of reaction time 

 

In free radical polymerizations, propagation of a certain polymer chain can finish within one 

second, so for a specific single chain, molecular weight or other properties are independent 

on reaction time. Whereas, as regarding to the whole reaction system, because new free 

radicals were continuously generated, the reaction can last much longer than several 

seconds, in the reaction process, the concentrations of monomers and initiators were 

decreasing with time, and because of different decreasing speed, the composition and molar 

mass of the copolymer are also expected to be changing with time. It can be seen in Table 

5.1 that different reaction times were applied for each feed composition, in the following, 

the effect of reaction time will be discussed based on the data in section 5.1.1. 

As shown in Fig. 5.4, Fig. 5.5, Fig. 5.6, for all the three groups of experiments, with increasing 

reaction time, there is quite clear tendency for mole ratio of AN in copolymers to decrease, 

which is found in all the three characterizations of NMR, FT-IR and element analysis. The 

only exception appeared in element analysis data, in which, group C01 shows a different 

trend, the mole ratio of AN increases with increasing reaction time, although the increase is 

very slight. This is probably because of the error in this analytical method, because in all the 

other characterizations, the C01 group shows same tendency as other groups. 
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Fig. 5.4 Mole ratio of AN in copolymers calculated from NMR results 
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Fig. 5.5 Mole ratio of AN in copolymers based on IR spectra 
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Fig. 5.6 Mole ratio of AN in copolymers according to element analysis data 
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Fig. 5.7 Influence of reaction time on the conversion 

In the reaction solution, the concentration of AN monomers was much higher than that of 

AMPS monomers, and the reactivity ratio of AN is also slightly higher than AMPS. So at the 

beginning of the reaction, the main contribution to chain propagation was made by AN, with 

increasing reaction time, the monomer concentration got lower. As the consumption of AN 

monomers was higher than AMPS, the concentration proportion of AN to AMPS also 
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declined, then more AMPS monomers were propagating on the growing polymer chains, 

therefore, the mole fraction of AN in the copolymers decreased with increasing time. 

Another obvious observation was the dependency of conversion on the reaction time, in Fig. 

5.7, clear increase of conversion with longer reaction time can be found. This makes 

agreement with the discussion before: with longer reaction time, new free radicals were 

continuously generated and thus new polymer chains were also formed, therefore 

conversion was also increasing with reaction time. 

When it comes to the comparison with the result in section 5.1.2, because of similar 

reactivity ratio, if the reaction time were long enough (5 hours in that part), the mole ratio of 

AN in copolymers would tend to be close to a certain value -- the mole ratio in the feed. It 

can be predicted that, with longer reaction time, the reduction of AN mole fraction in the 

copolymers gets also less, the slope of the ratio curve tends to be flat. This tendency is 

already appearing in C-02 group, which can be observed in Fig. 5.4 and 5.5. 
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Fig. 5.8 Influence of reaction time on molecular weight 

In Fig. 5.8, the dependency of weight and number average molecular weight on the reaction 

time was obviously identified. With increasing reaction time, both average molar masses 

increased significantly. Besides, the slopes of the Mw curve was fairly close to that of Mn 

curve for the same experiment series, which means for same additional reaction time, the 
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increase of Mw was almost same as that of Mn, but not proportional increasing. This can be 

more clearly seen in the following Fig. 5.7, commonly poly-dispersity index is defined as: 

    
  

  
                                                                    (5-3) 

As the increase in Mw was less than proportional value of the increase in Mn, the ratio of Mw 

to Mn got lower, which was just defined as PDI. Therefore, as shown in Fig. 5.9, PDI value 

decreased with increasing reaction time. 
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Fig. 5.9 Influence of reaction time on PDI 

In the copolymerization reaction, the mole proportion of initiator to monomers can affect 

the molecular weight effectively. When the proportional value is high that means there are 

higher initiator fraction in the reaction solution, more radicals are generated so that there 

are more propagating polymer chains. Thus more but smaller polymers are synthesized, and 

average molecular weight is naturally low. Vice versus, when initiator fraction is low, less but 

larger polymers are formed, molar mass will be higher. With this theory, the increase of 

molar mass can be explained as following: at the beginning of the reaction, there were 

relatively higher concentration of activated initiators, so the molecular weight was low, with 

increasing reaction time, contents of both initiators and monomers decreased, but 

concentration of activated initiators decreased more than monomers, so after a certain 
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duration, initiators were not so sufficient as before, then larger molecules are formed, the 

molecular weight got larger as well. 

5.1.4 Summary 

 

Copolymers of PAN and AMPS were successfully synthesized via free radical 

copolymerization using AIBN as initiator. Detailed characterizations of the copolymers were 

carried out. Reactivity ratio of two monomers under the condition in this study was studied. 

It is possible to adjust the content of AMPS in the copolymer and molar mass of the 

copolymers to tune the properties of the resulting membranes. Optimized condition and 

composition were found out to synthesize appropriate copolymers. 

 

5.2 Influence of concentration and drying methods 
 

As discussed in chapter 4, it is possible to form membranes with distinct separation 

properties by changing concentration of the polymer solution or varying drying conditions. 

To find out the optimized condition for the membrane formation, the influence of these two 

most important parameters were studied. 

In this chapter, the nomenclature of the samples was based on the preparation of the 

membranes, for example, in the name C03-WIP-5%, C03 refers to the copolymer group from 

which the membranes were prepared, WIP means the coagulation bath, in this chapter all 

the coagulation bathes were mixture of water and isopropanol with 1/1 volume fraction, and 

5% corresponds to the concentration of the polymer solution. Besides, when comparing the 

properties of membranes from water and WIP as coagulation bathes, in the name C03-N-5% 

“N” means only that polymer solutions were prepared in NMP. 

5.2.1 Thickness 

 

In this part of experiments, membranes were casted with the thickness of 200 μm, then 

thicknesses before and after drying methods were measured, as presented in Table 5.7. 
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Table 5.7 Thicknesses of membranes before and after drying treatment 

Concentration 

Water Solvent exchange 

Before 

(µm) 

After 

(µm) 

Shrinkage 

(%) 

Before 

(µm) 

After 

(µm) 

Shrinkage 

(%) 

5% 53.75 50.44 6.16 51.84 48.56 6.32 

6% 58.37 55.15 5.52 58.62 55.23 5.78 

 

Overall, the drying treatments still lead to a certain content of shrinkage, but because the 

membranes were already rather dense, the shrinkage was fairly small as compare to that of 

the membranes in chapter 4. Besides, although all the membranes were dense, a slight 

difference resulted from concentration can be found, not only in the thickness, but also in 

the shrinkage, which indicated that the concentration could still affect the separation 

performance. Furthermore, judging from the thickness, drying methods had little influence 

on the membrane properties. 

5.2.2 Pore morphology 

 

To study the pore morphologies of the membranes, SEM images were taken with cross-

section view. In this part, the SEM images were not taken in high vacuum condition, but with 

50% humidity to detect the pore morphology that was closer to the wet state. 
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(a) 

 

(b) 

Fig. 5.10 SEM images of different membranes: (a), C03-WIP-5% at wet state;  

(b), C03-W-5% at wet state 

As seen in the SEM images, there were no cylindrical pores through the membranes from 

the cross-section view for all the groups. Typical images were shown in Fig. 5.10. As no pores 

were formed, no difference between membranes prepared from different concentration 

polymer solution can be found exclusively from the SEM images. The variation of coagulation 

bath didn’t change the structure significantly either. Drying process changed the thickness, 

but still no obvious structural distinction was observed in the SEM images. 

 



105 
 

5.2.3 Separation performance 

 

As shown in Fig. 5.11, the membrane prepared from the 5% polymer solution had much 

higher flux. Whereas either drying or using WIP as coagulation bath will decrease the 

permeability at a significant ratio, this may result from the free volume inside the membrane,  

both drying and slower precipitation can compress the free volume effectively thus induce 

lower flux. Besides, the reduction in permeability of C03-N-5% was more significant than 

that of C03-N-6%, which also proved the denser structure (less free volume) in C03-N-6%. 
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Fig. 5.11 Permeability of membranes from C-03 group 

Filtration performance of the membranes with different AMPS content (prepared at the 

same concentration) was investigated, as shown in Fig. 5.12. All the membranes were 

endowed with similar water permeability at wet state, whereas, after drying with ethanol, 

the permeability decreased to certain content, and the reduction decreased with decreased 

AMPS content. This is mostly because of the hydrophilicity of the AMPS segment, in wet 

state, larger content of AMPS leads to higher swelling degree, during the drying process, the 

space that was occupied by water absorbed in the membrane would be compressed, thus 

the dried membranes with higher AMPS content got also denser structure after drying. In 

comparison with the membranes from Water/Isopropanol, the membranes were already 

rather dense and had few pores, so the coagulation bath had little effect on the membrane 

structure. This can explain the little difference in the permeability of membranes from water 
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and WIP, furthermore, after drying, all the membranes were converted to a dense layer as 

what happened to the membranes prepared from water, which is the reason why there was 

no difference between the membranes from water and WIP after drying. 
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Fig. 5.12 Influence of coagulation bath and drying process on the permeability 
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Fig. 5.13 Rejection curve of different membranes 

Fig. 5.13 illustrated the rejection properties of six different membranes, in which, PEGs were 

tested as solutes. All the membranes were endowed with relatively low molecular weight 
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cut-off, the increase in rejection of molecules between 600 and 1200 Da was fairly sharp, 

after the rejection reached 90%, and the increase was not as fast as before. The membranes 

with this kind of rejection curve will be effective to separate mixture of molecules with 

similar molar mass, e.g. PEG 400 and PEG 1200.  

The rejection of salts was also tested using magnesium sulfate as solute, results of which 

were shown in Fig. 5.14. As seen in this figure, the rejections of all the membranes were 

quite low. There are probably two reasons for that, first there are still certain amount of 

large pores in the membrane, so the salts can easily flow through it; second, also the most 

important reason was the relatively low charge density, as discussed before, the mole 

fraction of AMPS in the copolymers was only around 10%, rejection is expected to be higher 

when the content of AMPS increased. But when the mole fraction of AMPS in the feed was 

tuned to 1:1, the copolymers became water soluble, it was reported by M. Kumar et al. that 

the copolymer can be cross-linked thus stable in solvents using formaldehyde and polyvinyl 

alcohol as cross-linking agents [194]. 
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Fig. 5.14 Rejection of MgSO4 of different membranes 

5.2.4  Summary 

 

Although it was not possible to prepare polymer solutions with higher concentration from 

the copolymer of AN and AMPS, the membranes derived from lower concentration (5% or 
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6%) had no visible pores in SEM images, which resulted in better performance in 

nanofiltration process. Comparing with former experiments, as the membranes were rather 

dense, neither drying methods nor coagulation bathes changed the properties significantly. 

But with lower polymer concentration, there was relatively large reduction in permeability 

after drying. Composition of copolymers can influence the permeability of resulting 

membranes, whereas the difference in rejection was not obvious. Finally, the rejection of 

salts was low, which was mainly because of low charge density. 

 

5.3 Influence of non-woven support 
 

As the membranes were rather thin and soft after formation, it was not so convenient to 

apply the membranes directly in the separation experiments; sometimes parts of the 

membranes folded under pressure thus inducing failure in experiments. Therefore, to make 

the membranes more applicable in real condition separation and to make sure that the 

results are reproducible, membranes were casted directly on non-woven supports to achieve 

good shape stability. Because the mesh size of the non-woven supports was extremely large, 

and for a better adhesion between membrane and support, no pore fillers were used. 

5.3.1 SEM images 

 

SEM images were first taken to observe the pore morphologies on the supports. 

 



109 
 

 

C03-2-N-W-5%(S)-1 cross-section 

 

C03-2-N-W-5%(S)-1 surface 

Fig. 5.15 SEM images of membranes with non-woven support 

 

As the substrate is not easily cracked, it was not possible to crack the membrane in liquid 

nitrogen to prepare the cross-section samples, so the samples were prepared by simply 

scissoring. Therefore, in the cross section image of Fig. 5.15, some pieces of membranes that 

penetrate into the non-woven support can be found, but the cross section view of the dense 

layer can still be seen clearly, there were no pores either. Besides, from the surface view of 

the same group of membrane, with a lower magnification, clear fibers can be observed, 

which was because of the parameters of the support, the diameters of the fibers are 

relatively high and the pore sizes of the support are large as well. The reason why the non-
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woven support was used is to get better shape stability, so it would be a matter if the 

substrate had influence on the separation properties, therefore the following discussion on 

separation was made. 

5.3.2 Separation performance 

 

The separation properties of membranes with non-woven support were evaluated in 

comparison with pure membranes. In Fig. 5.16, the membranes with support had slightly 

lower value of permeability, it could be due to the reduction of valid surface area because of 

the fiber in the support, but the influence was quite minor.  
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Fig. 5.16 Permeability of membranes with and without support 

Similar things happened to the rejection properties as shown in Fig. 5.17. The membranes 

with and without non-woven supports had almost same rejection of PEGs. 
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Fig. 5.17 Rejection of solutes in aqueous solution  

When comparing membranes with and without supports, the rejection of a same PEG or salt 

was almost the same. Therefore, the influence of non-woven support on the separation 

properties can be almost ignored. 

 

5.3.3 Summary 

 

The introduction of the non-woven support can greatly enhance the mechanical stability of 

the resulting membranes, but didn’t affect the separation performance obviously, therefore 

it is better to cast membranes directly on the non-woven supports for further experiments 

or storage. 

 

5.4 Attempts on copolymers of AN and HEMA 
 

Copolymers of AN and HEMA were also synthesized via free radical copolymerization using 

AIBN as initiator in DMF. 
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5.4.1 Overall observations on the copolymers 

 

Variation of the parameters and compositions was also made to achieve the optimized 

copolymers. Among these parameters, the content of HEMA in feed was found to be most 

important. 

Table 5.8 Composition and parameters used in the copolymerization 
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Fig. 5.18 IR spectra of copolymer B14 

As shown in Fig. 5.18, in the copolymers of B14, the content of AN in the copolymer was 

quite low, this phenomenon was probably because of the reactivity ratio, the reactivity of 

B01 B02 B03 B14 B15 B16

DMF (ml) 50 50 50 50 50 50

HEMA (g) 4.94 4.94 4.94 2.12 1.62 1.12

AN (g) 3.5 3.5 3.5 7 7 7

AIBN (g) 0.0082 0.0164 0.0328 0.0146 0.0146 0.0146

Reacting 

time(hour)
10 10 10 10 10 10

tb (min)
Few 

seconds

Few 

seconds

Few 

seconds

Few 

seconds
0 0
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AN and HEMA pair is 0.2 and 1 respectively. This means that, in the initial stage of the 

copolymerization, HEMA was incorporated faster and the copolymer was rich in HEMA, 

when HEMA gets depleted, more AN segments were added. It can be also judged from the 

yield (not calculated), that only few copolymers were derived in the first several experiments. 

Besides, larger content of HEMA leads to poor solvent stability, the resulting membranes 

were so weak that even acetone vapor will deform them obviously. So higher content of AN 

is needed. 

Whereas, when more AN monomers were added in the feed, the IR spectra of the resulting 

copolymer was shown in fig. 5.18. Content of –CN group was much higher than that in B14, 

but another problem came out, it was even not possible for the polymer to form a shape-

stable membrane. Virtually, the membrane was so brittle that it fell into pieces by itself 

immediately after taken out from water bath. This phenomenon was mostly because of 

much too low molar mass of the copolymer. Because of the huge difference in reactivity 

ratio, when an AN monomer was activated, it tended largely to propagate with HEMA 

monomers, but in this case, the content of HEMA was too low to support enough 

propagation, therefore the molecular weight of copolymers was extremely low. 
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Fig. 5.19 IR spectra of copolymer B16 

After the formation of so-called membranes from copolymer B16, one piece of broken 

membrane was treated with the second cross-linking procedure (with glutaraldehyde) as in 
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chapter 4, the membrane became stable both in shape and in solvent resistance; it was then 

put into DMF to check the stability and proved to be stable. 

5.4.2 Summary 

 

Copolymers of AN and HEMA were synthesized via free radical copolymerization. The 

resulting copolymers had several advantages over the block copolymer of AN and PEG, for 

instance: the solubility in DMF was much higher, so it was easier to prepare solutions with 

higher concentration thus denser membranes were formed. Besides, more OH groups are 

available for the post cross-linking process. But, it was not possible to control the 

composition of the copolymers freely, then either extremely low molar mass or extremely 

weak membranes was obtained, it was not possible to achieve the intermediate. Therefore, 

the copolymer itself was not valuable to prepare membranes directly, but the cross-linking 

attempts indicated that the cross-linking reaction was possible to take place on a piece of 

already-formed membrane under mild conditions. 

 

5.5 Conclusions for the copolymers of AN and other monomers 
 

Copolymers of PAN and AMPS were successfully synthesized via free radical 

copolymerization using AIBN as initiator. From detailed characterizations of the copolymers, 

the compositions of copolymers were studied, and it was possible to tune the composition 

and molar mass of the copolymers to achieve variation in separation properties of the 

resulting membranes. Even the membranes derived from lower polymer concentration (5% 

or 6%) had no visible pores in SEM images, which corresponded to better performance in 

nanofiltration process. As the membranes were rather dense, neither drying methods nor 

coagulation bathes affected the properties significantly, but with lower polymer 

concentration, drying still lead to reduction in permeability. Composition of copolymers can 

influence the permeability of resulting membranes, whereas the difference in rejection was 

not obvious. Rejection of salts was low, which was mainly because of low charge density. 

The introduction of the non-woven support can greatly enhance the mechanical stability of 

the resulting membranes, but didn’t affect the separation performance obviously. 
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Therefore the best condition to prepare membranes from copolymer of AN and AMPS was 

found to be: Polymer solution with concentration of 5% in NMP is casted on non-woven 

support, then precipitated in water, and it is better to avoid drying to store the membranes 

in water. 

The attempts on the copolymers of AN and HEMA indicated that cross-linking as post-

treatment is possible to take effect; the copolymer itself is not valuable for direct membrane 

preparation. 
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Chapter 6. Conclusions and Outlook 

 

Block copolymers of PAN and PEG was successfully synthesized via water-phase precipitation 

copolymerization using Ce(IV)-PEG as a redox initiator system. It is possible to tune the 

content of PEG, the molar mass of the copolymer, and to change the molar mass of PEG 

segment, thus to tune the properties of the resulting membranes. Optimized condition and 

composition were worked out to synthesize appropriate copolymers. 

After the comparison of various membranes treated with different drying methods, the 

membranes formed via NIPS from polymer concentration of 16% have the most appropriate 

pore sizes, and treatment with solvent exchange is better to maintain the properties of the 

membrane and to control both the pore size and pore structure. As for the filtration 

properties, the ultrafiltration membranes from 16% polymer solution were endowed with 

relatively high permeability and reasonable MWCO. But after drying treatment, the 

permeability of membranes declined from 661 to 88 L/(m2*bar*h), and the reduction in 

MWCO was from 100 kDa to 70 kDa, which was not so significant as the reduction in 

permeability. Therefore, it is better to store the membranes in water other than dry them. 

Besides, the separation performance in non-aqueous condition was proved to be stable, and 

the pore flow model seems to dominate the transport through the membranes. 

Because of the interaction between solvent and coagulation bath, addition of less polar 

solvent in the coagulation bath can lead to denser structure of the resulting membranes, 

thus lower permeability and better rejection properties. Whereas, compared with 

membranes from the coagulation bath with 50% isopropanol, membranes from 66% 

isopropanol was endowed with much lower pure solvent permeability but relatively less 

reduction in molecular weight cut-off. Therefore it is not a perfect way to reach better 

separation performance by continuously increasing the content of isopropanol in 

coagulation bath. 

It was proved via FT-IR measurement that the two designed cross-linking reactions were 

possible to take place between all the cross-linkers and the membranes. After the cross-

linking with different processes, the membranes became more stable than before, based on 
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different cross-linking density, the resulting membranes showed difference in solvent 

resistance. Because of the densification effect of cross-linking process, the cross-linked 

membranes had lower water permeability and lower MWCO as well, higher cross-linking 

density lead to greater reduction in both permeability and MWCO. The resulting membrane 

had excellent solvent resistance, relatively high permeability and rejection properties as 

ultrafiltration membranes; so it is possible to apply them directly in solvent resistant 

ultrafiltration process, or as support materials for solvent resistant nanofiltration 

membranes. 

It was proved via FT-IR measurement that it was possible to convert the -CN groups in the 

membranes to –COONa or –COONH2 groups via the designed conversion reaction. After the 

conversion with different process conditions, the membranes became much tighter than 

before, no visible macrovoid pores still existed in the membranes, which can be observed 

from SEM images. As the pore morphologies of membranes changed completely, the 

resulting membranes had much lower solvent permeability and significantly improved 

rejection properties as well. Higher ZnCl2 concentration led to better separation 

performance that meant larger solvent permeability and similar MWCO. Furthermore, the 

membranes were also endowed with properties to reject salts that have much smaller 

molecular weights than the MWCO, because of the conversion of –CN to ionic groups. The 

resulting membrane had excellent solvent resistance, relatively high permeability and 

desired rejection properties as nanofiltration membranes; so it is possible to apply them 

directly in solvent resistant nanofiltration processes, or in aqueous nanofiltration. 

The attempts on the copolymers of AN and HEMA indicated that cross-linking as post-

treatment is possible to take effect; the copolymer itself is not valuable for direct membrane 

preparation. 

Copolymers of PAN and AMPS were successfully synthesized via free radical 

copolymerization using AIBN as initiator. From detailed characterizations of the copolymers, 

the compositions of copolymers were studied, and it was possible to tune the composition 

and molar mass of the copolymers to achieve variation in separation properties of the 

resulting membranes. Even the membranes derived from lower polymer concentration (5% 

or 6%) had no visible pores in SEM images, which corresponded to better performance in 

nanofiltration process. As the membranes were rather dense, neither drying methods nor 
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coagulation bathes affected the properties significantly, but with lower polymer 

concentration, drying still lead to reduction in permeability. Composition of copolymers can 

influence the permeability of resulting membranes, whereas the difference in rejection was 

not obvious. Rejection of salts was low, which was mainly because of low charge density. 

The introduction of the non-woven support can greatly enhance the mechanical stability of 

the resulting membranes, but didn’t affect the separation performance obviously. Therefore 

the best condition to prepare membranes from copolymer of AN and AMPS was found to be: 

Polymer solution with concentration of 5% in NMP is casted on non-woven support, then 

precipitated in water, and it is better to avoid drying to store the membranes in water. 

When the mole ratio of AMPS in the feed reached 50%, the resulting copolymers became 

water soluble, it is possible to cross-link it with post treatment to enhance solvent resistance, 

and membranes from the resulting polymer would be expected to have higher rejection of 

salts because of high charge density. Therefore, this work is worth continuous research.  
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Appendix-1 

List of abbreviations 
 

AN                       acrylonitrile 

CTA                     cellulose triacetate  

HEMA                  hydroxylethyl methacrylate 

 AMPS                  2-acrylamido-2-methyl-propanesulfonic acid 

AIBN                     azobisisobutyronitrile 

CL                          cross-linker 

DMF                      dimethylformamide 

DMAc                   dimethylacetamide 

NMP                     N-methylpyrrolidone 

DMOS                   dimethyl sulfoxide 

EA                         ethyl acetate 

MF                         microfiltration 

UF                          ultrafiltration 

NF                          nanofiltration 

RO                          reverse osmosis 

SRNF                      solvent resistant nanofiltration 

PAN                       polyacrylonitrile 

PAH                       poly(amide hydrazide) 

PC                          polycarbonate 

PEG                       poly(ethylene glycol) 
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PEO                     poly(ethylene oxide) 

PES                      poly(ether sulfone) 

PI                         polyimide 

PS                        polystyrene 

PVA                     poly(vinyl alcohol) 

PVDF                   poly(vinylidene fluoride) 

PP                        polypropylene 

NIPS                    non-sovlent induced phase separation 

PSf                       polysulfone 

MDC                    malonyl dichloride´ 

PDI                       polydispersity index 

MWCO                molecular weight cut-off 

TOABr                 tetraoctylammoniumbromide 

TBABr                 tetrabutylammoniumbromide 
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Appendix-2 

List of conferences 
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                           “Novel cross-linkable polymeric membranes for organophilic ultra- and/or 

nanofiltration” (poster paper) 
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                           “Novel cross-linkable copolymer membranes for organophilic ultra- and 

nanofiltration” (poster paper) 
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