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I.1.1 Separation system 

   Separation system exists everywhere, such as in our body (osmosis), in seawater treatment 

(distillation), in petroleum refining industry (evaporation), and so on. Generally, the media 

in separation systems are gas and liquid, therefore, main separations include gas phase 

separations and liquid phase separations. This thesis only focuses on liquid phase separations.   

   The targets of liquid separations are various, and here are several kinds:  

• enrichment (enhancing the proportion of target component); 

• dehydration (concentrating foods, biomass, organic liquid by removal of water); 

• purification (removing impurities from the wanted product). 

    Purification is a needed process, when pure liquids (water or organic liquid) are desired 

from the mixtures. Two frequently encountered purifications are the purification of water 

from hazardous micropollutants-included aqueous media, and the purification of organic 

liquid from organic liquid mixtures. Because the challenges still exist in these two processes, 

they will be focused in this thesis.    

 

I.1.2 Separation method 

    Of course, demon does not exist in nature. In order to achieve various separations, people 

can use energy instead of demon. The minimum amount of energy needed to achieve the 

separation is equal to the free enthalpy of mixing. Therefore, different systems need totally 

different amount of energy for separation. Generally speaking, the lower the objective molar 

concentration is, the higher the desired energy is. Thus, a higher price is needed for a low 

objective concentration, as expressed by “Sherwood-plot” in Fig. I.2 [2].  

    The energy of separation processes account for 10-15% of the world’s energy consumption. 

In downstream petrochemical and manufacturing processes, around 45% of energy is 

associated with separations. For a given mixture, different separation approaches can be 

applied, which require different amount of energy. How to choose an appropriate separation 

approach for a given mixture? One general criterion is energy consumption.   
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multistage flash processes, it is clear that more than one order higher energy is needed in in 

thermal-based processes than that in membrane process [5].  

    The successful energy reduction in water purification by membrane technology leads us 

to consider the similar huge potentials for separations in organic liquids as well. Even the 

great success of membrane separation in aqueous media has been achieved, its separation in 

organic liquids is still in development. Considering that most of industries involve the 

separations in organic liquids, such as the recovery of catalysts [6], dyes [7] and antibiotics 

[8] from the organic solvents during production, and the separation of one kind of organic 

liquid from organic liquid mixtures, the application of membrane process for organic liquids 

separation is highly desired.   

     In summary, faced with the facts of the huge demand of various separations and current 

dominating energy-intensive separation technologies, membrane technology is expected to 

be an energy-efficient alternative.   

 

I.2 Membrane process 
    Membrane process is a rapidly emerging technology. The benefits of membrane process 

include lower energy consumption explained in the section I.1, and as well as other aspects 

listed as follows: 

• variable membrane properties   

• easy combination with other processes (hybrid processing) 

• mild operation conditions (easy operation) 

• easy scale-up 

• small footprint  

   The membrane is the heart of membrane process, and generally, it is defined as a selective 

barrier between two phases and the term “selective” being inherent to a membrane or a 

membrane process [1]. A schematic representation of membrane separation is shown in Fig. 

I.3. The driven forces in membrane separation can be gradients in pressure, concentration, 

electrical potential or temperature. An overview of various membrane processes is listed in 

Table I.1.   
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I.2.1 Pressure driven membrane process 

   Pressure driven membrane separation is the most widely used membrane process. 

According to the size of target molecules, it can be classified into microfiltration (MF), 

ultrafiltration (UF), nanofiltration (NF), reverse osmosis (RO). Figure I.4 shows the 

commonly operative range of these membrane processes in aqueous media and as well as in 

organic media. Operation pressure depends on the size of the retained solutes.  

   MF and UF are filtration processes which remove relatively large contaminants (such as 

bacterial, virus, and proteins) from a feed with a porous membrane. These processes are 

applied primarily in aqueous media. Because MF/UF processes can only remove relatively 

large molecules, they cannot guarantee high water quality. In order to produce a water of 

higher quality economically using the low pressure driven process, MF/UF is commonly 

combined with other processes (e.g. adsorption and catalytic process). For example, positive 

charged polymers coating to endow membranes with adsorption ability towards negative 

charged dyes [9], enzyme immobilization to endow membranes with catalytic ability, and so 

on. In which, enzyme immobilized MF membranes play important roles in the micropollutant 

degradation in the aqueous media. In this thesis, a removal of micropollutants from aqueous 

media is investigated using enzyme immobilized MF membranes, because micropollutants 

widely exist and have become a big environmental concern nowadays. 

   NF is mainly used with low TDS (total dissolved solids) water resources, for example, 

surface water and ground water. The purpose of NF filtration is a softening (polyvalent cation 

removal) and a removal of precursors that may produce by-products in disinfection such as 

natural or synthetic organic matters. Besides the applications in aqueous media, recently, NF 

separation of organic media has also attracted much attention as an organic solvent 

nanofiltration (OSN). OSN plays important roles in separation of solutes with molecular 

weight (Mw) larger than 200 Da, which can be antibodies, catalysts, dyes, and so on, as shown 

in Fig. I.4. This separation is of importance for most industries, such as pharmaceutical 

industry and chemical industry. 

   RO is a separation process which is the reverse of the normal osmosis process. In RO 

process, a solvent is permeated through a membrane from one side with high solute 
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Table I.2 Some hybrid FO processes and the main applications 

Hybrid process Examples The functions of FO part 

FO + Membrane 

FO-RO Advanced pretreatment process in desalination 

RO-FO Concentrate RO brine in desalination 

 FO/MD1 Advanced pretreatment for MD operation 

FO + Catalysis 
FO-MBR2 Improve retention for higher MBR efficiency 

FO-ECO3 Improve retention for higher ECO efficiency 

1 MD: membrane distillation 
2 MBR: membrane bioreactor 
3 ECO: Electrochemical oxidation  

 

I.3 Membrane structure  
   Commonly used membranes are categorized into two types based on structure, symmetric 

and asymmetric as shown in Fig. I.6. The symmetric membranes have a symmetric cross 

section, while the asymmetric membranes consist of a skin layer and a support. For the 

asymmetric membranes, the skin layer assumes a practical filtration. If the materials of skin 

layer and supporting layer are the same, it is called as an integrally skinned asymmetric (ISA) 

membrane; while, when the materials are different, it is called as a thin film composite (TFC) 

membrane.  

     MF and UF membranes are usually symmetric or ISA membranes. Most NF, RO and FO 

membranes are TFC membranes, composing a porous support (usually MF or UF membranes) 

and a dense selective layer (usually polyamide made from interfacial polymerization). 
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can be fabricated as MF and UF membranes, and also are frequently employed as the porous 

supports of TFC membranes including NF, RO and FO membranes.  

   Considering the good chemical resistance of polymers shown in Fig. I.7(B), they can be 

used not only in aqueous but also in organic solvents. For example, polyacrylonitrile (PAN) 

and polyimide (PI) are largely explored for the supports for OSN membranes, but a pre-

crosslinking step is necessary to provide high organic solvent resistance [19].  

   Despite the excellent chemical and thermal stability of the hydrophobic materials, there are 

some concerns. Firstly, many pollutants in water resources are hydrophobic, such as proteins 

and bacterial, which are easy to adsorb onto these hydrophobic membranes. The adsorption 

results in membrane fouling, and thus decreases the operation flux and/or increases the 

energy consumption. Secondly, faced with the various separation targets, modification of 

membranes is necessary, such as the hydrophilic modification for antifouling, the adsorption 

groups introduction for adsorptive membrane, the reactive groups grafting for catalysis, and 

so on. Nevertheless, most hydrophobic materials only contain inert groups possessing low 

reactivity, making them difficult to be functionalized.     

 

 
Fig. I.7 Some hydrophobic polymer materials frequently used as membrane materials. 
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I.4.2 Hydrophilic membrane materials 

   As hydrophobic polymers have some problems explained in part I.4.1, hydrophilic 

polymers are more attractive as membrane materials due to their low adsorption tendencies 

and the existence of functional groups [20, 21]. Mainly, two classes of hydrophilic membrane 

materials have been successfully developed. The best-known class is cellulose and its 

derivatives, including regenerated cellulose, cellulose acetate, cellulose triacetate, and so on 

[22]. As shown in Fig. I.8, the regenerated cellulose belongs to polysaccharide, and the 

molecular weight is around 500,000 to 1,500,000 Da. Benefited from its regular liner chain 

and intermolecular hydrogen bonding between hydroxyl groups, it is quite crystalline [23]. 

However, there are some problems to use cellulose as a membrane material. Firstly, it is 

difficult to be processed because of its high molecular weight and thus insoluble in common 

solvents [22]. Secondly, cellulose is very sensitive to biological degradation, which limits its 

application. 

   Another class of hydrophilic materials is polyamides [24]. Aliphatic polyamides, such as 

nylon-6 and nylon 6-6, are of greater interest as MF membranes. Aromatic polyamides, such 

as poly(m-phenylene isophtalamide), are also preferred due to their excellent mechanical, 

chemical, and thermal stability. In addition, polyamides usually are used as the selective layer 

materials for TFC NF and TFC RO membranes. The polyamides can be formed via interfacial 

polymerization using amine monomers and chloride monomers. The most commonly used 

monomers are m-phenylenediamine (MPD) and trimesoyl chloride (TMC) [25].  

    The above hydrophilic membranes are solvent resistant due to the strong interactions 

between main chains [26], which makes them potential to be employed in organic media. But 

they are confronted with difficult processing problem. Novel membrane materials with high 

hydrophilicity, robust solvent resistance, easy-processable and easy-functionable are highly 

desired. Such membranes are expected to show low fouling property in aqueous media and 

stable separation ability in organic media.  
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Fig. I.8 The chemical structure of cellulose, polyamides (nylon-6 and poly(m-phenylene 

isophtalamide)). 

 

I.4.3 Polyketone (PK) 

   Aliphatic polyketone (PK) is a class of hydrophilic polymers of great current interest. PK 

polymers are prepared by the polymerization of α-olefins and carbon monoxide in a perfectly 

1:1 alternating sequence using palladium catalysts. This synthesis was first reported in 1941 

and the production of PK subsequently became appealing in academic and industrial areas. 

Initially, The US and Japan companies challenged to commercialize PK polymer. In 2013, 

Hyosung Corporation in Korea became the first company in the world to succeed in making 

this polymer using an economically efficient way, and the product was named as 

POLYKETONE. The simplest aliphatic PK is the polymer of ethylene and carbon monoxide, 

which can be regarded as a homopolymer of the repeat unit CH2-CH2-C=O [27] and the 

structure is shown in Fig. I.9. Now, Asahi Kasei Corporation in Japan can synthesize and 

provide this kind of PK. 

   PK has a crystalline melting point typical between 255 and 260 ℃ and it has higher 

chemical resistance than many other plastic materials. According to the report from Hyosung 

Corporation, POKETONE has a chemical resistance and impact resistance superior to nylon 

by more than 30% and 230% compared to Nylon, respectively. In addition, POKETONE has 

14 times better abrasion resistance than polyoxymethylene (POM), and has the advantage of 

reducing friction noise.  

    Two main reasons why PK is promising as a membrane material are its functional 

properties, which can be modulated by changing the carbonyls into a wide variety of other 

groups [28] and meanwhile, outstanding solvent resistance [29]. These two characteristics 

endow PK membrane easy to be functioned to be applied in aqueous media and the potential 
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usage in organic media. Despite these advantages, PK membranes have been rarely reported, 

particularly for the applications in organic solvents. The wider usage of PK polymer in 

membrane technology is deserved to be explored. Thus, PK was used as the main membrane 

materials in this thesis.    

    The PK membranes can be fabricated by electrospinning [30], melt spinning and drawing 

[31], and NIPS [32, 33] methods. NIPS is preferred due to its superior adjustability of 

fabrication parameters.  

 

 
Fig. I.9 Chemical structure of polyketone material made from ethylene and carbon monoxide 

by Asahi Kasei Corporation. 

 

I.5 Membrane process for micropollutant treatment in aqueous media  
I.5.1 Micropollutant 

   The world is experiencing serious water shortages. By 2025, an estimated 1.8 billion people 

will be faced with water scarcity, and two-thirds of the population may be living in 

communities with lack of clean water supply [34]. Only 2.5 wt% of water on Earth is fresh 

water. Considering the fact that the increasing worldwide contamination of freshwater 

resources, the clean water must be produced from various water resources to satisfy the huge 

demands of drinking water [35]. 

   There are many pollutants existing in water resources, such as proteins, oils, 

micropollutants, and so on. Among these pollutants, micropollutants have become an issue 

of increasing environmental concern. Micropollutants consist of a vast array of substances, 

including endocrine-disrupting compounds (EDCs), steroid hormones, pesticides, 

pharmaceuticals (PhACs), personal care products (PPCPs), industrial chemicals, and so on. 

Although most of these compounds are existed at low concentrations in water (up to several 

µg/L), many of them raise considerable concerns. The possible adverse effects of 
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micropollutant on the environment and human beings have been addressed, including short-

term and long-term toxicity, endocrine disrupting effects and antibiotic resistance of 

microorganisms.  

 

I.5.2 Sole membrane process  

   The large diversity of micropollutants create challenges for water treatment processes [36]. 

It has been reported that conventional municipal wastewater (WW) treatment processes are 

unlikely to remove micropollutants [37]. Micropollutants that could not be fully removed 

will eventually enter the environment and are transferred along the food chains. Thus, it is 

highly demanded to remove micropollutant more efficiently from water with powerful 

strategies.   

    Membrane processes are promising to be used to remove micropollutants [38-40]. 

However, sole membrane process can physically concentrate, but not eliminate 

micropollutants. If the degradation process can be combined with the membrane process, the 

harmful micropollutants will be removed and degraded simultaneously. Here, we consider 

the combination of degradation process with membrane process. Compared to various 

degradation approaches, including UV/O3 oxidation, electrochemical degradation, and 

microorganism degradation, enzyme degradation is a mild, facile, and green approach.   

 

I.5.3 Enzyme membrane bioreactors (EMBRs)  

I.5.3.1 Enzyme and enzyme catalysis 

    Enzyme is one kind of important biocatalysts, and most enzymes are protein. Different 

enzymes have different catalytic functions. According to the definition of International Union 

of Pure and Applied Chemistry (IUPAC), enzymes are divided into six kinds based on the 

reaction type and mechanism: oxidoreductases, hydrolases, transferase, lyase, isomerase, and 

synthetase. Compared with the chemical catalysts, enzyme catalysis has the advantages such 

as high catalytic rate, high specificity, no pollution. Therefore, enzyme is used in wide 

applications. Table I.3 lists some commercially available enzymes and the corresponding 

applications.  
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    Combining enzyme catalysis with membrane process becomes attractive over the past 

years, because this is an integration of low energy-cost and green-degradation process. The 

combination system is called as EMBRs. Generally speaking, these are two forms of EMBRs 

as shown in Fig. I.11. In type 1, enzyme exists in the free forms, and can be retained in the 

feed via membrane retention, electrostatic repulsion, and so on. Membrane only acts as a 

selective barrier. The small sized products can pass through the membrane. In this type of 

combination, the reaction rate is high, because of the sufficient contact of enzyme and 

substrates. And also, the operation is very facile, by simply adding free enzyme into the 

substrate solution. However, it is worth noting that enzymes are proteins, which trend to foul 

the membrane in this type of EMBRs. As introduced before, FO membrane has a high 

antifouling property, and also the dense separation layer can fully retain the enzymes in the 

feed solution side. Thus, the coupling of enzyme catalysis with FO process is intriguing, due 

to the wide use of both processes in practice. Considering there are no related reports 

combining these two processes, it was investigated in this thesis and the results were reported 

in Chapter II. 

    Even the process of type1 EMBRs is mild and green, enzyme is difficult to be recycled 

from the operation system after usage. Besides, enzyme stability in the operation needs to be 

concerned. For example, the existence of organic solvent in aqueous media may sharply 

lower the activity of free enzyme. These drawbacks can be eased by enzyme immobilizing, 

as type 2 shown in Fig. I.11. Here, membranes act as the supports for the immobilization of 

enzymes. Expect for keeping the catalytic activity, enzyme has other advantages after 

immobilization: (1) immobilized enzyme is easier for usage and reuse; (2) immobilized 

enzyme makes the reaction more controllable; (3) the product is easy to be separated; (4) in 

most cases, the stability of enzyme would be improved after immobilization; (5) MF and UF 

membranes are also can be coupled with enzyme catalysis, because there is no need to use 

dense membranes to retain enzymes in feed solution, like FO or RO or NF membranes.  

    In type 2, the immobilization methods must be carefully considered. A desired method 

provides high activity retention and high stability after immobilization. Adsorption, 

entrapment, and covalent bonding are commonly used for immobilization. Especially, the 
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harsh organic liquids. However, the typical supporting materials for TFC membranes (PSf, 

PES) will swell or be dissolved in organic media. The membrane separation in organic media 

is still challenging. One main difficulty is the exploration of high solvent resistant supports 

which are favorable for interfacial polymerization.  

 

I.6.1 Organic solvent nanofiltration (OSN) 

    OSN is a separation process targeting the retention of organic solutes with molecular 

weights ranging from 200 to 1000 g/mol from an organic liquid. The first OSN pilot was 

launched in the 1990s, targeting a lube oil dewaxing application, which reduced energy use 

by 20% and capital costs by 60% compared with the conventional thermal distillation [44]. 

Recently, OSN membranes have been widely explored, which cover wide applications such 

as production purification, solvent recovery, catalyst recycling in pharmacy, and petroleum 

and chemistry industries [7, 25, 45-47]. For the supports of OSN membranes, many of these 

studies have focused on crosslinking common conventional polymer membrane substrates, 

such as polyimide (PI) and poly(ether imide) (PEI) and poly(ether ether ketone) (PEEK) [48-

51]. 

   However, OSN membranes can only efficiently reject the solutes larger than 200 Da. For 

the solute smaller than 200 Da, OSRO membranes are needed. The most common application 

occasion is the separation of organic liquid mixtures, such as alcohol and hydrocarbon 

mixtures [52-54].  

 

I.6.2 Organic solvent reverse osmosis (OSRO) 

   In 1970, Sourirajan investigated the separation of alcohols and hydrocarbons using 

integrally cellulose acetate membranes. But unfortunately, hydrocarbons tended to collapse 

the membrane structures [52]. In the following 20 years after this study, organic solvent-

resistant membranes made from polyacrylonitrile, cellulose acetate butyrate, and aromatic 

polyamide were also developed. However, the separation factors for organic substances were 

unsatisfactory and lower than 3.0 [53, 55, 56]. Even OSRO is promising for the separation 
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of molecules with Mw below 100 Da, it is very infancy and only a few studies have been 

reported [57]. Compared with OSN, OSRO separation is more difficult to be achieved.  

   On the one hand, higher solvents tolerance of supports is needed to obtain high separation 

performance. Most of the reported supports for TFC membranes need crosslinking, and the 

swelling still occurs during separation, which decreases the separation ability. As introduced 

in part I.4.3, PK is a promising candidate. Therefore, the PK was used as the support for 

interfacial polymerization, and the obtained TFC membrane was used to test the OSRO 

separation of organic liquid mixtures in this thesis. The results were shown in Chapter V.  

    On the other hand, higher crosslinking degree of polyamide layers are expected to provide 

higher separation ability. Thus, the fabrication parameters of interfacial polymerization were 

optimized in order to improve the separation factor. The results were shown in Chapter VI. 

 

I.7 Purpose of this study 
   During last decades, membranes play more and more important roles in the wastewater 

treatment and as well as the separations in the organic solvents. Novel membrane materials 

are still needed for the diversification of membrane applications. As reported in our pervious 

study, PK polymer is easy to fabricate MF membrane via NIPS method, which achieves 

efficient oil/water separation [58]. Furthermore, interfacial polymerization can be performed 

onto this MF membrane to form a defect-free selective layer. Benefited from the porous 

structure of MF support membrane, this thin film composite membrane can be performed as 

a FO membrane endowed with high flux [33]. Considering various advantages of PK polymer, 

further development of PK based membranes and membrane processes is worthwhile. In this 

study, PK based membranes are fabricated, and their applications for micropollutant 

treatment from aqueous media and for organic liquid mixtures separations are focused.  

    For micropollutant treatment in aqueous media, two kinds of EMBR are designed. One is 

the combination of free enzyme and PK based FO membrane process, and the other one is 

the immobilizing enzyme onto PK based MF membrane. The enzyme immobilization method 

was also explored.  
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    For organic liquid mixtures separations, PK based OSRO membrane was fabricated and 

the separation performance of a series of organic liquid mixtures was investigated. 

Furthermore, the fabrication condition of OSRO membrane was optimized to obtain better 

separation performance.  

 

I.8 Scope of this study   
   This thesis was divided into 7 parts. The chapters expect for background and conclusion 

are shown in Fig. I.12. Each part is described as follows: 

    In Chapter I, the background as well as the purpose of this study is introduced. The scope 

of this thesis is also presented.  

    In Chapter II, PK based FO membrane was fabricated. Then enzyme catalysis was 

coupled with the FO process. The result hybrid system was used in micropollutant removal 

from aqueous media. To be specific, laccase enzyme was used as the model enzyme. TCP 

was used as the model micropollutant. The laccase enzyme was added into the feed solution 

at the beginning of FO filtration. The performance of hybrid system, sole FO process, sole 

enzyme catalysis process was compared and discussed. It was found that the degradation 

efficiency of hybrid system was higher than that of sole enzyme catalysis due to the 

concentration of enzyme during the FO process. Also, the fouling property of this enzyme-

coupled membrane process was discussed.   

    In Chapter III, considering the limitations of free enzyme, such as the difficulty in 

recycling and instability, an efficient enzyme immobilization method was explored. Trypsin 

and lipase enzyme were used as model enzymes, due to their wide usage. Regenerate 

cellulose MF membrane is chosen as a model membrane due to the easy functionability 

resulted from the hydroxyl groups and also commercial availability. The enzyme 

immobilization density, activity and activity retention were evaluated. The results showed 

both trypsin and lipase could be efficiently immobilized and also exhibited good activity 

retentions. Therefore, the explored immobilization method was expected to be used to 

immobilize most enzymes onto membranes with hydroxyl functional groups.  



Chapter I 
 

22 
 

    In Chapter IV, laccase enzyme was immobilized onto PK based MF membranes using 

the developed method in Chapter III. In practical application, it is very common that enzyme 

catalysis needs to be conducted in the organic solvent-included aqueous media. Therefore, 

the main target of this chapter is to improve the catalytic ability of enzyme towards 

micropollutants in organic solvent-included aqueous media, via enzyme immobilization. 

Polyketone membrane was used as a support because it had functional groups (ketone groups), 

which were easy to be transferred to hydroxyl groups. Another important consideration was 

the excellent stability of PK membrane in many kinds of organic solvents. Regenerate 

cellulose (RC) membranes were used as a comparison. It was found that PK based membrane 

could immobilize higher enzyme amount and obtained higher activity retention than RC 

membrane. The mechanism of the above results was put forward and verified. The 

micropollutants decomposition of immobilized laccase was more efficient than that of free 

laccase when organic solvents existed in the aqueous media. 

    In Chapter V, due to the robust solvent resistance of PK based membrane, it is interesting 

to explore its separation ability in pure organic solvents. In this chapter, the interfacial 

polymerization was conducted on PK microporous membranes to form a dense separation 

layer, and this TFC membrane was explored as organic solvent reverse osmosis (OSRO) 

membrane. The separation of organic liquid mixtures was performed using this OSRO 

membrane. It was found that big nonpolar liquids could be efficiently separated from the 

small polar liquids by this membrane.  

     In Chapter VI, the separation ability of the OSRO membrane developed in Chapter V 

was further improved through an appropriate heat treatment. The effect of heat treatment 

procedures on the separation factor was investigated.  

     In Chapter VII, the summary and conclusions of this dissertation were given. 
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Chapter II Enzyme-aided forward osmosis (E-FO) 

process to enhance removal of micropollutants from 

water resources 
 

II.1 Introduction   
    The shortage of water has plagued many communities: more than 1.2 billion people in the 

world lack access to safe drinking water [1, 2]. The increasing pollution of water resources 

by human activities further aggravates the water crisis. As mentioned in Chapter I, part I.5, 

there is a vast and expanding array of micropollutants resulting from the use of pesticides, 

personal care products, plasticizers, endocrine disruptor chemicals (EDCs), pharmaceuticals, 

steroid hormones, and other products [2], causing deleterious effects on aquatic ecosystems 

and human health even at trace concentration levels due to inherent bioaccumulation and 

considerable carcinogenic properties [3, 4]. Micropollutants in relatively high concentrations 

(μg/L) have been found in wastewater effluents owing to incomplete removal by 

conventional treatment processes [2]. For example, traditional activated carbon adsorption 

and coagulation are less effective owing to the low concentration of micropollutants and 

competitive adsorption by natural organic matter [5]. The development of low energy 

technologies with a high micropollutants removal efficiency is crucial for affordable portable 

water production.  

Forward osmosis (FO) has emerged as a promising membrane technology for potable 

water production, because of the high rejection by the membranes, similar to that of reverse 

osmosis (RO), and low energy consumption by using the natural osmotic process to draw 

water molecules from a feed solution (FS) to a draw solution (DS) via a semipermeable 

membrane [6, 7], as well as a low membrane fouling potential with easy flux recovery. 

Osmotic pressure leads to a loose and low-density accumulation layer of foulants on the FO 

membranes, which can easily be cleaned. In contrast, a conventional RO process driven by 
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high hydraulic pressure remains an energy-intensive operation, and a compact and dense 

fouling layer (e.g. scaling, organic fouling, and biofouling) is usually formed on the RO 

membranes. Thus, FO is considered to be promising in treating water with high salinity and 

intensive fouling, while lowering total energy consumption by using hybrid processes with 

RO, membrane distillation (MD) and other techniques [8].  

As regards to removal of micropollutants, previous studies have confirmed the good 

performance of the FO process. Single FO processes can achieve higher rejection of those 

trace contaminants than RO processes mainly due to the reverse salt flux that helps reduce 

target solute flux in the FO process [9]. The hybrid FO-RO system even shows significantly 

high rejection (> 99%) of micropollutants provided by the dual barrier of FO and RO 

membranes. However, these target contaminants are merely physically concentrated in the 

feed water, and not eliminated, and they will ultimately be accumulated in a closed-loop 

system. A relatively high level of contaminants remaining in the feed requires additional 

detoxification treatments before safe disposal [10]. On the contrary, the accumulated 

contaminants will likely pass through the membrane by adsorption and diffusion in long-

term operations, resulting in contamination of the product water [2, 6, 11-14], and severe 

membrane fouling.   

Integrating micropollutant detoxification processes with the FO process is believed to be 

a promising energy- and cost-effective solution for simultaneous clean water production and 

FO concentrate treatment [15]. Available advanced oxidation strategies, such as 

electrochemical oxidation and chemical oxidation using hydrogen peroxide, ozone, or UV 

radiation are possible approaches. Liu et al. have proposed an electrochemical oxidation-FO 

hybrid process that can reject pharmaceuticals in the feed water by 98% and remove the 

pharmaceuticals in feed by 99% [15]. However, drawbacks of these methods are high energy 

consumption, the need for complex devices and unknown byproducts with equal or greater 

toxicity than the parent chemical [16-18]. Alternatively, biological protocols are potentially 

a green and low-cost approach owing to their high selectivity, environment friendliness, and 

technical feasibility [19]. Integrating microbial transformation with FO process, called 

osmosis membrane bioreactor (OMBR), was firstly proposed in 2008 and have captured 
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tremendous attention [20-22], however, the membranes suffered from problematic fouling 

and biodegradation via the biomass in the activated sludge [23, 24]. Compared with 

microorganism-based catalysis, enzymatic catalysis is expected to cause less membrane 

deterioration, along with a higher catalytic efficiency and a lower fouling potential. The use 

of isolated enzymes targeting specific chemicals holds promise as a more systematic and 

controllable biological treatment [19]. Many micropollutants can be oxidized by a variety of 

enzymes such as peroxidase, tyrosinase, and laccase [25, 26]. Taking laccase as an example, 

the catalytic mechanism and typical reactions were shown in Fig. II.1 [27]. Therefore, in this 

study, we report the first example of coupling enzyme catalysis with FO process, hereafter 

assigned as E-FO, for sustainable clean water production with highly efficient micropollutant 

degradation, as shown in Fig. II.2. Due to the continuous recovery of water from feed solution 

during filtration, the enzyme is concentrated, and thus E-FO is expected to exhibit higher 

degradation efficiency than single enzyme catalysis in bioreactor (BR). Meanwhile, owing 

to the degradation of micropollutants by enzyme in E-FO, less micropollutants adsorption 

and leakage through membrane are anticipated than in the single FO process. The main aim 

of this work is to verify the above concept. 

2, 4, 6-trichlorophenol (TCP) and bisphenol A (BPA) were used as the model 

micropollutants. TCP, a carcinogen with high toxicity, is formed by emissions of fossil fuel 

combustion, municipal waste incineration, and chlorination of water containing phenol [28]. 

BPA is well-known as an endocrine disruptor and one of the highest productions and 

consumption volume chemicals in the world [29]. Laccase was used as a model enzyme 

because of its catalytic ability towards a variety of aromatic compounds, particularly 

phenolics including TCP and BPA [30]. The possible products of the TCP and BPA were 

also shown in the Fig. II.1. Generally speaking, the products are less harmful than the 

micropollutants. Due to their wide substrate specificity, many phenolic micropollutants, 

pesticide, personal care products, dye molecules from wastewater effluents can be degraded 

[19]. A lab-made polyamide thin film composite (TFC) membrane prepared by interfacing 

polymerization (IP) on a polyketone (PK) substrate, referred to as PK-IP, was employed as 

the FO membrane. The micropollutant removal performance of E-FO was then evaluated. To 
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II.2 Experimental 
II.2.1 Materials  

Polyketone (PK) polymer (molecular weight: 200,000 g mol-1, Asahi Kasei Co., Tokyo, 

Japan) was used to fabricate a porous PK supporting layer for synthesis of thin film composite 

(TFC) FO membrane. Resorcinol, methanol, acetone, and hexane (Wako Pure Chemical Co., 

Osaka, Japan), were used in the PK support layer fabrication. 1,3,5-benzenetricarbonyl 

trichloride (TMC), 10-camphorsulfonic acid (CSA), hexamethylphosphoric triamide (HMPA) 

(Tokyo Kasei Co., Tokyo, Japan), 1,3-phenylene diamine (MPD), sodium dodecyl sulfate 

(SDS), and triethyl amine (TEA) (Wako Pure Chemical Co., Japan) were used to fabricate 

the polyamide layer of lab-made TFC membranes via interfacial polymerization (IP). A 

commercial polysulfone (PSf) substrate (CF30K, Nitto, Osaka, Japan) was obtained for 

fabrication of a control polyamide TFC membrane. In addition, a commercial FO membrane 

made of cellulose triacetate (CTA) material with embedded polyester screen support (CTA-

ES, Fisher, USA), and a commercial TFC RO membrane (ES20, Nitto, Osaka, Japan) were 

also obtained for membrane filtration tests. 

TCP and BPA (Sigma-Aldrich Co. LLC, USA) were used as the model micropollutants, 

and their properties were listed in Table II.1. The stock solutions of TCP and BPA were 

prepared by dissolving them in methanol with a concentration of 10.2 mM (2000 ppm) and 

8.7 mM (2000 ppm), respectively, and stored at -20°C for future use. Laccase from Trametes 

versicolor (powder, light brown, ≥ 0.5 U mg-1, molecular weight: 63 KDa, Sigma-Aldrich 

Co. LLC, USA) was used as a model enzyme. 2, 2’-azino-bis (3-ethylbenzothiazoline-6-

sulfonic acid) (ABTS) (Sigma-Aldrich Co. LLC) was used as a model substrate to evaluate 

the activity of laccase.     

HCl solution (0.1 M) and H2SO4 solution (1 M) (Sigma-Aldrich Co. LLC, USA) were 

used for adjusting the pH of the feed solution and the draw solution samples in the solid phase 

extraction process (explained in Section II.2.5.1), respectively. Sodium chloride (NaCl) 

(Wako Pure Chemical Co., Japan) was used in draw solution preparation. Acetonitrile (Wako 

Pure Chemical Co., Japan) was used as the mobile phase in high performance liquid 

chromatography (HPLC) analysis and also as enzyme inactivation agent. Oasis HLB 
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cartridges (6 mL/200 mg, Waters, Milford, MA, USA) were used in the solid phase extraction 

process. Nylon syringe filters (0.22 µm, Membrane Solution, Kent, WA, USA) were used for 

purifying the sample for HPLC analysis. Milli-Q water (Millipore, Billerica, MA, USA) was 

used in all cases.  

 

Table II.1 Physicochemical properties of selected micropollutants 

1 Distribution coefficient 
2 Acid dissociation constant 

 

II.2.2 Membrane fabrication 

    The porous PK substrate was prepared via the typical non-solvent induced phase 

separation process (NIPS) [31-33]. PK powder was firstly dissolved in a resorcinol/water 

solution (65/35 wt. %) to form a 10 wt. % PK solution. The degassed homogeneous polymer 

solution was cast on a clean glass plate at a thickness of 400 µm and subsequently, the plate 

was immersed in a coagulation bath containing methanol/water (35/65 wt. %) for 20 min. 

Finally, the formed PK membranes were washed in acetone, and then hexane for 20 min each, 

and dried in air for future use. The IP process was then performed on the PK substrates for 

the synthesis of PK-based TFC FO membrane [31], referred to as PK-IP. The aqueous phase 

contained 2 wt. % MPD, 1.1 wt. % TEA, 3 wt. % HMPA, 2.3 wt. % CSA, and 0.15 wt. % 

SDS. The oil phase contained 0.15 wt. % TMC in hexane. Briefly, the aqueous solution was 

first poured onto the top surface of PK substrate and removed after 5 min. Then, the hexane 

solution was covered on the top surface to allow IP reaction for 2 min. After draining the 

 Structure Molecular 

weight (g/mol) 
Log D1                 PKa2 

TCP  197 3.69 6.23 

BPA  228 3.32 9.6 



Chapter II 
 

36 
 

excess hexane solution, the formed membrane was heated at 90 °C for 10 min and then gently 

washed by Milli-Q water and stored in Milli-Q water for further use.  

Similarly, the IP process was performed on the commercial PSf substrate to obtain a 

control TFC membrane named as PSf-IP. According to another report [34], an aqueous 

solution with optimized constitution was used, including 2 wt. % MPD, 2 wt. % TEA, 4 wt. % 

CSA, and 0.25 wt. % SDS, whereas the oil phase was kept the same as PK-IP fabrication. 

The retention time for aqueous and oil phases was 1 min and 30 s, respectively. The following 

heat treatment was conducted at 100 °C for 5 min. At the same time, for better comparison, 

the same IP processes and post-treatment conditions of PK-IP were conducted on PSf 

membrane and the resulted membrane was named as PSf-IP-contrast. 

 

II.2.3 Evaluation of laccase activity 

The laccase activity in the sample solutions was evaluated by the monitoring the oxidation 

rate of a model substrate, ABTS, to ABTS+, in order to test its activity stability. A 150 µL of 

sample was taken from the feed solution in E-FO and in BR systems at fixed time intervals. 

Then, each sample was added into 3 mL ABTS aqueous solution (0.5 mM, pH 5.5). The 

increase in absorbance at 420 nm (ΔAbs420nm; extinction coefficient ε420 = 36.0 mM−1 cm−1) 

was recorded using a UV-Vis spectrometer (V-630, Jasco, Tokyo, Japan) for 2 min at 25 °C. 

The normalized laccase activity was obtained according to Eq. (II.1): 

                            Normalized laccase activity = Sample (∆Abs420nm)
Initial (∆Abs420nm)

                               (II.1) 

where Sample (ΔAbs420nm) and Initial (ΔAbs420nm) were the values of ΔAbs420nm for the 

sample after a certain of reaction time and the sample taken at reaction time zero, respectively. 

The effect of NaCl concentrations varying from 0 to 170 mM on the laccase activity was 

also investigated. After adding the designated amount of NaCl to the laccase solution (0.8 

µM, 0.5 L), the normalized laccase activity relative to the activity without NaCl addition was 

evaluated.  

 

II.2.4 Enzyme reaction between TCP and laccase 
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To choose suitable reaction conditions for the following E-FO process study, the enzyme 

reaction between laccase and TCP model micropollutant was analyzed with Michaelis–

Menten equation. The enzyme reaction is given by  

𝐸𝐸 + 𝑆𝑆 ⇌
𝑘𝑘−1

𝑘𝑘1
𝐸𝐸𝐸𝐸 →

𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐
𝐸𝐸 + 𝑃𝑃 

where E, S, ES, and P indicate enzyme, substrate, complex and product, respectively. k1, k-1, 

and kcat are the reaction rate constants in the reaction. According to this mechanism, the 

reaction rate, v, is given by the Michaelis–Menten equation, Eq. (II.2). 

                                                         𝑣𝑣 = 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐[𝐸𝐸] [𝑆𝑆]
𝐾𝐾𝑚𝑚+[𝑆𝑆]

  = 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 [𝑆𝑆]
𝐾𝐾𝑚𝑚+[𝑆𝑆]

                                             (II.2) 

Here, Km is the Michaelis–Menten constant. [E] and [S] indicate the molar concentration of 

enzyme and substrate, respectively. 

Km and kcat were determined by plotting the reaction rate as a function of TCP 

concentration while keeping the enzyme concentration at 0.8 µM. At first, a designated 

amount of laccase was added into a 0.5 L feed solution (pH 5.5) containing 0.005-1.015 mM 

TCP in a conical flask, to initiate the reaction process. After certain reaction time, 0.5 mL 

sample was taken from the conical flask, and mixed with 0.5 mL of acetonitrile for laccase 

inactivation. Then, the mixture was filtrated by a nylon membrane with 0.22 µm pore size to 

remove impurities for HPLC analysis. Thirty microlites of filtered mixture was injected into 

a Shim-pack GIST C18 column (4×250 mm). The isocratic elution was performed by 

pumping the mixture of acetonitrile and water (50/50 v/v) at a flow rate of 0.6 mL min-1 at 

40 °C. A UV detector (SPD-20A) was used to measure TCP concentration at 295 nm. The 

initial degradation rate was obtained from the gradient of smoothed time course curve of TCP 

at time zero. Subsequently, the effect of enzyme concentrations on the reaction rate was 

experimentally evaluated under a fixed TCP concentration of 0.051 mM and different laccase 

concentrations from 0.4 to 1.6 µM.  

 

II.2.5 Membrane filtration  

II.2.5.1 Membrane filtration without enzyme catalysis  
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Membrane filtrations in the FO and RO modes without enzyme addition were conducted 

to evaluate the intrinsic separation performances of the commercial and the lab-made dense 

membranes in terms of pure water flux, rejection of NaCl (only for the RO mode), and 

rejection of the micropollutants (TCP and BPA). In addition, the reverse NaCl flux was 

measured for the FO mode, and 0.6 M NaCl was employed as DS. The experimental set-ups 

were schematically shown in Fig. II.3. For all filtration tests, the system was firstly 

equilibrated by pure water filtration for 2 h. Then, FS contained 0.051 mM TCP, 0.044 mM 

BPA, or 34.2 mM NaCl, were charged to the test system according to the targets.   

 

 
Fig. II.3 Schematic diagrams of the forward osmosis (FO) and reverse osmosis (RO) testing 

systems. In FO process, water flux and reverse salt flux was measured using water as FS. 

0.051 mM (10 ppm) TCP, 0.044 mM (10 ppm) BPA, or 34.2 mM (2000 ppm) NaCl was used 

as FS for the rejection determination of the corresponding components, respectively.  

 

Specifically, for the FO mode, a laboratory scale FO device consisted of a 0.5 L FS tank, 

an acrylic glass membrane cell with an effective membrane area of 17.7 cm2, and a 1 L DS 

tank placed onto an electronic balance. The flow rate for both FS and DS was controlled at 

0.3 L min-1 by two circulation pumps, and the temperature was kept at 20 ± 2°C by a cooling 

system. Active layer faced feed solution (AL-FS) mode was used in this study owing to its 

low fouling propensity [35]. 
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For the RO mode, a cross-flow filtration unit with an effective membrane area of 8.04 cm2 

was operated under an applied pressure of 10 bar as described in our previous study [36]. 

The FS was introduced to the cell at 9.9 mL min-1 by a plunger pump (NPL-120, Nihon 

Seimitsu Kagaku, Tokyo, Japan). The FS within the cell was magnetically stirred at 500 rpm 

to reduce concentration polarization on the membrane surface. 

Water fluxes (Lm-2h-1, LMH) in RO and FO modes were obtained by Eq. (II.3), 

                                        Water flux = 𝑀𝑀
𝑎𝑎×𝑡𝑡

  (LMH)                                                         (II.3) 

where M (L) is the volume of accumulated permeate, a (m2) the membrane area, t (h) the 

filtration time. M was estimated from the weight of accumulated permeate (in permeate side 

for RO and DS side for FO) by assuming that the density of permeate was unity.  

Solute rejections in the RO mode were obtained by comparing the solute concentrations 

of feed and permeate in steady state after 12 h of filtration. For the FO mode, the solute 

concentrations of FS and DS were compared at a water recovery of 50%. Solute rejection (R) 

was calculated by Eq. (II.4), 

                                         R = �1 − 𝐶𝐶𝑝𝑝−𝑎𝑎−𝑏𝑏
𝐶𝐶𝑓𝑓−𝑎𝑎−𝑏𝑏

� × 100 (%)                                                  (II.4) 

where 𝐶𝐶𝑝𝑝−𝑎𝑎−𝑏𝑏  and 𝐶𝐶𝑓𝑓−𝑎𝑎−𝑏𝑏  is the solute concentrations in permeate and in feed, 

respectively. The symbol p denotes the permeate, f the feed, a the filtration mode (RO or FO), 

and b the test solute (NaCl, TCP or BPA). For example, Cp-RO-NaCl indicates the NaCl 

concentration of permeate in the RO mode. The concentration of NaCl was measured by a 

conductivity meter (B-771, Horiba, Kyoto, Japan). The concentration of TCP and BPA was 

measured by HPLC analysis with no acetonitrile addition at a UV wavelength of 295 and 280 

nm, respectively. 

For the FO mode, the solute concentrations in permeate, Cp-FO-b, was obtained with Eq. 

(II.5),   

                                             𝐶𝐶𝑝𝑝−𝐹𝐹𝐹𝐹−𝑏𝑏 = �𝐶𝐶𝑑𝑑−𝐹𝐹𝐹𝐹−𝑏𝑏𝑉𝑉𝑑𝑑
𝑉𝑉𝑝𝑝

�                                                         (II.5) 
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where Cd-FO-b and Vd are the solute concentrations (mol L-1) in DS and the volume (L) of DS 

at the end of filtration, respectively. Vp is the reduced volume (L) of FS by permeation into 

DS. For example, at 50% water recovery, the value of Vp was 0.25 L.    

Since the diluted permeate in FO process may lead to a concentration below the detection 

limit, and the high NaCl concentration in sample can cause damage to HPLC column, solid 

phase extraction was used for extract micropollutants leaching into DS for following HPLC 

analysis to determine the corresponding Cd-FO-b. The procedures of the solid phase extraction 

process were described as follows. Firstly, 5 mL of MeOH and 5 mL of Milli-Q water were 

added in sequence to the HLB cartridge for pre-conditioning. Secondly, 250 mL of H2SO4 

acidified solution sample of DS (pH 1.5-2) was loaded onto the cartridge at a flow rate of 5-

10 mL min-1 with the aid of a vacuum pump. Thirdly, nitrogen gas was purged to dry the 

cartridge for 60 min. Finally, 5 mL of MeOH was used for micropollutant elution. 

Cf-FO-b is the averaged concentration of test solute b in feed to offset the concentration 

effect of FS and was defined by Eq. (II.6). 

                                   𝐶𝐶𝑓𝑓−𝐹𝐹𝐹𝐹−𝑏𝑏 = 𝐶𝐶0𝑏𝑏+𝐶𝐶1𝑏𝑏
2

 (mol L−1)                                                 (II.6) 

where C0b and C1b are the concentrations at the beginning and the end of FO experiments, 

respectively. The reverse NaCl flux (mM m-2h-1) in the FO mode was obtained by recording 

the volume reduction and salt concentration of FS.  

 

II.2.5.2 Enzyme aided membrane filtration (E-FO) 

The membrane showing superior FO performances was further characterized in E-FO 

filtrations. The experimental setup of E-FO was the same as used in the FO process, 

illustrated in Section II.2.5.1. In E-FO, the model enzyme, laccase, was added to the FS. The 

initial composition of the FS was denoted as xTyE, where x and y indicate the TCP and 

enzyme concentrations (ppm), respectively. For example, 10T50E represents 10 ppm TCP 

and 50 ppm enzyme in the FS. For the FO mode without enzyme addition, the FS composition 

was denoted as xT.  

The TCP degradation efficiencies in E-FO, FO, and BR modes were compared. To 

exclude the effect of TCP adsorption within the operation system, in this section, BR was 
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also operated in the same FO setup but with a water-impermeable polypropylene film 

mounted inside the membrane cell instead of a permeable FO membrane. Then, the water 

filtration did not take place and all feed solution remained in the feed tank.  

The amounts of the micropollutant in the feed and permeate as well as that adsorbed on 

the membranes in E-FO and in FO filtrations were compared. The micropollutant adsorption 

amounts on the membranes after filtrations were experimentally determined using the 

following extraction procedure. First, the membrane removed from the test cell was gently 

washed with Milli-Q water several times. The excess water on the membrane surface was 

allowed to drain off. Two small pieces of membrane disks with 20 mm and 25 mm in 

diameters, giving a total membrane area of 8.04 cm2 were cut and then submerged in 2 mL 

methanol in a sealed flask. Then the flask was placed on a shaker at a speed of 120 rpm at 

20°C for 12 h. 1 mL of solution sample was taken out and was subjected to HPLC analysis 

after the extraction process. To ensure data reproducibility, three tests were carried out for 

each operation condition by using a new membrane sample each time.  

 

II.2.6 Evaluation of antifouling properties 

The water flux variations during E-FO filtrations were monitored at three different FS 

compositions, namely, 10T50E, 10T100E, 20T50E. To reflect the effect of DS dilution on 

water flux, a base line was obtained by using Milli-Q as FS. After that, the feed solution 

containing micropollutant and enzyme was operated, and the water flux variation was 

recorded. The difference between this water flux variation and the baseline was the decreased 

water flux attributed to fouling. The initial water flux subtracted this water flux difference to 

get the corrected water flux only attributed to fouling. In the meantime, E-RO filtrations were 

also conducted using the same FS of E-FO at an applied pressure of 10 bar, the water flux 

variations were recorded and compared with that of E-FO.   

 

II.3 Results and discussion 
II.3.1 Selection of a suitable FO membrane  
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A desired FO membrane should possess a porous and hydrophilic substrate layer with low 

mass transfer resistance, which is usually characterized by a low structural parameter (S-

value) [31], as well as a dense skin layer possessing high rejections of both draw solutes (e.g. 

NaCl) and micropollutants. Previous studies have reported that TFC membranes produced 

by IP usually exhibit higher rejection of micropollutants than cellulose acetate based 

membranes [37, 38] due to its dense skin layer. However, conventional TFC membranes 

based on hydrophobic supports (e.g. PSf) characterizing high S-values usually display low 

FO fluxes [34]. To date, development of an ideal support for FO membranes fabrication is 

still in the early stages [39]. Our previous study has verified that a hydrophilic and highly 

porous PK membrane can be used to obtain low S-value TFC FO membranes [31]. Therefore, 

in this study, a PK-IP polyamide TFC membrane was fabricated and compared with a lab-

made PSf-IP membrane and commercial CTA-ES (Fisher) and ES20 (Nitto) membranes in 

water permeability and micropollutant rejection. Fig. II.4 shows a typical FO filtration test 

in AL-FO mode using 0.051 mM (10 ppm) TCP as FS, and 0.6 M NaCl as DS. The similar 

TCP rejections obtained by ES20, PSf-IP, PSf-IP-contrast and PK-IP membranes were 

attributed to their similar polyamide skin layers. In contrast, CTA-ES membrane rejected 

TCP by only 16 %, possibly due to its large pore size and high affinity to non-polar 

micropollutants, such as TCP [40]. In addition, the TCP rejections were compared under 

similar fluxes (6 ~ 8 LMH) for all the membranes and the result was shown in Fig. II.5. The 

same membrane tended to provide a little bit higher rejection at a higher flux and vice versa. 

Still, all the TFC membranes exhibited similar rejections. On the other hand, PSf-IP showed 

higher flux than that of PSf-IP-contrast indicating the optimized fabrication condition of PSf-

IP. Even similar TCP rejection was obtained using the commercial TFC membrane (ES20), 

the water flux was extremely lower than PK-IP. High water flux is also a very important 

point in FO process. So, it is not recommended to use commercial TFC membranes in FO 

and E-FO processes even if it is convenient. Therefore, the superior PK-IP membrane was 

selected as the desirable FO membrane in this work.  

Table II.2 further compares the performances of PK-IP in the RO and FO filtrations. 

Higher rejections of both TCP and BPA were achieved in the FO mode. This benefit is 
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attributed to the reverse NaCl flux (80.0 ± 10.0 mM m-2h-1) from DS to FS, which hindered 

the permeation of micropollutants from FS to DS through adsorption and pore diffusion. 

Similar results were reported in the previous study [9]. The relatively lower rejection of TCP 

than that of BPA can be explained by the smaller molecular weight of TCP (see Table II.1), 

according to the dominant size exclusion-based separation mechanism for neutral solutes 

[41]. Since the removal of TCP is more challenging, the following work focused on TCP 

removal.    

 

 

Fig. II.4 Water flux and TCP rejection (10 ppm) of PK-IP and other membranes in the FO 

mode (AL-FS). 0.051 mM (10 ppm) TCP was used as FS and 0.6 M NaCl was employed as 

DS. Water flux was the initial water flux, and the TCP rejection was measured at 50% water 

recovery. 
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Fig. II.5 The TCP rejections of membranes under similar water flux. 2.4 M NaCl was used 

as the draw solution for ES20 and PSf-IP. 0.3 M NaCl was used for PK-IP membrane. 0.6 M 

NaCl was used as the draw solution for CTA membrane.  

 

Table II.2 Comparison of PK-IP membrane performances in RO and FO modes 

1 Determined in AL-FS mode. Using 0.6 M NaCl as a draw solution. Measured at the 

beginning of the filtration. 
2 Measured in the RO mode with 34.2 mM (2000 ppm) NaCl at 20°C and 10 bar. 
3 Measured with 0.051 mM (10 ppm) TCP at 20°C at 50% water recovery. 
4 Measured with 0.044 mM (10 ppm) BPA at 20°C at 50% water recovery.     

 RO mode FO mode1 

Water permeability 2.40 ± 0.20 LMH bar-1 16.0 ± 1.0 LMH 

NaCl rejection2 94.1 ± 2.6%     —— 

NaCl reverse flux      —— 80.0 ± 10.0 mM m-2h-1 

TCP rejection3 77.8 ± 3.9% 85.1 ± 0.2% 

BPA rejection4 97.3 ± 1.6% 99.5 ± 0.1%  
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II.3.2 Stability and viability of enzyme in membrane filtration 

Enzymatic degradation of micropollutants usually takes several hours [42], and its 

reaction efficiency is essentially influenced by the chosen experimental conditions. To assure 

a high efficiency of E-FO system, a suitable water flux should match the enzyme degradation 

rate. If water flux through the membrane is too high, the time for enzyme catalysis may be 

too short and a certain amount of micropollutants may pass through a membrane before they 

are degraded by enzymes. On the contrary, if water flux is too low or negligible, the operation 

regime is roughly equivalent to BR without water outflow, and extra time and energy are 

needed to recover clean water from the BR treated effluent. In addition, a qualified E-FO 

process is expected to concentrate enzymes in FS with increasing water recovery. Since 

enzyme catalytic rate usually increases with substrate and enzyme concentrations to a certain 

extent, the enzyme catalytic reaction is expected to be accelerated by this concentration effect 

as compared to the conventional BR process. To test the viability and advantages of E-FO 

process, comparative studies were conducted to obtain the preliminary information including 

FO operation time, enzyme stability, and enzyme condensation in the E-FO process, using 

laccase as the model enzyme, and ABTS as the model substrate. 

Fig. II.6(A) shows that water recovery in the E-FO process increased linearly with process 

time. After around 10 h, E-FO recovered 50% water from FS. This water recovery rate is 

acceptable for practical FO operation. Meanwhile, increasing laccase activity in E-FO was 

confirmed from Fig. II.6(B), indicating that laccase in FS was successfully retained and 

concentrated by the dense skin layer of PK-IP membrane. In contrast, during the 10 h BR test 

without solution volume change, laccase activity barely changed.  

Another issue of concerned is the inevitable reverse passage of draw solutes (NaCl in this 

study) from DS to FS. Salt may inhibit microbial or enzyme catalysis and therefore, influence 

the sustainability of the E-FO process [43]. Laccase activity at different NaCl concentrations 

was measured in batches as illustrated in Fig. II.6(C). There was no salt inhibition effect 

observed for the NaCl concentrations below 35 mM. For the PK-IP based FO process with 

0.6 M NaCl as DS, the NaCl concentrations in FS were 2.8 mM and 17 mM at 50% and 90% 
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water recovery, respectively. It can be concluded that the NaCl reverse salt flux has no 

detrimental effect on the enzyme catalytic reaction incorporated in the E-FO process. 

 

 

Fig. II.6 (A) Relationship between water recovery and process time for FS containing 0.051 

mM (10 ppm) TCP and 0.8 µM (50 ppm) laccase (10T50E), and 0.6 M NaCl as DS for E-

FO modes. (B) Normalized laccase activity towards ABTS during 10T50E treatment in single 

enzyme catalysis in bioreactor (BR) and E-FO processes. (C) Normalized laccase activity of 

laccase solution (0.8 µM) with different NaCl concentration towards ABTS. 
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II.3.3 Enzyme (laccase) reaction with TCP 

II.3.3.1 Degradation of micropollutants in BR 

The BR process using laccase to degrade TCP was studied to understand the catalytic 

characteristics, using a model solution containing 0.051 mM (10 ppm) TCP and 0.8 µM (50 

ppm) enzyme, i.e. 10T50E. In HPLC spectra shown in Fig. II.7(A), the peak at a retention 

time of 9 min decreased continuously with the reaction, while the peak at 3 min sharply 

increased, indicating the metabolism of TCP. The peaks at around 9 min and 3 min are 

attributed to TCP and oxidation products, respectively [44]. The main oxidation product of 

TCP by laccase catalysis is dichloro-1,4-benzoquinone, and another possible product is 2,6-

dichloro-3-hydroxy-1,4-benzoquinone [44-46]. Both products are considered to be less 

harmful than original TCP. Fig. II.8(A) shows the time course of TCP degradation in BR 

process. The fitted curve is quite smooth, indicating the continuous degradation of TCP with 

increasing reaction time. The initial degradation rate can be reflected by the slope of the fitted 

curve at time zero. Then, the effect of initial substrate (TCP) concentration in solution on 

initial TCP degradation rate was evaluated at 0.8 µM laccase, as shown in Fig. II.8(B). This 

result was analyzed with the Michaelis-Menten equation, Eq. (II.2). Km and Vmax were 

determined to be 0.82 mM and 0.155 mM h-1, respectively, and then kcat was determined as 

194 h-1, given Vmax = kcat [E] and [E] = 0.8 µM in Fig. II.8(B). The theoretical curve (shown 

as solid line) calculated with Eq. (II.2) implies that the enzyme reaction can be explained 

well by the Michaelis-Menten kinetics. Fig. II.8(C) shows the degradation rate as a function 

of enzyme concentration. Similarly, the enzyme reaction can be described well by the 

theoretical curve generated by applying Eq. (II.2) with kcat = 194 h-1 and Km = 0.82 mM (listed 

in Table II.3).                   
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Fig. II.7 (A) The HPLC spectra of feed solutions during different catalytic time using 10 ppm 

TCP and 50 ppm laccase (10T50E) as a model in bioreactor (BR) mode. (B) The HPLC 

spectra of feed solutions of E-RO at the beginning (Feed-beginning) and at the end of the 

filtration (Feed-end), as well as the permeate at the end of the filtration (Permeate-end) at 50% 

water recovery. (C) The HPLC spectra of feed solutions of E-FO at the beginning (Feed-

beginning) and at the end of the filtration (Feed-end) at 50% water recovery. (D) The 

measured HPLC spectra of permeate solutions of E-FO (permeate-end-E-FO × 10) and FO 

(permeate-end-FO × 10) at the 50% water recovery. The procedure for sample treatment was 

as follows. 250 mL solution was taken out from the draw solution (total volume: 1250 mL) 

at the end of the filtration, and was concentrated via solid phase extraction (SPE) process. 5 

mL methanol was used to wash out the micropollutant, and used as the sample of the above 

spectra. Therefore, the obtained spectra were 10 times concentrated ones. The measured 

spectra were divided by 10 and showed as the solid lines.  
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Fig. II.8. (A) Degradation course of 0.051 mM (10 ppm) TCP via and 0.8 µM (50 ppm) 

laccase. The symbols are the measured data, and the solid line is the smoothed curve. (B) 

Effect of TCP concentration on the initial degradation rate of TCP. The laccase concentration 

was fixed at 0.8 µM. (C) Effect of laccase concentration on the initial degradation rate of 

TCP. The TCP concentration was fixed at 0.051 mM. Both the solid lines in (B) and (C) 

show the theoretical line calculated with the Michaelis-Menten equation putting kcat and Km 

as 194 h-1 and 0.82 mM, respectively. 
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Table II.3 Parameters for laccase reaction with TCP  

Km (mM) kcat (h-1) 

0.82 194 

 

II.3.3.2 Micropollutants degradation in E-FO 

The 10T50E solution and 0.6 M NaCl were used as FS and DS of the E-FO process, 

respectively, where an initial FO flux of 16 LMH was observed. Fig. II.9 summarizes the 

time course of normalized TCP amounts present in FS of E-FO, BR, and FO (with TCP but 

no enzyme addition). A baseline accounting for the TCP adsorption within the FS side of the 

FO device was obtained by circulating the FS containing only TCP through the pump, tubing, 

and half membrane cell equipped with a dense polypropylene film. The amount of TCP in 

the baseline run only slightly deceased as a function of operation time, and only 0.4 mg was 

adsorbed around 10 h process time. In the case of a typical FO test, the decrease of TCP 

amount in FS was slightly larger than the baseline run, which can be attributed to the 

incomplete TCP rejection by the PK-IP membrane and/or the TCP adsorption onto the 

membrane. FO line (red line) shows 80% TCP was retained in FS side at 10 h process time. 

Considering the adsorption amount on the device (0.4 mg), the TCP rejection was around 

85%, which was consistent with the value in Table II.2. As for the BR process with enzyme 

involvement, the TCP amount declined as expected by enzymatic degradation. Furthermore, 

a faster degradation rate was obtained in E-FO than in BR due to the enhanced enzyme 

activity by membrane concentration as discussed above. After about 10 h of E-FO filtration, 

50% water recovery was reached, and 95% of feed TCP in FS was degraded. 

The effects of initial laccase and TCP concentrations, as well as operation fluxes on TCP 

removal efficiency were further evaluated, as shown in Fig. II.10. Under all investigated 

conditions, faster TCP degradation rates were observed in E-FO than in BR. At a higher E-

FO flux of 23 LMH, 50% water recovery was achieved after 7 h operation, however, only 

80% of TCP was degraded, indicating the inadequate time for enzyme catalysis. This 
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emphasizes that the designed water flux should match with the catalysis rate in order to 

achieve high clearance of micropollutants in one-step E-FO process. 

 

 

Fig. II.9 Course of normalized TCP amounts in FS of E-FO, BR, and FO process. The FS of 

E-FO and BR was the mixture of 0.051 mM (10 ppm) TCP and 0.8 µM (50 ppm) enzyme 

(10T50E), while for FO, the FS was 0.051 mM (10 ppm) TCP (10T). Blue filled circles, 

black open squares, red crossing diamonds, and black open circles with center dots represent 

E-FO, BR, FO, and baseline, respectively. 
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test, the TCP permeation gradually increased from 5.48 to 10.0 µM with increasing process 

time from 4.3 to 10 and 16.7 h (corresponding to increasing water recovery from 20 to 50 

and 90%). This is because the concentrated TCP molecules in FS would lead to higher 

adsorption and partition in membrane pores and thus higher permeation through membrane. 

The membrane adsorption amount increased from 0.015 to 0.02 µmol cm-2 with increasing 

process time from 4.3 to 10 h, and then kept at around 0.021 µmol cm-2 at 16.7 h. Thanks to 

the efficient enzyme catalyzed TCP elimination, the TCP permeation in E-FO process 

decreased from 2.35 to 1.05 and 0.9 µM, while the amount of membrane adsorbed TCP 

reduced from 0.0045 to 0.0019 and 0.0013 µmol cm-2 at the end of filtration (90% water 

recovery). Compared to the FO test, the E-FO test shows 11.0 times lower TCP permeation 

and 16.6 times lower adsorption after 16.7 h operation. Fig. II.11(B) shows the effect of 

varying initial TCP concentrations in FS from 5.08 to 102 µM on the TCP permeation and 

membrane adsorption. In FO, the absolute TCP amount in permeate increased as expected, 

although the calculated membrane rejection increased from 84.9 to 92.2%, similar to the 

previous report [47]. The membrane adsorption also sharply increased to 0.02 µmol cm-2 at 

50.7 µM TCP. By contrast, the E-FO tests with 5.08 and 102 µM TCP showed 2.6 and 6.9 

times lower TCP permeation, along with 5.3 and 18.3 times lower TCP adsorption on 

membrane, respectively.  

Fig. II.11(C) shows that on increasing laccase concentration in FS from 0 to 0.8 µM, the 

TCP permeation and membrane adsorption sharply reduced as expected, due to higher 

degradation rate (see Fig. II.8(C)). Further increasing laccase concentration to 1.59 µM only 

slightly improved the TCP elimination because that the relative scarcity of substrate (TCP) 

would limit the enzymatic reaction in this case. Too high enzyme addition is not cost-

effective and brings undesired high fouling potential to membranes. On the other hand, to 

further confirm the measured amounts, the mass balance of TCP in feed, on the membrane 

and in the permeate was examined, using 10T as a feed solution, and the results shown in 

Table II.4 verified the reliability of the data.   

Besides, considering the potential secondary pollution by the products, the permeate of E-

RO and E-FO were analyzed using 10T50E as a model system. E-RO exhibited very low 
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product peak in permeate (Fig. II.7(B)), while E-FO showed undetectable product peak in 

permeate (Fig. II.7(D)), even though large amount of products existed in the feed solution 

(Fig. II.7(C)). This indicates that most oxidation products were rejected by the PK-IP 

membrane, especially in E-FO mode, avoiding the secondary pollution. The detailed analysis 

of HPLC spectra were displayed in the supporting information. The above results indicate 

that the proposed E-FO process is very efficient in retaining and eliminating micropollutants, 

which can effectively suppress contamination of product water and membrane fouling.  

 

 

Fig. II.11 TCP concentration in permeate (µM) and TCP amount on membranes (µmol cm-2) 

in FO and E-FO processes. (A) Effect of process time for 10T50E. (B) Effect of TCP 

concentration under 0.8 µM (50 ppm) laccase at 10 h process time. (C) Effect of laccase 

concentration under 51 µM (10 ppm) TCP at 10 h process time.  
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Table II.4 The mass balance of TCP amounts during FO process 1  

Mass distribution (mg)  FO2 

Input TCP amount  5 

Adsorption on tubes of FS side  0.4 

FS  4.02 

Membrane  0.072 

DS  0.385 

Catalysis by laccase  0 

Sum of the above amounts 

(Calculated total amount) 
 4.9 

1 Only the average values are listed in the table. 

2 10 ppm TCP was used as the feed solution and the system was operated for 10 h,     

   achieving 50% water recovery. 

 

II.3.4 Fouling trend 

Membrane fouling caused by various pollutants present in real water is one of the major 

challenges in membrane technology, leading to increasing operation cost and reduction in 

membrane productivity and lifespan [48]. Therefore, it is essential to evaluate the antifouling 

characteristic of the proposed E-FO process with PK-IP membrane. Fig. II.12 shows the 

water flux variations as a function of operation time during filtrations of three different 

solutions. The decrease of water flux due to the dilution of DS was corrected. Almost no flux 

decrease occurred in the E-FO filtrations for all three cases. However, when the same feed 

solutions were subjected to the E-RO filtrations, the flux decline became apparent, 

particularly at higher TCP and laccase concentration, indicting the typical fouling 

phenomenon [49]. The flux declined by 45% at the worst case (10T100E) for E-RO, while 
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E-FO showed no decline. This result was consistent with another study in which the water 

permeability reduced by at least 30% in a similar E-RO process for 20 ppm BPA and 75 ppm 

enzyme [41]. High hydraulic pressure applied in E-RO would promote the adsorption and 

accumulation of laccase, micropollutants, or other oxidation products on the membrane, 

giving rise to severer membrane fouling. For example, at 10 ppm TCP concentration, the 

10T100E feed solution (100 ppm enzyme) showed faster flux decline than that of 10T50E 

(50 ppm enzyme). This result indicates higher enzyme concentration leads to the high fouling 

tendency. In addition to fouling resistance, the different aspects of E-FO, FO, BR, and E-RO 

were also compared, as summarized in Table II.5. In our opinion, the E-FO exhibits the best 

comprehensive performance and is more resilient and sustainable for the long-term operation. 

 

 

Fig. II.12 Time course of water flux in E-FO (closed symbols) and E-RO (open symbols). 

The concentrations of TCP and enzyme in FS were recorded in the figure.  
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Table II.5 Comparison of E-FO, FO, BR, and E-RO 

 E-FO FO BR E-RO 

Quality of product water high low —— high 

TCP accumulation in FS and on membrane low high low low 

Operation pressure low low —— high 

Membrane fouling tendency low low —— high 

 

II.4 Conclusions 
The study has proved the applicability of the hybrid enzyme-aided FO (E-FO) process for 

enhanced micropollutants removal. PK-IP TFC membrane was firstly explored as the optimal 

FO membrane possessing high flux and high micropollutants rejection (taking TCP and BPA 

as examples). In the E-FO process, the enzyme in FS was concentrated with increasing 

operation time, leading to higher catalytic degradation ability than that of a single bioreactor 

(BR) operation. Owing to the enzymatic degradation in E-FO, the permeation of 

micropollutants and the membrane adsorption apparently reduced as compared to a typical 

FO process, leading to low risk of product water contamination and also low membrane 

fouling tendency. The E-FO process sustained nearly constant operation fluxes, whereas the 

control E-RO process showed obvious flux decline because of membrane fouling. This study 

shows that the proposed simple E-FO process can potentially be a powerful and sustainable 

platform for simultaneous rejection and elimination of micropollutants to produce high 

quality potable water. 
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Chapter III A novel strategy to immobilize enzymes on 

microporous membranes via dicarboxylic acid halides 
 

III.1 Introduction   
Enzymes are types of proteins that act as biological catalysts by recognizing target 

substrates. There are various different types of enzymes such as proteases, amylases, 

cellulases, and lipases that facilitate the decomposition or synthesis of organic matter in 

living organisms [1]. Compared to ordinary catalysts, the reaction rates and selectivity of 

enzymes with respect to their substrates are exceptionally high because of their low activation 

energy and specific conformations for substrate recognition [2, 3]. Hence, enzymes have 

attracted constant attention in many fields including pharmaceuticals, food, fine chemicals, 

and energy [4-6].  

   However, free enzymes as used in Chapter II, are limited by several drawbacks such as 

their low thermal stability, complicated reusability, easy self-cleavage, and self-aggregation 

[1, 7]. The immobilization of enzymes onto solid supports is a promising method to overcome 

these disadvantages [1, 8], vastly improving their performance—comparable to the free 

enzymes in solution [1]. Therefore, the proper selection of supports is essential to ensure the 

complete use of these enzymes. Nanoparticles [9, 10], microspheres [11, 12], hydrogels [13-

15], porous glass [16], and membranes [17, 18] are commonly used. Nanoparticles and 

microspheres have a high surface area effective for a large amount of immobilization; 

nevertheless, the reuse of them often relies on other separation processes like membrane 

filtration and centrifugation. Directly using microporous membranes as supports, often called 

as enzymatic membrane bioreactors (EMBRs), permits high surface area, easy reuse, low 

pressure drop, and relatively low diffusion resistance. 

    The important point on the enzyme immobilization is how to maintain their conformation 

and activity on the supports. Generally, enzyme immobilization onto membranes can be 
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achieved by three methods: (a) physical adsorption [19-23], (b) entrapment [24-26], and (c) 

covalent attachment. Although physical adsorption (via electrostatic, hydrophobic, or 

hydrophilic interaction) is a simple process, immobilized enzymes are easily eluted when 

they are utilized due to the relatively weak interactions. The entrapment technique retains the 

activity of the enzyme as no chemical reaction takes place between the membrane and the 

enzyme. However, it suffers in performance due to the diffusion barrier and enzyme leakage 

[27]. Covalent attachments simply form strong and stable linkages that prevent enzyme 

leakage, thereby giving rise to a robust biocatalyst. However, the formation of covalent bonds 

generally decreases enzyme activity and makes it difficult to efficiently immobilize a large 

amount of enzyme [28].  

The utilization of spacer-arms between the membrane surfaces and enzymes provides 

considerable mobility to the reactive sites and consequently the immobilized enzymes, 

resulting in the improvement of the immobilization efficiency and enzyme activity. The 

commonly reported spacers are hydrazine [29] and diamine [30-33]. Following the 

introduction of enzymes, one method primarily activates carboxyl groups on the enzymes 

and then the active esters are conjugated with amino groups on the spacers. However, once 

the enzymes are activated, the amino groups in the enzymes competitively react with 

themselves on the membrane surface. This self-crosslinking between enzymes negatively 

affects their activity, and especially in the case of membranes, causes membrane fouling due 

to the aggregate formation or multilayer accumulation on/in the membrane [34]. Another 

commonly used method is inserting glutaraldehyde (GA) to conjugate amino groups on 

membrane surface and enzymes via the Schiff base reaction [20, 34-38]. However, GA also 

crosslinks enzymes each other and leads self-crosslinking. If the enzyme activity can be 

directly added to the end of the spacers on the membrane surfaces, enzyme immobilization 

efficiency can be improved by avoiding the above self-crosslinking. Although complicated, 

multi-step reactions were required. Sousa et al. immobilized pig liver esterase onto the 

surface of hollow fiber membranes using spacer molecules such as 1,4-butanediol diglycidyl 

ether and aminocaproic acid, which were activated to improve the enzyme activity [31]. Since 
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III.2 Experimental 
III.2.1 Materials  

Regenerated cellulose membranes with 0.2 mm pores were obtained from Merck 

Millipore (Darmstadt, Germany). Sebacoyl chloride (SC) and 1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride (EDC) were supplied by Tokyo Chemical Industry (Tokyo, 

Japan). N-Hydroxysuccinimide (NHS), p-nitrophenyl palmitate (p-NPP) and trichloroacetic 

acid were provided by Wako Pure Chemical Industries (Osaka, Japan). Benzoyl-L-arginine 

ethyl ester (BAEE) was obtained from Peptide Institute (Osaka, Japan). Fluorescein 

isothiocyanate-labeled albumin from bovine serum (FITC-BSA, 67 kDa), trypsin from 

bovine pancreas (24 kDa), and lipase from Candida rugosa were purchased from Sigma-

Aldrich (St. Louis, MO, USA). Bicinchoninic acid (BCA) protein assay kit was purchased 

from Nacalai Tesque (Kyoto, Japan). Deionized water was produced in a Millipore Milli-Q 

water purification system. Other chemicals were purchased from Wako Pure Chemical 

Industries. All reagents were used as received without further purification. 

 

III.2.2 Trypsin immobilization 

A schematic representation of the enzyme immobilization process is shown in Fig. III.1. 

A regenerated cellulose membrane was immersed in n-hexane containing SC for 10 min and 

then washed in n-hexane to remove unreacted SC molecules (step 1). Following the 

evaporation of n-hexane, the membrane was submerged in deionized water for 30 min at 37℃ 

to completely hydrolyze the acyl chloride groups on the membrane (step 2). The carboxylic 

groups on the SC-reacted membrane were conjugated with enzymes via an active ester 

method using EDC and NHS. To activate the carboxylic groups, the membrane was 

immersed into a 50 mM solution of phosphate buffered saline (PBS, pH 6.0) containing EDC 

(0.1 M) and NHS (0.1 M) with gentle shaking for 60 min at 25 ℃ and further washed with 

PBS (pH 7.6) three times (step 3). Next, the activated membrane was submerged in PBS (pH 

7.6) containing trypsin or lipase and incubated in a shaker at 60 rpm for a given amount of 

time (step 4). Finally, the membrane was washed with PBS (pH 7.6) containing 3 M NaCl 

for 60 min followed by PBS (pH 7.6) for another 60 min to completely remove the physically 
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and loosely adsorbed enzyme molecules. The membrane was stored in PBS (pH 7.6) at 4 ℃ 

for further use. 

 

III.2.3 Membrane characterization  

To analyze the chemical property, attenuated total reflection Fourier transform infrared 

(ATR-FTIR) spectroscopy (Nicolet iS5, Thermo Fisher Scientific, Waltham, MA, USA) and 

X-ray photoelectron spectroscopy (XPS; JPS-9010 MC, JEOL, Tokyo, Japan) were 

performed. FTIR spectra recorded wavenumbers ranging between 1300–3500 cm-1. Thirty-

two scans were taken for each spectrum at a resolution of 2 cm-1. The XPS spectra were 

recorded with the Al Kα radiation source at a take-off angle of 45 ℃. The whole (0–1000 

eV) and narrow spectra of all elements containing high resolutions were recorded. The 

hydrophilicity of the membrane surface was characterized based on the static contact angle 

measurement using a contact angle goniometer (Drop Master 300, Kyowa Interface Science, 

Saitama, Japan). A drop of Milli-Q water (4 mL) was released onto the membrane surface 

and the contact angle was measured using the images of the water drop on the membrane. At 

least six measurements were taken from different positions. The surface morphology of the 

membranes was observed by a field emission scanning electron microscope (FE-SEM; JSF-

7500F, JEOL). The samples were freeze-dried (FD-1000, Tokyo Rikakikai, Tokyo, Japan) 

and then coated with a 5–10 nm osmium layer (Neco-STB, Meiwafosis, Tokyo, Japan). To 

verify the protein immobilization ability, FITC-BSA was immobilized onto the EDC/NHS 

activated membrane and the obtained membrane was observed by a confocal laser scanning 

microscope (CLSM; FV1000, Olympus, Tokyo, Japan). Pure water permeability was 

measured with a lab-made filtration cell (see Fig. III.2) in a gravity drive mode. The effective 

area of the used membrane was 3.14 cm2. 



 

 

 (μ  ) =   /
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index of enzymatic activity, a BAEE unit (U) was used, which is defined as the amount of 

trypsin required to produce a ∆Abs253 nm of 0.001 per minute with a pH 7.6 BAEE substrate 

at 25 ℃ in a reaction volume of 3.2 mL [42, 43]. We calculated the specific activity (SA) of 

the membrane at 37 ℃ as follows:                          

              𝑆𝑆𝑆𝑆 (U 𝑐𝑐𝑐𝑐−2) =
1000 (∆Abs253nm(sample)−∆Abs253nm(blank))

tS
                               (III.2) 

where t (min) referred to the operation time. 

    For the specific activity of free trypsin at 37 ℃: 

            𝑆𝑆𝑆𝑆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (U 𝑢𝑢𝑢𝑢−1) =
1000 (∆Abs253nm(sample)−∆Abs253nm(blank))

t𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
                                (III.3) 

where Afree (µg) was the amount of free trypsin.  

     Meanwhile, the activity retention (R) was calculated as follows: 

                                    R (%) = 100 𝑆𝑆𝑆𝑆/𝐷𝐷
𝑆𝑆𝑆𝑆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

                                                                    (III.4) 

    Each result was obtained from the average of five parallel tests. The kinetic parameters 

were determined according to the Michaelis–Menten equation: 

                                                𝑉𝑉 = 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 [𝑆𝑆]
𝐾𝐾𝑚𝑚+[𝑆𝑆]

                                                                      (III.5) 

where V (U) was the reaction rate, calculated from SA. Vmax (U) was the maximum reaction 

rate at saturating BAEE concentration. [S] was the BAEE concentration. Km was the 

Michaelis constant. Vmax and Km were determined using a Lineweaver– Burk plot. 

    The turnover number (Kcat) was calculated via the equation: 

                                                  𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 
[𝐸𝐸]

                                                                  (III.6) 

where [E] is the enzyme concentration.  

    The method for activity determination of lipase was described as follows. 0.125g p-NPP 

was dissolved in 25 mL of EtOH and then mixed with an equal amount of 50 mM PBS (pH 

7). The mixture was used as substrate solution. 125 µL of lipase solution or a lipase-

immobilized membrane with 20 mm diameter was mixed with 2.5 mL of the substrate 

solution, and stirred at 37℃. After 10 min reaction, 2 mL of 0.5 M Na2CO3 was added to 

terminate the enzymatic reaction. The supernatant was diluted four times with deionized 

water and the absorbance was measured at 410 nm. Deionized water was used as the blank. 
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A p-NPP unit (U) was defined as the amount of lipase required to produce a ΔAbs410nm of 

0.001 per minute with a pH 7 p-NPP substrate at 37 ºC in a reaction volume of 2.625 mL. 

The specific activity (SAlipase) was calculated as follows: 

For immobilized lipase:  

           𝑆𝑆𝑆𝑆𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (U 𝑐𝑐𝑐𝑐−2) =
1000 (∆Abs410nm(sample)−∆Abs410nm(blank))

10 𝑆𝑆𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
                              (III.7) 

For free lipase:  

     𝑆𝑆𝑆𝑆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓−𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (U/µg) =
1000 (∆Abs410nm(sample)−∆Abs410nm(blank))

t 𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓−𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
                                (III.8) 

S lipase (cm2) was the membrane area. A free-lipase (μg) was the amount of free lipase.  

    Meanwhile, the activity retention (Rliapse) was obtained:  

            Rlipase (%) = 100· (SAlipase/Dlipase)/SAfree-lipase                                                       (III.9) 

where Dlipase (µg/cm2) was the density of lipase on the membrane. 

 

III.2.6 Stability of the immobilized trypsin  

    The thermal resistance of immobilized trypsin and free trypsin was evaluated by 

measuring the relative activity at different catalytic temperatures. The specific activity at 

37 ℃ was selected as the benchmark and the corresponding value was 100%. The relative 

activity was defined as:  

                                            𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (%) = 100𝑆𝑆𝑆𝑆𝑇𝑇 
𝑆𝑆𝑆𝑆37℃

                                     (III.10) 

where SAT was the value of SA performed at given temperature (T); SA37℃ was the value 

of SA performed at 37 ℃.  

    The continuous operation capability was studied by measuring the relative activity after 

incubation in a water bath at 37 ℃ for various periods of time. The initial specific activity at 

37 ℃ was selected as the benchmark. The durability of the immobilized trypsin after repeated 

use was determined as follows: after one operation cycle for 20 min, the membrane was 

washed twice in 50 mM PBS (pH 7.6) and then soaked in a fresh reaction mixture to assay 

the enzymatic activity for ten cycles. The specific activity in cycle 1 was selected as the 

benchmark.  
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III.2.7 Potential application in enzymatic membrane bioreactors (EMBRs) 

   To use membranes in EMBRs, the effect of BAEE concentration in the soaking mode and 

the flow rate in the filtration mode on the activity of the trypsin-immobilized membrane were 

investigated to obtain a better performance in bioreactors. The apparatus and process for the 

filtration mode are shown in Fig. III.2. In order to demonstrate the potential application of 

the trypsin-immobilized membrane in a more practical situation, the catalytic performance 

against protein was investigated. BSA was chosen as a substrate model. Briefly, a 25 mm 

diameter membrane was immersed in 6 mL of BSA solution (5000 ppm) in 50 mM PBS (pH 

7.6). After incubation at 37 ℃ for different time periods with stirring, the reaction was 

terminated by the addition of 1 mL trichloroacetic acid (50 wt%). The trichloroacetic acid 

denatured and precipitated BSA, leaving the peptide products in the solution. The solution 

was subsequently centrifuged at 8000 rpm for 3 min and the concentration of the peptides 

produced in the supernatant by the enzymatic reaction was quantified by measuring the 

absorbance at 280 nm.  

 

III.3 Results and discussion 
III.3.1 Membrane characterization  

Firstly, the chemical properties of the modified membranes were analyzed by a 

combination of ATR-FTIR and XPS. Fig. III.3(A) shows the FTIR spectra of the membrane 

surfaces. A new peak appeared at 1740 cm-1 for the SC-immobilized membrane, which 

verified the presence of carboxyl groups. The peak at 1539 cm-1 existing in the spectrum of 

the trypsin-immobilized membrane was the characteristic peak of amino groups from trypsin. 

Table III.1 shows the chemical composition of the membrane surface measured by XPS. The 

C/O ratio increased along with the reaction process (pristine membrane: 1.32; SC-reacted 

membrane: 1.67; trypsin immobilized membrane: 2.25).   

Theoretically, molecules of hydrolyzed SC and trypsin have higher C/O ratios than 

pristine cellulose membrane and thus, the increase in C/O ratio can be explained by the 

introduction of carboxyl acid groups on the SC-reacted membrane surface and trypsin on the 

trypsin-immobilized membrane surface. Additionally, the appearance of nitrogen on the 
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Table III.1 The chemical composition measured by XPS and the contact angle of pristine 

membrane, SC-reacted membrane and trypsin immobilized membranes.  

Sample 
Elemental ratio (rel. atom%) 

C/O ratio 
Contact 

angle (°) C 1s O 1s N 1s 

Pristine 56.86 43.14 0 1.32 20.4 ± 2 

SC-reacted 62.51 37.49 0 1.67 30.7 ± 3 

Trypsin-immobilized 64.50 28.60 6.89 2.25 75.2 ± 3 

 

III.3.2 Trypsin immobilization 

   The pivotal parameters include reaction temperature, concentrations of SC and trypsin, and 

reaction time. In this section, the effects of these four factors on membrane performance were 

investigated. In order to calculate the activity retention (R) of immobilized trypsin, the 

specific activity of free trypsin (SAfree) was measured and the value was determined to be 

2.256 U mg-1. Table III.2 shows the effect of reaction temperature on trypsin immobilization. 

The surface density (D) and specific activity (SA) of the immobilized trypsin at 25 ℃ were 

six and two times higher than those at 4 ℃ respectively, due to the high reactivity between 

active ester and trypsin at high temperature. The value of D at 25 ℃ in this study was 

estimated to be 60 µg cm-2 , which was in good agreement with those reported values, ranging 

from several µg cm-2 to several tens µg cm-2 [41, 44-47]. Most of the previously reported 

values for SA were low such as 0.1 or 1 U cm-2. However, in this study, SA reached to around 

27 U cm-2 due to the high immobilization efficiency and uniform distribution of immobilized 

trypsin on the membrane surface. The R value of membranes modified at 4 ℃ was higher 

than that at 25 ℃ due to the better mobility of trypsin on the membranes owing to its low 

density. This corresponded to the rule reported by Koki et al [48]. The R value modified at 

25 ℃ was around 20%, which was comparable to the previous reports [49, 50]. From the 

comprehensive analysis of D, SA and R at 25 ℃ supplemented with the nearly unchanged 
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water permeability result, we can conclude that the immobilization efficiency in this study 

was higher than other previously reported studies. The enzyme immobilization was usually 

performed at 4 ℃ to maintain the enzyme activity during the immobilization process [45, 

48]. However, it needs a long reaction time such as 24 h [46]. Actually, the trypsin activity 

did not undergo a major change at 25 ℃ for several hours, which was verified in the 

following section. Although more high temperature may improve the immobilization 

efficiency, it affects the catalytic activity, as described the “Stability of the immobilized 

trypsin” section. Therefore, 25 ℃ was chosen for all further experiments.  

 

Table III.2 Effect of reaction temperature on membrane performance factors including the 

surface density of immobilized trypsin (D), specific activity (SA), and activity retention (R) 

Reaction temperature (℃) D (µg cm-2) SA (U cm-1) R (%) 

4 8 ± 2 9 ± 3 45 ± 2 

25 60 ± 6 27 ± 2 20 ± 4 

 

     Fig. III.4(A) shows the effects of trypsin concentration on its immobilization. Increasing 

the trypsin concentration highly facilitated the reaction between trypsin and the membrane 

surface, thereby increasing D, which reached a maximum threshold of 75 µg cm-1 at 10000 

ppm of the trypsin concentration. However, SA almost achieved its maximum value at 7000 

ppm and then nearly approached a plateau. Meanwhile, R decreased continuously from 30% 

at 100 ppm to 16% at 10000 ppm. This proved that “saturation region” existed for catalysis, 

implying that extremely high amounts of trypsin did not correlate to higher trypsin activity 

on the whole membrane. While the number of trypsin active sites on the membrane surface 

increased with its immobilized amount, the increasing trypsin density contrastingly hindered 

its activity. The balance of these two opposite phenomena resulted in a steady value for SA. 

The membrane with a trypsin concentration of 1000 ppm showed the best integrated 

performance and thus, this concentration was chosen for all following experiments.  
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     Fig. III.4(B) and (C) show the effects of the reaction time and SC concentration on trypsin 

immobilization, respectively. Increasing the reaction time increased D and SA while 

decreasing R. The SA value reached its stable value at 180 min. Furthermore, increasing the 

SC concentration improved D (Fig. III.4(C)). The high SC concentration probably facilitated 

the introduction of carboxyl acid groups on the membrane surfaces. An extremely high acyl 

chloride concentration (2.0 wt%) was not so effective in improving trypsin immobilization 

because the carboxyl acid groups on the membrane reached saturation. Fig. III.5 summarizes 

the relationship between the surface density (D) and specific activity (SA). The “critical point” 

represents the optimum performance values for membranes. The corresponding values for D, 

SA, and R were around 36 µg cm-2, 22 U cm-2, and 26% respectively. From the results in Fig. 

4, the “critical point” was obtained under optimum immobilization condition, which was 

decided as follows: 25 ℃ reaction temperature, 1000 ppm trypsin concentration, 180 min 

reaction time, and 1.0 wt% SC concentration. “Saturation region” represented membranes 

possessing the immobilized enzyme with the largest surface density and highest specific 

activity.  

    The kinetic parameters of trypsin were determined using Lineweaver–Burk plots (Fig. III.6) 

to evaluate the catalytic performance. The maximum reaction rate (Vmax) and the turn over 

number (Kcat) of the immobilized trypsin were lower than that of the free trypsin because of 

the lower diffusion rate in the membrane pores, resulting in the decrease of the reaction rate 

of the immobilized trypsin in the pores. The Michaelis constant (Km) were higher for the 

immobilized trypsin due to the introduction of stable covalent bonding and restriction of 

conformation change.  
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Fig. III.5 The relationship between the surface density (D) and specific activity (SA) of the 

immobilized trypsin on the membranes. 

     

 

Fig. III.6 Lineweaver-Burk plots of the trypsin-immobilized membrane and free trypsin in 

the soaking mode for the kinetic parameter determination. 

 

   To demonstrate the applicability for various types of enzymes, lipase was also immobilized 

via the same method. Lipase-immobilized membranes were fabricated with the following 

condition: 25 ºC reaction temperature, 1,000 ppm lipase concentration, 180 min reaction time, 
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and 1.0 wt % SC concentration. The values of D and SA were 18 µg/cm2 and 25 U/cm2 (1.39 

U/µg). The value of SAfree was 1.17 U/µg. Using these values, R was calculated as 119 %. 

These data suggested this method could also improve the catalytic activity of lipase.     

    Table III.3 lists various immobilized enzymes, particularly trypsin, that used polymeric 

membranes as supports and compared the related performance. The values of SA and R for 

immobilized trypsin in this work were higher than the trypsin in the other reports, while D 

was comparable. The immobilization method in this work could efficiently retain the 

enzymatic activity due to the prevention of self-crosslinking of enzymes, insertion of flexible 

spacers between enzymes and membrane, and uniform distribution of enzymes.  

 

Table III.3 Comparison of the surface density (D), specific activity (SA), and activity 

retention (R) of various immobilized enzymes 

Enzyme/membrane a D (µg cm-2) SAb (U cm-1) R (%) Ref. 

Trypsin/cellulose 36 13.2 26 This study 

Trypsin/cellulose 81 0.2 11 [50] 

Trypsin/m-PE No data 0.1 No data [42] 

Trypsin/PE 14 No data 25 [49] 

Trypsin/PVDF 3 No data No data [28] 

Lipase/cellulose 18 25 119 This study 

Gox/cellulose 40 No data 19 [51] 

Pig liver 
esterase/nylon 2 No data 22 [31] 

Urease/ 

p(HEMA–GMA) 
16 No data 27 [52] 

a m-PE: modified polyethylene, PE: polyethylene, PVDF: polyvinylidene fluoride, 

p(HEMA–GMA): poly((2- hydroxyethyl methacrylate)-co-(glycidyl methacrylate)). 

b  All the values of SA here were measured at 25 ℃. 
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III.3.3 Stability of the immobilized trypsin 

    The thermal resistance of the immobilized enzymes is one of the most important criteria 

in actual application [53]. Fig. III.7(A) shows the effect of the catalytic temperature on the 

relative activity. Generally, the effect of the thermal resistance of immobilized enzymes, 

especially for the covalently bound system, is higher than that of free enzymes [2]. The 

optimum temperature of free trypsin was observed to be about 37 ℃, whereas the 

immobilized trypsin was observed to be approximately 45 ℃. The increase in the optimum 

temperature indicates that the thermal resistance of trypsin was improved by the 

immobilization onto the membrane surfaces. The covalent bond formation between trypsin 

and the membrane surfaces suppressed the conformational change of trypsin, which resulted 

in a higher activation energy needed for the enzyme to reorganize itself into the proper 

conformation in order to bind to the substrate molecules [12].  

    The capability of the trypsin-immobilized membrane to continuously operate at 37 ℃ was 

investigated and the result is shown in Fig. III.7(B). At 37 ℃, the activity of free trypsin 

reduced to 20% of the initial value only during the 20 h incubation. However, the activity of 

trypsin-immobilized membrane kept the initial value even after the 24 days incubation, 

suggesting excellent durability over a long-term operation. The durability of the enzyme-

immobilized membranes was reported to be not so effective in many previous studies. For 

example, a lipase immobilized membrane lost 20% of its original activity after storing at 4 ℃ 

for 15 days [36]. However, our immobilized enzyme showed better durability. Fig. III.7(C) 

shows the reusability. Its activity hardly decreased even after ten cycles. This result indicated 

no leakage and denaturation of the immobilized trypsin during repeated catalysis and 

washing. 
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    The application of the trypsin-immobilized membrane in EMBRs was investigated to 

demonstrate the potential for its practical application. We performed a continuous catalytic 

reaction under the filtration mode. Fig. III.9(A) shows the influence of the flow rate on the 

specific activity. The value of SA and R were surprisingly improved from 22 to 118 U cm-2 

and from 26% to 145%, when the flow rate was increased from 0 to 1.52 mL min-1. In the 

soaking mode (see Fig. III.10), SA increased with increasing the substrate concentration for 

the trypsin immobilized membrane, suggesting that the catalytic reaction at low substrate 

concentration was restricted by the diffusion of substrates [54], and especially the trypsin in 

the pores didn't react effectively. In the filtration mode, the convective flow in the membrane 

pores offered an enhanced mass transfer of substrates, which led to higher accessibility 

between substrates and immobilized trypsin on/in the membrane, and thus brought about 

much higher SA and R than the reported values. This high R value, 145%, means that 

immobilized trypsin has higher catalytic activity than the non-immobilized, native trypsin 

due to probably the stabilization of the molecular conformation by the immobilization onto 

the surface. The flow mode operation of the modified membranes was effective to enhance 

the catalytic activity as EMBRs.  

   Finally, we applied the modified membranes to catalyze BSA as a protein substrate model 

(Fig. III.9(B)). The amount of the peptide products was observed to continuously increase 

with the catalytic time. Furthermore, no obvious decrease in the reaction rate was observed 

during the second digestion run, suggesting good reusability of the modified membranes. 

This digestion ability was comparable to the pepsin membranes reported by Michiel, which 

required 30 h to obtain large amounts of products when BSA was used as a substrate [55]. In 

conclusion, the trypsin-immobilized membrane exhibits a great potential application in 

EMBRs. 

     The method presented in this study successfully immobilized a large amount of enzyme 

while effectively maintaining their catalytic activity by preserving their three-dimensional 

conformation. Besides enzyme immobilization, this method could also be applied to 

immobilize various biomolecules such as peptides, proteins, antibodies, and DNA onto 

various supports containing hydroxyl or amino groups. These composite materials have a 



 

 



Chapter III 
 

84 
 

III.4 Conclusions 
Here, we presented a novel and facile strategy that used dicarboxylic acid halides as a 

functional spacer to immobilize enzymes onto porous membranes. The high reactive affinity 

between the acyl chlorides of the dicarboxylic acid halides and the hydroxyl groups on the 

membrane surface rapidly produced efficient introduction spacers on the membrane surfaces. 

During enzyme immobilization, the carboxyl groups on the ends of the spacers avoided the 

undesirable self-crosslinking of enzymes to ensure good catalytic activity and permeability. 

The optimum surface density of trypsin was reported to be 36 µg cm-2, which showed a high 

specific activity of 22 U cm-2 and a high activity retention of 26%. In addition, the thermal 

stability, continuous operation capability, and reusability of the modified membranes were 

considered to be favorable for practical application. To demonstrate as EMBRs, the catalytic 

reaction in a filtration mode was attempted, and the resulted value of the activity retention 

was greatly improved to 145%, showing the catalytic activity of the immobilized trypsin was 

higher than that of non-immobilized, native trypsin. Furthermore, the efficient decomposition 

ability against BSA verified its excellent application potential in EMBRs. In addition, this 

method was effective for not only trypsin but also lipase, thus, it would be applicable to the 

immobilization of various kinds of enzymes. 
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Chapter IV Polyketone-based membrane support 

improves the organic solvent resistance of laccase 

catalysis 
IV.1 Introduction  
    Enzymes contribute to all in vivo biological transformations such as decomposition, 

synthesis, and modification of specific molecules, which makes them indispensable 

biocatalysts in all living organisms [1]. Due to their exquisite and intriguing nature, 

significant investigations have been carried out on the application of enzymes in food, 

pharmaceutical, biomedical, biofuel, and environmental production industries [2]. Enzymes 

have evolved to work in cellular aqueous media because native protein structure can be 

maintained by an intricate balance of noncovalent interactions in water. The addition of 

organic solvents may disrupt these forces, which may lead to the conformational changes and 

as a result, enzymes have become intolerant of harsh, organic solvents [3]. Also, the great 

potential of enzyme catalysts for various organic reactions is limited in aqueous media as a 

consequence of the poor water solubility of most organic compounds, undesirable hydrolytic 

side reactions, unfavorable thermodynamic equilibria, and difficulties in product recovery 

[4]. Significant effort has been extended from both academia and industry to address these 

limitations and to explore the possibilities of enzyme-catalyzed reactions in organic solvents 

[5]. Fortunately, although activity is suppressed, some enzymes such as thermolysin [6], 

engineered proteases [7], lipase [8], and laccase [9] still can work in organic solvents for 

successful peptides synthesis, for asymmetric (trans)esterifications, and for the coupling of 

phenols. Furthermore, using protein engineering via physical treatment [10], chemical 

modification [11], and, more recently, evolutionary molecular engineering [12], the 

resistance of enzymes against organic solvents has been improved. Unfortunately, these 

methods must confront the formidable drawbacks of complex modification and expense. 

     Another complementary and facile way to cope with the insufficient organic solvent 

resistance of free enzymes as well as the general hindrances of non-reusability and instability 
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is immobilizing them onto solid supports, which is referred to as the enzyme immobilization 

process [3, 13]. For this approach, various support systems such as particles, hydrogels, and 

membranes are available. Among them, polymeric microporous membranes are the most 

promising candidates since they present easier reusability than particles, lower diffusion 

barriers than hydrogels, and more readily tunable characteristics than ceramic membranes 

[14]. Composites obtained by coupling the intrinsic separation ability of membranes with the 

catalytic activity of enzymes can serve as enzymatic membrane reactors (EMRs) [15]. Until 

now, most EMR applications involving organic solvents have been biphasic membrane 

bioreactors, for example, lipase immobilized clay composite membranes for the hydrolysis 

of olive oil [16]. Such heterogeneous biocatalysis often suffers from the inherently low 

catalytic rates attributed to the high diffusional barriers of substrates and the transfer of 

products between two phases. Since pure organic solvents usually have high toxicity toward 

most enzymes such as laccase, protease and lipase [17], a homogeneous aqueous-organic 

solvent system can present new possibilities to broaden the potential applications of enzymes 

by providing both a high mass transfer rate and adequate retention of enzyme activity, thus 

resulting in high overall reaction rates [18]. Thus far, however, only a few studies have been 

reported [19]. Iborra et al. immobilized chymotrypsin onto gelatin-α-alumina dynamic 

membranes, and successfully used these EMRs for peptide synthesis in water-dimethyl 

sulfoxide (DMSO) solvents [20]. One important hindrance is the lack of robust supporting 

membranes in organic media. 

     Ideal supporting membranes for organic solvent-involved EMRs should have the 

advantages of broad organic solvent resistance and easy enzyme immobilization. Cellulose-

based membranes are the most popular natural supports that are used to immobilize enzymes 

due to the high density of hydroxyl groups, which can serve as useful tethers for the enzyme 

molecules [21]. The cellulose acetate (CA) membrane is the first reported polymeric 

membrane able to function in non-aqueous solvents [22]. The regenerated cellulose (RC) 

membrane is another promising candidate due to its similar outstanding organic solvent-

resistance. However, biodegradability via cellulase and poor acid-alkali stability of cellulose 

materials limit their applicability [23]. The other reported membrane materials utilized for 
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biocatalysis (whole-cell MBR or free enzyme) in organic media include polyimide [24], 

polypropylene [25], and polyamide [26], all of which have shown potential for use in EMRs. 

Moreover, in consideration of the organic solvent-resistance, reports of organic solvent 

nanofiltration (OSN) membranes [27] made from polyacrylonitrile, polybenzimidazole, and 

poly(ether-ether-ketone) have proven to be viable possible candidates for EMRs applications. 

However, applications of all the above candidates are considerably hampered either by the 

difficulty of introducing reactive groups for enzyme immobilization or by inadequate 

membrane stability when exposed to harsh organic solvents. Here, a type of microporous 

membrane, referred to as hydroxylated polyketone (PK-OH), was developed as a novel 

platform for enzyme immobilization. PK-OH membranes are based on a novel aliphatic 

polyketone polymer with strong organic solvent-resistance and can be easily fabricated using 

a simple phase separation process [28] followed by post-modification of the surface ketone 

groups to hydroxyl groups.  

     In this work, the enzyme was immobilized on PK-OH, as well as on contrastive RC, via 

carboxylation of the membrane surface and an active ester reaction [29] which was described 

in Chapter III. Laccase was selected as a model enzyme due to its great potential for use in 

industry, such as in the decomposition of micropollutants [30]. The mechanism of the high 

immobilization density of novel PK-OH was investigated in detail. The activities of laccase 

after immobilization in various media, either in batch or filtration mode were significantly 

improved. The excellent reusability, stability and durability of this enzyme further 

demonstrated the potential of PK-OH in EMRs application. This work may open totally new 

research areas for the usage of polymeric EMRs in homogeneous aqueous-organic solvents 

including bioremediation and organic synthesis.  

   

IV.2 Experimental  
IV.2.1 Materials  

    Polyketone (PK) polymer (Molecular weight: 200,000 g/mol) was kindly provided 

by Asahi Kasei in Japan. Regenerated cellulose (RC) membranes with 0.2 µm pores 

were obtained from Merck Millipore (Darmstadt, Germany). Laccase from Trametes 
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versicolor (powder, light brown, ≥ 0.5 U/mg), 2,2'-azino-bis(3-ethylbenzothiazoline-

6-sulfonic acid) (ABTS), 2,4,6-trichlorophenol (TCP), bisphenol A (BPA), and 

fluorescein isothiocyanate labeled bovine serum albumin (FITC-BSA), Bradford 

reagent for protein assay kit were obtained from Sigma-Aldrich (St. Louis, MO, USA). 

Polytetrafluoroethylene syringe filter with a pore size of 0.45 µm was purchased from 

Membrane Solutions (Texas, USA). Dialysis tubing was obtained from Thermo Fisher 

Scientific (Waltham, USA). Fluorescein 5-isothiocyanate, sebacoyl chloride (SC) and 

1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) were supplied 

by Tokyo Chemical Industry (Tokyo, Japan). Ultrapure water was produced using a 

Milli-Q water purification system (Millipore, Bedford, MA, USA). Resorcinol, 

sodium tetrahydroborate (NaBH4), N-hydroxysuccinimide (NHS), sodium 

dihydrogenphosphate (NaH2PO4), disodium hydrogenphosphate (Na2HPO4), bovine 

serum albumin (BSA), sodium dodecyl sulfate (SDS) and all other organic solvents 

including hexane, methanol (MeOH), ethanol (EtOH), n-propanol (PA), dimethyl 

sulfoxide (DMSO), acetone, and dimethylformamide (DMF) were purchased from 

Wako Pure Chemical Industries (Osaka, Japan). All reagents were used as received 

without further purification and the purity specifications are listed in Table IV.1. 

 

Table IV.1 The purity of reagents used in this work. 

Reagents Purity 

MeOH, PA ≥ 99.7 % 

EtOH, Acetone, DMF ≥ 99.5 % 

DMSO, resorcinol, NaH2PO4, Na2HPO4 ≥ 99.0 % 

ABTS, TCP, EDC, NHS ≥ 98.0 % 

BPA ≥ 97.0 % 

Hexane ≥ 96.0 % 

SC, Fluorescein 5-Isothiocyanate, SDS, NaBH4 ≥ 95.0 % 
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IV.2.2 Preparation of PK-OH membranes and laccase immobilization 

    The fabrication process of laccase-immobilized PK-OH membranes is described in 

Scheme IV.1. First, porous PK membranes were prepared via a non-solvent induced 

phase separation (NIPS) method described in our previous report [28]. Briefly, PK 

powder was dissolved in a resorcinol/water solution (65/35 wt.%) to form a 10 wt.% 

PK dope solution. After degassing, the polymer solution was cast on a clean glass 

plate. Subsequently, the glass plate was immersed in a MeOH/water (35/65 wt.%) 

coagulation bath for 20 min. Subsequently, the formed PK membranes were washed 

in acetone and hexane for 20 min each. To obtain PK-OH membranes, a pristine PK 

membrane was immersed in a 0.5 wt.% NaBH4 aqueous solution for 5 min to reduce 

the ketone groups on the membrane surface to hydroxyl groups as outlined in our 

previous study [31]. Furthermore, the membrane was washed thoroughly using water, 

acetone, and hexane, and was finally air dried for storage. 

     Laccase was covalently immobilized using a strategy described in our previous 

work [29]. Briefly, the pristine PK-OH membrane (24.53 cm2) was immersed in a 1 

wt.% SC hexane solution to introduce carboxyl groups (referred to as PK-COOH). 

Subsequently, after the activation of the carboxyl groups with EDC and NHS (referred 

to as PK-NHS), the membrane was immersed in 5 mL of 50 mmol/L phosphate 

buffered saline (PBS) solution (pH 7.6) containing 5 g/L laccase. Finally, the 

membrane was washed with a 2 mL of 3 wt.% NaCl aqueous solution for 1 h and 2 

mL of 0.3 wt.% SDS aqueous solution for another 1 h to remove the physically 

adsorbed laccase. The obtained membranes (referred to as PK-OH-laccase) were 

stored in a PBS solution (pH 7.6) at 4 oC until further use. The PK immobilizing 

laccase using the same procedure will be referred to here as PK-laccase. For 

comparison, physically laccase-adsorbed membranes: PK-P-laccase and PK-OH-P-

laccase, were prepared only by immersing the PK and PK-OH membranes into a 5 g/L 

laccase solution and then using a PBS solution for washing and storing.   
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Scheme IV.1 Schematic process for the reduction of PK to PK-OH and the covalent 

immobilization of laccase on PK-OH. 

 

IV.2.3 Membrane characterizations 

   The chemical properties of the membrane were analyzed via attenuated total reflection 

Fourier-transform infrared (ATR-FTIR) spectroscopy (Nicolet iS5, Thermo Fisher Scientific, 

Waltham, MA, USA) and X-ray photoelectron spectroscopy (XPS; JPS-9010 MC, JEOL, 

Tokyo, Japan). The surface morphology was observed using field emission scanning electron 

microscopy (FE-SEM; JSF-7500F, JEOL). Before analysis, each sample was freeze-dried 

(FD-1000, Tokyo Rikakikai, Tokyo, Japan) and osmium coated (Neco-STB, Meiwafosis, 

Tokyo, Japan). The hydrophilicity of the membrane was characterized using the static contact 

angle, which was accomplished via the use of a contact angle goniometer (Drop Master 300, 

Kyowa Interface Science, Saitama, Japan). The detailed conditions for the above 

measurements were the same as those previously reported [29]. In addition, fluorescein 

labeled laccase (FTIC-laccase) was immobilized on the membrane using the same method 

employed for laccase, in order to visualize the interaction between laccase and the 

membranes. FTIC-laccase was prepared using a procedure similar to one found in the 

literature [32]. Specifically, 0.2 M NaH2PO4 and 0.2 M Na2HPO4 solutions were first 

prepared and mixed to produce 100 mL of buffer at pH 8.6. Next, 0.01 g fluorescein 5-

isothiocyanate and 0.1 g laccase were added. After stirring for 3 h at 25 ℃, the product was 

dialyzed in a buffer, pH 7.4, for 72 h via a dialysis bag with a molecular weight cut-off that 

ranged from 6000-8000. The final product was obtained after filtering with a 0.45 µm filter, 
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and it was then stored in a refrigerator for further use. FITC-BSA, as a protein model, was 

used simultaneously, to study the universality of the interaction between protein and the 

membrane. Subsequently, the immobilized FTIC-laccase and FITC-BSA were analyzed 

using confocal laser scanning microscopy (CLSM; FV1000, Olympus, Tokyo, Japan). The 

pure water permeability was measured using a lab-made filtration cell in gravity drive mode 

[29] to detect any pore blocking caused by the immobilization of laccase. To be specific, 

gravity-driven filtration (10 cm water column) was used, and the membrane area was 4.9 cm2. 

Milli-Q water at pH 8 was used for determination. The mean pore size of the membrane was 

measured using a liquid-liquid porometer (LLP-1100A, Porous Materials, Ithaca, NY, USA). 

 

IV.2.4 Enzyme amount quantification 

   Laccase concentration was measured using the Bradford assay with BSA as a standard 

protein (Fig. IV.1). We added 0.5 mL of a protein solution to 1.0 mL of Bradford working 

reagent, and incubated the combination for 5 min. The absorbance was recorded at a 

wavelength of 595 nm using a UV-Vis spectrophotometer (V-630, Jasco, Tokyo, Japan). 

PBS solution was used as the blank sample for the laccase solution before and after 

immobilization. A 3 wt.% NaCl aqueous solution was the blank for the washing solution. 

The immobilized amount of laccase (Alaccase) was determined as shown in equation (IV.1).  

                                       𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  =  (𝐶𝐶𝑏𝑏 −  𝐶𝐶𝑎𝑎) 𝑉𝑉𝑏𝑏 −  𝐶𝐶𝑤𝑤𝑉𝑉𝑤𝑤                                           (IV.1) 

The immobilized density is shown in equation (IV.2). 

                                     𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 (µ𝑔𝑔 𝑐𝑐𝑐𝑐2⁄ ) =  𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙/𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚                                 (IV.2) 

In equation (1), Cb, Ca, and Cw (ppm) are the concentrations of the laccase solution before 

immobilization, after immobilization and after washing, respectively. Vb and Vw (mL) 

are the volumes for laccase immobilization and washing, respectively. In equation 

(IV.2), Amembrane (cm2) is the area of the supporting membrane.  
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Fig. IV.1 Standard curve of BSA for Bradford assay determination. All the experiments  

were repeated three times to prevent the experiment errors. 

 

IV.2.5 Batch activity determination 

   The activities of laccase in aqueous or aqueous-organic solvents were determined by 

monitoring the oxidation rate of ABTS to ABTS+. 150 µL free enzyme (250 ppm) or a laccase 

immobilized membrane with a diameter of 9 mm was added into the 3 mL solution (0.5 mM 

ABTS at pH 5.5 in given types of media) and allowed it to react for 5 min at 20 oC. The 

increase in absorbance at 420 nm (ΔAbs420nm; extinction coefficient ε420 = 36.0 mM−1 cm−1) 

was recorded using a UV-Vis spectrometer. The cuvette used had an effective length of 1 

cm. One enzyme unit (U) was defined as the amount of enzyme needed to catalyze 1µM of 

ABTS substrate per minute. The specific activity of the free and immobilized laccase was 

calculated as shown in equation (IV.3).   

𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 (𝐔𝐔 𝐦𝐦𝐦𝐦⁄ ) =  𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 · 𝐕𝐕 · (𝚫𝚫𝑨𝑨𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 −  𝚫𝚫𝑨𝑨𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃)/ (𝛆𝛆𝟒𝟒𝟒𝟒𝟒𝟒 · 𝐭𝐭 · 𝑨𝑨𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍)         

(IV.3) 

where ΔAsample and ΔAblank are the change in absorbance of the sample and blank at 420 nm; 

V (mL) is the volume of the reaction solution, and here the value is 3; t (min) is the reaction 

time. 
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    In addition, the activity retention was defined as the actual activity of the 

immobilized laccase divided by the theoretical activity of the immobilized laccase. It 

can be calculated in equation (IV.4).         

          𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (%) =  100 · 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  /

                                                                𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓                                        (IV.4) 

where Specific activityimmobilized and Specific activityfree are the specific activities of the 

immobilized and free laccase, respectively.  

     Furthermore, the kinetic parameters including Vmax (the maximum reaction 

activity), Km (the Michaelis-Menten constant), Kcat (the turnover number of the 

enzyme) and Kcat/Km (the catalytic efficiency) were determined from the Michaelis-

Menten equation using different concentrations of ABTS (from 0.05 to 5.0 mM) 

solution as substrates in aqueous and aqueous-organic solvents. 

 

IV.2.6 Batch oxidation of TCP and BPA 

    Laccase has a great capability to detoxify phenolics, such as pesticides (i.e., TCP) and 

plasticisers (i.e., BPA) in contaminated effluents. These compounds have a significant impact 

on human health [33]. In this portion of the study, TCP and BPA were chosen as targets, and 

the related properties are listed in Table IV.2. Adsorption is the most common way to remove 

them from water. Usually, organic solvents are used to regenerate adsorbents [34], which 

cause the organic solvents to become highly concentrated with micropollutants. To promote 

further biodegradation, the catalysis of laccase in organic solvent-included media should be 

developed and investigated. Additionally, a higher substrate concentration can efficiently 

improve the conversion rate, the application of which has appeared in no other reports. In 

consideration of the limited water solubility of BPA and TCP (< 0.5 g/L), an aqueous media 

containing 20 vol% DMSO was used to achieve a high concentration of 1.4 g/L. The 

degradation ability was tested using both free and immobilized laccase.  

     Either 53 µL of free laccase (5000 ppm) or a laccase immobilized membrane with a 

diameter of 25 mm was added into solutions that contained 10 mL of either a TCP or a BPA 

solution. To eliminate the adsorption removal mechanism, another laccase immobilized 
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mode. The effect of the flow rate on the activities of laccase was determined by comparing 

the activity in batch mode (Activitybatch) with that in filtration mode (Activityfiltration). The 

relative activity was defined as shown in equation (IV.5).  

               𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 (%) =  𝟏𝟏𝟏𝟏𝟏𝟏 · 𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇 / 𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃              

(IV.5) 

    In addition, the reusability, stability, and durability of immobilized laccase, which are 

essential criteria in practical applications, all were tested towards ABTS. The reusability was 

also measured towards TCP and BPA. After one cycle of catalysis, PK-OH-laccase was 

washed with MeOH for 10 min before being reused.   

 

 
Fig. IV.2 Devices for determining the activity of the membranes in the filtration mode of 

EMRs. 

 

IV.3 Results and Discussion  
IV.3.1 Membrane characterization 

   First, the chemical properties of the fabricated membranes were evaluated by 

measuring the FTIR and XPS spectra. The FTIR spectrum (Fig. IV.3(a)) of PK-OH 

consisted of a very strong peak at 3300 cm-1, ascribed to the hydroxyl groups (-OH), 

whereas this hydroxyl peak was largely reduced in the spectrum of PK-COOH, 

indicating sufficient conversion of the hydroxyl groups. However, the characteristic 

carbonyl peaks associated with newly generated carboxylic ester groups and 

carboxylic acid groups of a modified SC molecule layer at around 1720 cm-1 could 
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not be observed with PK-COOH, because of the overlap of the strong absorbance of 

the ketone groups at approximately 1690 cm-1 from the membrane matrix. The 

subsequent EDC-NHS activation of PK-COOH caused little change in the FTIR 

spectrum, but the following laccase immobilization resulted in the reappearance of a 

strong peak at 3300 cm−1, coming from the N-H stretch of the amines of laccase [35]. 

In addition, a new and small peak at 1539 cm−1, ascribed to amide II, was also seen 

with the obtained PK-OH-laccase, and was attributed to the peptide bond of laccase 

itself. A characteristic amide I peak at approximately 1670 cm-1 was not found due to 

the existence of a strong ketone peak at approximately 1690 cm-1. Furthermore, the 

XPS spectra indicated the appearance of a nitrogen signal after the immobilization of 

laccase (Fig. IV.3(b) and Table IV.3). The nitrogen signal can be attributed to the 

immobilized laccase, since just after the EDC/NHS activation (i.e. PK-NHS), the 

membrane showed no signal for nitrogen. Meanwhile, most of nitrogen came from the 

peptide bonds indicted by the nitrogen peak-split result in Fig. IV.4. The reduction in 

the degree of the surface ketone groups was measured to be 47 % based on the curve-

fitting analysis of the carbon peak-spilt result (Fig. IV.3(c) and (d)). The observed 

changes in surface chemistry were consistent with the contact angle measurements of 

water droplets on the membranes under air. PK-OH showed an even higher 

hydrophilicity compared to the pristine hydrophilic PK membrane due to the presence 

of the hydroxyl groups, while PK-OH-laccase became less hydrophilic than PK-OH 

due to the introduction of laccase which contains hydrophobic portions (Table IV.3). 

In addition, the membrane permeability of PK-OH-laccase was 89.0 % of the 

permeability of PK-OH and the average pore size was barely changed (Table IV.3). 

As shown in Fig. IV.3(e) and (f), the FE-SEM surface images of the two membranes 

are similar and consist of fiber-like porous structures. These results indicate the 

successful surface modifications (i.e. hydroxylation and enzyme immobilization) 

without obvious changes in the pore structure. 
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Fig. IV.3 Characterization of the pristine and modified membranes. (a) FTIR, (b) XPS 

spectra. XPS peak-split analysis of carbon in (c) PK and (d) PK-OH membranes. SEM 

images of (e) PK-OH and (f) PK-OH-laccase membrane surface. 

 

Table IV.3 Elemental ratio of membranes evaluated using XPS data, water contact 

angles, and water permeabilities of the fabricated membranes. All the experiments 

were repeated three times to prevent the experiment errors.  
Membranes Elemental ratio (relative atom%) Contact 

angle (°) 

Permeability

(LMH/0.01 

bar) 

Pore size 

(nm)  C O N 

PK 76.9 ± 0.2 23.1 ± 0.2 0 48.0 ± 2.2 21.6 ± 1.3 62 ± 5 

PK-OH 76.7 ± 0.3 23.3 ± 0.3 0 27.7 ± 1.2 22.7 ± 4.1 65 ± 4 

PK-NHS 78.1 ± 0.2 21.9 ± 0.2 0 No data No data No data 

PK-OH-laccase 71.0 ± 0.3 23.6 ± 0.3 5.4 ± 0.2 36.3 ± 1.5 20.2 ± 0.5 61 ± 3 
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Fig. IV.4 The XPS peak-split analysis of the nitrogen peak on PK-OH-laccase. Black line 

was the measured nitrogen result. The blue line, red line and grey line represented the 

nitrogen from peptide bonds, amino bonds and the fitting result of both, respectively. 

 

IV.3.2 Catalytic activity of laccase in an aqueous solvent  

   To evaluate the superiority of PK-OH as a support, a RC membrane was used as a 

control. Similar to PK-OH, the RC membrane is another competitive substrate due to 

its high resistance to organic solvents, a significant number of hydroxyl groups, and a 

highly porous membrane structure. Table IV.4 displays the catalytic activity of the 

laccase immobilized membranes. As shown, PK-OH-laccase demonstrated a much 

better comprehensive performance than RC-laccase in terms of laccase density, 

specific activity, and activity retention. The immobilization density of PK-OH-laccase 

(462 µg/cm2) was higher that of previously reported membranes such as 

polyvinylidene fluoride (20–250 µg/cm2) [36], and polyethersulfone (50–130 µg/cm2) 

[37]. It would be reasonable to assume that the mixed surface chemistry of PK-OH, 

i.e., approximately 50/50 ketone/hydroxyl groups, was mainly responsible for the 

achieved high enzyme immobilization amount. Compared with the chemistry of RC, 

which has a main chain that is rich in hydroxyl groups, the ketone groups of PK-OH 

were speculated to facilitate enzyme immobilization via adsorption. The pristine PK 
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membrane was found to contain a lot of ketone groups that can be used for effective 

enzyme immobilization solely by physical adsorption in the absence of covalent-

bonding via spacers (SC in this work). The obtained PK-P-laccase membrane showed 

a high enzyme density (403 µg/cm2) similar to PK-OH-laccase, however, a relatively 

low activity retention (7.7%), which may have been caused by the lack of a flexible 

spacer between the membrane and the laccase. On the other hand, direct adsorption, 

rather than covalent attachment, may more easily change the enzyme conformation. 

Meanwhile, the RC-laccase may have shown the lowest activity retention because of 

the worst distribution of laccase on RC, which was caused by the lack of adsorption during 

immobilization. 

 

Table IV.4 Performances of free laccase, PK-OH-laccase, RC-laccase, and PK-P-

laccase in aqueous solution. All the experiments were repeated three times to prevent 

the experiment errors. 

 Density (µg/cm2) Specific activity (U/mg) Activity retention (%) 

Free laccase No data 360 ± 20 No data 

PK-OH-laccase 462 ± 20 44 ± 3 12.2 ± 0.2 

RC-laccase 281 ± 11 14 ± 2 3.9 ± 0.1 

PK-P-laccase 403 ± 31 28 ± 6 7.7 ± 0.2 

RC-P-laccase 0 0 No data 

PK-OH-laccase and RC-laccase indicated covalently attached laccase on PK-OH and 
RC membrane, respectively. PK-P-laccase and RC-P-laccase were physical 
adsorption of laccase on PK-OH and RC membrane, respectively. 
 
 
    As shown in Table IV.5 and in Fig. IV.5(a), PK-OH-laccase showed values for Vmax 

and Kcat were higher than that of RC-laccase due to a higher laccase density, which 

suggests a great number of available active sites for catalysis. However, the Km of PK-

OH-laccase was offset by the higher laccase loading as well as by its smaller pore size 

(pore size of RC-laccase: 153 ± 5 nm), which indicated higher diffusion resistance. As 
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a consequence, the Kcat/Km of the two was comparable. In addition, the immobilization 

obviously altered neither the optimal operation pH nor the temperature of free laccase 

and PK-OH-laccase (Fig. IV.6). 

   Overall, the comparison between PK-P-laccase, PK-OH-laccase and RC-laccase 

with decreasing numbers of ketone groups and an increasing number of hydroxyl 

groups implies that both physical adsorption and covalent-bond reactions contribute 

to enzyme immobilization. The spacer-tethered enzymes with restricted 

conformational transition were considered to maintain activity more easily by 

preventing fatal denaturation. 

 

Table IV.5 Kinetic parameters of free laccase, PK-OH laccase and RC-laccase in water. All 

the experiments were repeated three times to prevent the experiment errors. 

 Vmax 

(µmol min-1) 

Km 

(µM) 

Kcat 

(µmol min-1 mg-1) 

Kcat/Km 

(L min-1 mg-1) 

Free laccase 7.7 ± 0.8 32.6 ± 3.0 205.0 ± 21.1 6.3 ± 1.2 

PK-OH-laccase 13.6 ± 0.4 193.0 ± 25.0 46.2 ± 8.5 0.2 ± 0.1 

RC-laccase 3.2 ± 0.5 61.8 ± 1.2 17.9 ± 4.8 0.3 ± 0.1 
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Fig. IV.5 Line weaver-Burk plots of free laccase and PK-OH-laccase measured in (a) 

aqueous medium and (b) 20 vol% DMSO for kinetic parameter determination. All the 

experiments were repeated three times to prevent the experiment errors. 

 

 

Fig. IV.6 Effect of temperature and pH on the activity of free and immobilized laccase toward 

ABTS. The specific activity at 20 ℃ and pH 5.5 was considered to be the standard and its 

value was 100%. All the experiments were repeated three times to prevent the experiment 

errors. 
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     The enzyme density can be facilely adjusted by using different enzyme 

concentrations in the preparation process (step 4 in Scheme IV.1). The relationship 

between enzyme density and catalytic activity was investigated (Table IV.6). By 

increasing laccase concentration (100-5000 ppm) for immobilization, the density and 

total activity of immobilized enzymes was also increased, whereas the specific activity 

and activity retention was decreased and approached a saturated value at 5000 ppm. 

This tendency is in line with other reports [29, 38]. This phenomenon was expected 

and can be explained by enzyme density that was too high, which restricted the 

enzyme flexibility and mobility necessary for catalysis. However, to guarantee a high 

level of removal efficiency of target pollutants in practical EMR applications, high 

levels of enzyme density with high total activity is favorable, which is why 5000 ppm 

laccase was chosen for the PK-OH-laccase in this work. 

 

Table IV.6 Performances of immobilized laccase with different laccase concentration during 

immobilization. All the experiments were repeated three times to prevent the experiment 

errors. 

Laccase concentration 

in step 4 (ppm) 

Density 

(µg/cm2) 

Specific activity 

(U/mg) 

Activity retention 

(%) 

Activity 

(U) 

5000 462 ± 20 44 ± 3 12.2 ± 0.2 12.5 ± 0.1 

1000 279 ± 12 45 ± 5 12.6 ± 0.2 7.7 ± 0.2 

500 184 ± 11 50 ± 4 14.2 ± 0.4 5.7 ± 0.1 

100 25 ± 5 71 ± 5 20.1 ± 0.5 1.1 ± 0.1 

 

 

    Protein immobilization using FTIC-laccase was further carried out to visualize the 

proposed adsorption effect on enzyme immobilization. The fluorescence of FITC was 
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observed using CLSM. Fig. IV.7(a)–(c) show the physical adsorption of FITC-laccase 

on the membranes. The RC membrane showed very little adsorption (Fig. IV.7(a)), 

while the PK membrane adsorbed a significant amount of laccase, and the amount on 

PK-OH was intermediate (Fig. IV.7(b) and (c)). These results indicate that the 

attractive force of PK was much stronger than that of either PK-OH or RC. Most of 

the adsorbed macromolecules could be washed out by solvent rinsing as shown in Fig. 

IV.7(a’)-(c’). Fig. IV.7(d)–(f) show the covalent attached FITC-laccase on the 

membrane surface. The strong intensity observed for PK was actually caused by 

physical adsorption since there were no reactive sites on the surface of PK for 

covalent-bond attachment. In addition, with the help of the hydroxyl groups, more 

FITC-laccase can be immobilized via covalent bonds on the PK-OH and RC 

membranes compared to the corresponding physical adsorption, and these bonds 

remained stable after thorough solvent washing as shown in Fig. IV.7(d’) and (e’). 

This demonstrated the excellent stability and thus the working feasibility of the PK-

OH-laccase in organic solvents. In addition, FTIC-BSA was used as another model 

and the properties of BSA and laccase proved to be similar (see Table IV.7). The same 

tendency (see Fig. IV.8) of FTIC-BSA with FTIC-laccase is reflective of universal 

interactions between proteins and membranes. 

    Mateo et al. reported that the electrostatic interaction between enzymes and support 

surfaces improved the immobilization efficiency [39]. Therefore, it can be speculated 

that the attraction between laccase and ketone groups existed and was expected to 

assist in the immobilization of laccase onto hydrophilic PK-OH. On the contrary, 

numerous studies on the design of surfaces that resist protein adsorption have verified 

that without other attraction forces between protein and surface, hydroxyl groups can 

efficiently repel protein efficiently due to high levels of hydration of hydroxyl groups 

[40].  



Chapter IV 
 

110 
 

 

Fig. IV.7 CLSM images of the surfaces of RC, PK-OH, and PK membranes either 

adsorbing or covalently immobilizing FTIC-laccase. 

 

Table IV.7 The pI, Mw and molecular size of laccase and BSA 

 pI Mw Size 

BSA 4.7 66.5 KDa 5 × 7 × 5 nm 

Laccase 3 ~ 5 [1] 63.0 KDa 7 × 5 × 5 nm [2] 
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Fig. IV.8 CLSM images of the surface of RC, PK-OH, and PK membrane adsorbing 

or covalently immobilizing FTIC-BSA. 

 

    Fig. IV.9 shows the proposed mechanism for the immobilization process. The 

attraction forces of the ketone groups on PK-OH, which are expected to be mainly 

hydrogen bonds, promoted the adsorption of laccase. The adsorbed laccase easily 

reacted with the carboxyl groups of the SC molecules (Fig. IV.9(a)). Furthermore, the 

hydroxyl groups of RC repelled the migration of laccase to the membrane surface (Fig. 

IV.9(b)). Thus, higher amounts of laccase were immobilized in a better distribution, 

which contributed to the high activity retention of PK-OH-laccase. This attraction 

force appeared to exist between many types of proteins and PK-OH, showing no 

restrictions for the types of immobilized enzymes unlike other methods, such as layer-

by-layer, which requires corresponding charges for the electrostatic attraction [33]. 

Therefore, the PK-OH membrane is expected to be the most promising support for 

enzyme immobilization for applications in aqueous-organic solvents. 
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chitosan-immobilized laccase [42] and nylon-immobilized cytochrome c [43]. At the same 

time, the kinetic parameters of immobilized and free laccase were measured in 20 vol% 

DMSO, as shown in Fig. IV.5(b) and in Table IV.9. The Km of PK-OH-laccase (213.9 µM) 

was lower than that of free laccase (370.0 µM), suggesting a higher level of substrate affinity 

for immobilized laccase. This opposes to the trend in an aqueous solution environment (see 

Table IV.5), which is natural and comfortable for the free enzyme. In addition, the Kcat/Km 

values of immobilized and free laccase approximated in 20 vol% DMSO, while the difference 

between them was approximated 30-fold in an aqueous solution. This indicates that the 

protection of the enzyme by membrane immobilization helps improve catalytic activity 

retention against harsh organic solvent condition. The activity improvement indicated that 

the PK-OH membrane was an appropriate support matrix for applications in aqueous-organic 

solvents.  

      The other advantage of applying mixed solvents to enzyme catalysis was the use of 

flexibly adjusted ratios of aqueous and organic solvents. This provides various solvent 

properties, which helps to regulate the product properties in organic synthesis [44, 45]. Since 

DMSO is widely utilized as a solvent in biological areas, it was used as a model organic 

solvent. Fig. IV.10(b) shows the effect of the DMSO concentration on catalytic activity. 

Increasing the DMSO concentration reduced the activity of free laccase. However, 

immobilization onto the PK-OH membrane alleviated this decrease, particularly for a 30 vol% 

DMSO content, due to a better microenvironment for the immobilized laccase.  
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Fig. IV.10 Catalytic activity of PK-OH-laccase in homogeneous aqueous-organic solvents. 

The activity of free enzyme and PK-OH-laccase in an aqueous PBS solution was considered 

the standard (100 %) for evaluation. (a) Effects of the type of organic solvents on catalytic 

activity. (b) Effect of DMSO concentration on the catalytic activity. Time dependence of (c) 

TCP and (d) BPA removal percentages during the catalytic reaction using free laccase and 

PK-OH-laccase in 20 vol% DMSO at 20 oC. All experiments were repeated three times to 

prevent the experiment errors. 
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Table IV.8 LogP of the solvents used in this study. 

 H2O MeOH EtOH n-PA DMSO Acetone DMF 

logP* No data −0.74 −0.32 0.34 −1.35 −0.24 −0.46 

*logP is the logarithm partition coefficient in the octanol-water system. 

 

Table IV.9 Kinetic parameters of free laccase and PK-OH laccase in 20 vol% DMSO.  

 Vmax 

(µmol min-1) 

Km 

(µM) 

Kcat 

(µmol min-1 mg-1) 

Kcat/Km 

(L min-1 mg-1) 

Free laccase 4.2 ± 0.8 370.0 ± 3.0 111.1 ± 21.1 0.3 ± 0.1 

PK-OH-laccase 7.5 ± 0.5 213.9 ± 1.2 25.5 ± 4.8 0.1 ± 0.1 

 

     In practice, the product of TCP via laccase catalysis is light pink, presenting a peak 

maxima at 277 nm (Fig. IV.11), which is presumably attributed to the harmless dichloro-

1,4-benzoquinone product [33]. Through the calculation (HPLC results in Fig. IV.12), 

Fig. IV.10(c) shows that the immobilized laccase had a removal percentage that was 1.6 

~ 1.9 times higher than that of free laccase due to the better protection of the immobilized 

laccase against DMSO. Meanwhile, the deactivated PK-OH-laccase can not remove TCP, 

which led us to believe that the improved removal ability came from the enhanced 

catalysis after immobilization. Another phenolic substrate, BPA, identified as an 

endocrine disruptor, is an important industrial chemical, mainly in the manufacture of 

polycarbonates, epoxy resins, and polyester resins [46]. The catalytic process appears in 

Fig. IV.13.  For individual ABTS, or ABTS and its product, a peak developed at 4.3 min 

(Fig. IV.13(a) and (b)). After adding BPA, a peak at 15.2 min emerged, and was precisely 

identified as BPA (Fig. IV.13(c) and (d)). In Fig. IV.13(e) and (f), the product obtained 

using BPA catalysis appears at 5.0–6.0 min. Notably, we focused on the decreasing area 

of the BPA peak for calculating the removal rate. Fig. IV.10(d) displays the time 
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dependence of the BPA concentration during catalysis using laccase, and the catalytic 

percentage of PK-OH-laccase was 1.2 ~ 2.0 times higher than that of free laccase. 

Meanwhile, the blank deactivated PK-OH-laccase showed no ability to remove BPA. The 

above results showed the improved organic solvent resistance of laccase catalysis is surely 

achieved by using a polyketone based membrane support. 
 

 

Fig. IV.11 UV spectra and photo of TCP and its pink product formed by laccase catalysis. 

 

 

Fig. IV.12 Time dependence of the degradation of TCP using free laccase and PK-OH-

laccase. 
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Fig. IV.13 HPLC of (a) pure ABTS, (b) ABTS and its product, (c) pure BPA, and (d) the 

mixture of BPA and ABTS. Time dependence of the degradation of BPA using (e) free 

laccase and (f) PK-OH-laccase. 
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IV.3.4 Potential applications for enzymatic membrane bioreactors (EMRs)  

    Given that the convection transfer was the better application for the membrane, the 

continuous flow reactor was further developed in this direction. The performance of PK-OH-

laccase as an EMR in aqueous-organic solvents was analyzed using ABTS in 20 vol% DMSO 

as a substrate. Fig. IV.14(a) shows the effect of the permeate flux on the relative activity of 

PK-OH-laccase. When the permeate flux increased from 0 to 2 mL/min, the relative activity 

gradually increased to 240 %. When it increased from 2 to 3 mL/min, however, the relative 

activity decreased. This observation was attributed to the trade-off between the higher level 

of mass transfer efficiency and lower residence time [47]. In actual applications, the best 

activity can be obtained by optimizing the permeate flux according to the properties of 

substrates. 

    Furthermore, satisfactory reusability, stability and durability are essential criteria for 

EMRs in practical applications. Fig. IV.14(b) shows the relative activity during the ten cycles 

of repeat catalytic reaction. PK-OH-laccase obviously maintained its catalytic activity during 

the ten cycles. In addition, the immobilized laccase maintained almost its entire initial activity 

after storage for 40 days at 4 oC. This level of storage stability is higher than previously 

reported result [33]. Fig. IV.14(c) presents the relative activity during 48 h of continuous 

catalysis. Free laccase lost 8 % of its initial activity after 50 h of incubation at 20 oC, while 

the immobilized version maintained its entire level of initial activity. These results were 

consistent with an earlier report by Susann [48]. The improved durability came from 

restriction to the unfolding movements of the immobilized enzyme, which helped the 

enzymes maintain their activity. These above results allowed reuse of the membrane for the 

decompositions of TCP and BPA. Fig. IV.14(d) showed the loss of PK-OH-laccase 

decomposition ability towards TCP and BPA in the second and third cycles. Product 

accumulation in the membrane coming from the high catalytic efficiency may be the main 

reason. Nevertheless, based on these results, it can be concluded that PK-OH-laccase 

provides a possibility acting as an EMR in aqueous-organic solvents. 
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Fig. IV.14 PK-OH-laccase as an EMR in 20 vol% DMSO. (a) Effect of the filtration rate on 

the relative activity. The relative activity normalized with the activity at a flow rate of zero. 

(b) Relative activity of PK-OH-laccase for ten repeated cycles of catalysis towards ABTS. 

The results of the first three cycles were obtained shortly following the preparation of PK-

OK-laccase. Cycles 4–6 and 7–10 were carried out after PK-OH-laccase was kept in storage 

at 4 oC, for 1 and 40 days, respectively. (c) Time dependence of the relative activity towards 

ABTS during 48 h of continuous operation and the relative activity normalized with the initial 

specific activity. (d) The removal percentages of micropollutants by PK-OH-laccase in three 

cycles. For TCP, one cycle was 5.5 h, and for BPA, one cycle was 6.5 h. All the experiments 

were repeated three times to prevent the experiment errors. 
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IV.4 Conclusions 
    Employing green enzyme catalysis in various organic reactions is a very intriguing 

proposition because of the plausibility of many industrial applications. Enzyme 

immobilization is considered effective in improving enzyme tolerance to harmful organic 

solvents and enabling continuous enzymatic membrane reactor (EMR) mode for operations 

that incorporates separation functions. In this study, novel hydroxylated aliphatic polyketone 

(PK-OH) membranes with strong solvent resistance and ease of manufacture and 

functionalization were employed as robust polymeric supports for efficient laccase 

immobilization. On the membrane surface, the presence of many polar ketone groups 

facilitated enzyme enrichment by physical adsorption and then effective covalent bonding 

with adjacent hydroxyl groups, leading to significantly improved immobilization density 

than conventional solvent-resistant regenerated cellulose (RC) membranes. Compared with 

free laccase, immobilized laccase showed great organic solvent tolerance and maintained 

high activity during long storage times even in harsh DMSO aqueous solutions. Furthermore, 

high-concentration phenolic compounds were more efficiently degraded far beyond the level 

of water solubility when the proposed system was operated. To the best of our knowledge, 

this study provides the first useful insights in engineering enzyme-immobilized membranes 

for use as potential EMRs in the removal of concentrated micropollutants in homogeneous 

aqueous-organic solutions. In the future, more efficient and enzyme-friendly immobilization 

strategies will be explored to improve activity retention after immobilization for higher cost-

effectiveness, and to develop optimal membrane operation parameters and cleaning strategies 

that will further improve reusability and sustainability. 
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Chapter V Organic liquid mixture separation using an 

aliphatic polyketone-based organic solvent reverse 

osmosis (OSRO) membrane 
 

V.1 Introduction 
    Approximately 10 to 15% of the world’s total energy consumption is expended on 

industrial chemical separations [1], and more than 80% of the associated separation energy 

is consumed by the energy-intensive distillation process and similar thermally driven 

separation processes relying on liquid-to-vapor phase change [2, 3]. As motivated by the 

great success of membrane desalination replacing thermal desalination [4], the emerging 

membrane-based organic solvent separations processes may dramatically reduce the energy 

consumption (possibly down to one-tenth of the energy consumed by thermal approaches), 

carbon dioxide emission, and carbon footprint by directly separating organic liquids without 

phase change [3, 5]. The first challenge is to fabricate robust membranes with the required 

molecular selectivity, permeability, and area (>10,000 m2). To date, organic solvent 

nanofiltration (OSN) membranes with a molecular weight cutoff (MWCO) above 200 Da 

have been commercialized and are widely used for separating solutes from solvents [6-8]. 

However, OSN is not suitable for separating frequently encountered small molecules of 

similar size with molecular weight (Mw) lower than 100 Da, such as alcohol/alkane mixtures. 

Organic solvent reverse osmosis (OSRO) membranes that can differentiate between similar 

molecules with small differences in kinetic diameter are highly desired [2, 3].   

    While the original OSRO concept was investigated by Sourirajan in 1970 using integrally 

skinned asymmetric cellulose acetate membranes to separate alcohols from cyclic 

hydrocarbons and alkyl aromatics, the development of OSRO membranes still remains at an 

early stage. Organic solvents can cause cellulose acetate membranes to swell or collapse [9]. 

Therefore, the development of stable and scalable OSRO membranes are in demand. Organic 

solvent-resistant membranes made from polyacrylonitrile, cellulose acetate butyrate, and 
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aromatic polyamide were subsequently developed; however, the separation factor (lower 

than 3.0) of these membranes was not satisfactory [10-12]. Moreover, a perfluorodioxole 

copolymer membrane prepared on a polytetrafluoroethylene support was able to separate 

highly polar solvents, such as N-methyl pyrrolidone, from toluene at a low permeability of 

0.026 LMH bar-1, however, it did not exhibit selectivity toward smaller molecules such as 

methanol (MeOH) and toluene [13]. In another study, a silica-zirconia membrane exhibited 

a 70% rejection and a 0.03 LMH bar-1 flux for hexane/ethanol (EtOH) mixture at 60 °C [14]. 

The recently developed carbon molecular sieve (CMS) membranes by Lively et al. achieved 

a separation factor of 4.5 towards para-xylene and ortho-xylene mixture by OSRO process 

[15].   

    Herein, we report a polyketone (PK)-based thin-film composite (TFC) membrane 

possessing potential in OSRO separation of organic liquid mixtures. A defect-free polyamide 

layer could be formed on a non-swelling PK support using a reliable and scalable interfacial 

polymerization (IP) process similarly used for the mass production of desalination TFC RO 

membranes [16]. The chemistry of the support membrane is crucial for determining the 

organic solvent resistance of the TFC composites and the properties of the synthesized 

polyamide layer [17, 18]. PK is a thermoplastic alternating copolymer of carbon monoxide 

and ethylene, containing CH2CH2CO repeat units [19]. The compact, semi-crystalline crystal 

structure of PK due to polar carbonyl groups facilitates strong intramolecular and 

intermolecular interactions, resulting in an over 30% higher solvent resistance than that of 

nylon [20]. The chemical bonds formed between the amine groups of polyamide and the 

ketone groups of PK, as well as other strong physical interactions are believed to further 

improve solvent resistance [21, 22]. Of note, the microporous supports prepared from 

polysulfone, chemically cross-linked polyimide, polybenzimidazole, and polyacrylonitrile 

can undergo varying degrees of organic solvent swelling, which can decrease the separation 

ability of the formed TFC membranes in organic liquids [6, 23-25]. To our knowledge, this 

is the first attempt to use a TFC membrane fabricated via IP reaction to achieve the separation 

of organic liquid mixtures based on OSRO. 
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     Several binary organic liquid mixtures were separated using the developed PK-based 

OSRO membrane (PK-RO), and an outstanding separation factor of 38.0 was achieved for 

MeOH and heptane mixtures, along with a flux of 5 LMH under 3 MPa. Moreover, PK-RO 

outperformed the commercial OSN and RO membranes in terms of separation factor and 

stability.  

 

V.2 Experimental 
V.2.1 Materials  

    Polyketone (PK) polymer with an Mw of 200,000 g mol-1 was kindly provided by Asahi 

Kasei Co. (Japan). Resorcinol, MeOH, acetone, and hexane (FUJIFILM Wako Pure 

Chemical Co., Osaka, Japan) were used to fabricate the PK support membrane. 1,3,5-

benzenetricarbonyl trichloride (TMC), 10-camphorsulfonic acid (CSA) (Tokyo Chemical 

Industry, Japan), 1,3-phenylene diamine (MPD), sodium dodecyl sulfate (SDS), and triethyl 

amine (TEA) (FUJIFILM Wako Pure Chemical Co.) were used in the interfacial 

polymerization (IP) reaction to fabricate the polyamide layer on the PK support.  

   Sodium chloride (NaCl) (FUJIFILM Wako Pure Chemical Co.) was used to evaluate salt 

rejection in an aqueous solution. Milli-Q water (Merck Millipore Co., Germany) was used 

for this study. All other organic solvents to investigate OSRO performance, including polar 

protic solvents (ethanol (EtOH), propanol, isopropanol, butanol, and pentanol); polar aprotic 

solvents (acetonitrile (AcN), acetone, and tetrahydrofuran (THF)); and non-polar solvents 

(toluene, heptane, pentane, and benzene) were purchased from TCI Co. (Japan).   

    One commercial RO membrane (SWC5, Nitto, Osaka, Japan) and two OSN membranes 

with an MWCO of 150 Da (Duramem 150) and 200 Da (Duramem 200) (Evonik, Essen, 

Germany) were used for comparison.  

 

V.2.2 Polyketone-based reverse osmosis (PK-RO) membrane preparation  

     First, the porous PK support membrane was fabricated using the non-solvent induce phase 

separation process [21]. The PK polymer was dissolved in a resorcinol/water (65/35 wt%) 

solution to form a 14 wt% PK casting solution. After degassing, the homogenous solution 
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was cast using a 400-µm-thick casting knife on a non-woven fabric that was tightly attached 

on a clean glass plate. Subsequently, the plate was immersed into a coagulation bath of 

MeOH/water (35/65 wt%) for 20 min. The formed membrane was washed in acetone and 

hexane for 20 min each. Finally, the membrane was air dried and stored for further use.  

     The IP reaction was conducted on the top of the PK support. Briefly, an aqueous solution 

containing 2 wt% MPD, 2 wt% TEA, 4 wt% CSA, and 0.25 wt% SDS was gradually poured 

on the top of the PK support and gently removed after soaking for 5 min. Then, a 0.15 wt% 

TMC hexane solution was rapidly poured on the membrane to allow IP reaction to occur for 

2 min. After removing the hexane solution, the membrane was heated at 100℃ in an oven 

for 5 min, and immersed in Milli-Q water for 12 h to completely remove residual unreacted 

monomers. The final membrane was preserved in Milli-Q water prior to use.  

 

V.2.3 Membrane characterization 

    Membrane surface and cross-sectional morphologies were observed using a field scanning 

electron microscope (FE-SEM; JSF-7500, JEOL, Tokyo, Japan). The samples were freeze-

dried using a vacuum freeze dryer (FDU-1200; Tokyo Rikakikai, Tokyo, Japan) and coated 

with Pt/Pd using an ion-sputter apparatus (E-1010; Hitachi High-Technologies Corporation, 

Tokyo, Japan) before observation. The chemical composition of the membrane surface was 

analyzed by X-ray photoelectron spectroscopy (XPS, JPS-9010MC, JEOL). 

    A soak test was performed to evaluate membrane stability in solvents. Three aggressive 

soak liquids (toluene, acetone, and THF) were used. PK-RO and SWC5 membranes were 

soaked in the corresponding solvents for 1 day before obtaining digital photographs. 

 

V.2.4 Organic solvent separation test  

    Reverse osmosis filtration tests were performed at 25±2 ℃ using a cross-flow filtration 

apparatus as shown in Fig. V.1. The membrane, with an effective surface area of 8.04 cm2, 

was placed into a stainless steel cell. The feed solution was fed into the cell at a cross-flow 

rate of 9.9 mL/min using a dual pump (KP-21 series; FLOM Co., Japan). Milli-Q water, NaCl 

aqueous solution, pure organic liquids, or organic liquid mixtures were used as feed solutions, 



Chapter V 
 

130 
 

as required. The applied pressure was adjusted using a backpressure valve in the range of 1–

3 MPa. During filtration, the feed side near the membrane surface was magnetically stirred 

at 200 rpm to minimize concentration polarization. The concentrate was recycled into the 

feed solution. A large volume of the feed solution was used and often replenished to maintain 

a constant feed concentration. The permeate was collected in a sealed flask as a function of 

time and weighted. The flux (Jv; L·m-2·h-1, LMH) was calculated according to Eq. (V.1):  

                                                     𝐽𝐽𝑣𝑣 =   𝑀𝑀
𝐴𝐴×𝑡𝑡×𝜌𝜌

                                                                   (V.1) 

where M (g) is the mass of the accumulated permeate, A (m2) is the effective membrane area, 

t (h) is the filtration time, and 𝜌𝜌 (g/L) is the density of the permeate.  

   In the case of NaCl aqueous solution, NaCl rejection (R; %) was calculated according to 

Eq. (V.2):  

                                                        𝑅𝑅 = (1 −  𝐶𝐶𝑝𝑝
𝐶𝐶𝑓𝑓

) × 100                                                         (V.2) 

where Cp and Cf are the molar concentrations of NaCl in the permeate and feed solution, 

respectively.  

    Only binary organic liquid mixtures were used in this study. The major constituent of the 

mixture was the solvent and the minor constituent was the solute. The mixture was noted as 

AxBy according to their compositions. A is the solvent (x wt%), B is the solute (y wt%). 

MeOH and toluene were abbreviated as “M” and “T”, respectively. The other organic liquids 

are denoted by their full names. For example, the solution with 90 wt% MeOH and 10 wt% 

toluene was denoted as M90T10. The solution with 90 wt% acetone and 10 wt% toluene was 

denoted as Acetone90T10. The separation performance of the OSRO membrane toward 

organic liquid mixtures was evaluated via separation factor (α), defined by Eq. (V.3) as: 

                                                   α =  
[𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠/𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠]𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

[𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠/𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠]𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
                                               (V.3) 

where 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 and 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 represent molar fractions of the solvent and solute, respectively.  

    Effective pressure ∆𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒 (kPa) was calculated according to Eq. (V.4) as follows:[14] 

                                                 ∆𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒 = ∆P − σ∆π                                                          (V.4) 
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where ∆P and ∆π are differences in the applied pressure and osmotic pressure, respectively. 

σ represents the reflection coefficient. Herein, considering the high rejection of solute as 

will be shown in the result part, σ value was estimated as 1. 

      ∆𝜋𝜋 (kPa) was calculated using the van’t Hoff equation (Eq. V.5):[13] 

                                             ∆𝜋𝜋 = RT (∑𝐶𝐶𝑖𝑖,𝑓𝑓 − ∑𝐶𝐶𝑖𝑖,𝑝𝑝)                                                   (V.5) 

where Ci,f and Ci,p are the molar concentrations of the rejected component i in the feed and 

permeate, respectively. R is the gas constant and T is the absolute temperature (K).  

    The procedure for the membrane test is described herein. Firstly, the membrane integrity 

was confirmed by NaCl rejection in aqueous solution as follows: a pre-filtration step was 

performed for each membrane for 1 h at 2 MPa using Milli-Q water as the feed. Thereafter, 

the NaCl rejection was measured using a 0.2 wt% NaCl aqueous solution as the feed at 2 

MPa. The NaCl concentration was determined from conductivity of the solution (B-771, 

Horiba, Kyoto, Japan). The membranes with an NaCl rejection above 96% were stored in a 

cell and continuously used in the following steps. Otherwise, the membrane was discarded 

and a new piece was tested. Then, Milli-Q water was fed again at 2 MPa for 1 h to wash the 

test unit. Secondly, the membrane was compacted by MeOH as described in the following 

steps: Milli-Q water in the cell was replaced with MeOH, and the filtration was continued 

for 2 h at 1 MPa to balance membrane permeability. Then, the membrane was pre-compacted 

by filtrating MeOH at 3 MPa for several hours until the flux stabilized. Finally, the membrane 

was ready for various tests. 

     To test the resistance of the membrane to MeOH, the MeOH flux was initially measured 

at an applied pressure of 3 MPa, then at 2 MPa, and finally at 1 MPa. Thereafter, the pressure 

was increased to 2 MPa and 3 MPa; finally, the MeOH flux was measured again. 

     For performance in aqueous media, the water flux and NaCl rejection were measured 

following the above-mentioned compaction scheme. For the water flux, Milli-Q water was 

used to clean the test unit for 1 h at 3 MPa. Subsequently, the water flux was measured at 1–

3 MPa. The NaCl rejection rate was determined at 1–3 MPa by introducing 0.2 wt% NaCl 

aqueous solution as the feed. After completing the test, the unit was washed with Milli-Q 

water.   
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     For flux determination of pure organic liquids, the cell was initially cleaned with MeOH 

and then replaced by the desired organic liquid for 1 h. Flux measurement was performed at 

an applied pressure of 3 MPa until a stable value was achieved. For performance 

measurements in organic liquid mixtures, the cell was initially cleaned with MeOH and 

subsequently replaced by the solvent (the major constituent of mixtures). After obtaining a 

stable flux, the desired organic liquid mixture was fed into the test unit. For the determination 

of the separation factor, at least 20 g permeate was collected as a sample. The composition 

of the sample was analyzed using a GC-2014 gas chromatograph equipped with an auto 

injector (Shimadzu, Japan). The mixture was separated using a Porapak-Q column (Waters 

Co., Ltd., MA, USA). High purity helium (99.999%) was used as the carrier gas (Taiyo 

Nippon Sanso Co., Japan). The injection port, oven temperature, and detector temperatures 

were set at 210 °C, 200 °C, and 200 °C respectively, with the column flow rate of 30 mL 

min−1.  The test time for one sample was 20 min and the volume of the injected sample was 

1 µL. A chromatopac integrator (C-R8A; Shimadzu, Japan) was used as the data acquisition 

system. All measurements were based on at least two membrane samples, and the average 

values were reported.  

    After filtering the mixture, the test unit was sequentially cleaned with MeOH and Milli-Q 

water for 2 h each before rendering the unit for testing new membranes. 

    To test the long-term filtration performance of PK-RO in organic liquid mixtures, filtration 

tests were conducted using M90T10 and Acetone90T10 as the feed solutions at 3 MPa for 

120 h. For comparison, the performance of commercial RO membrane (SWC5) was also 

measured.  

 



 

 

 
P
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and often higher than 99%, along with water permeability of 1–10 LMH bar-1 [16]. As shown 

in Fig. V.3, the PK-RO showed a NaCl rejection above 97% and water permeability around 

0.5 LMH bar-1. This result suggests that the PK-RO membrane is available as a RO 

membrane in aqueous media. Moreover, the linear increase in water flux and slight increase 

in the NaCl rejection along with pressure confirmed the defect-free ability. The overlap of 

fluxes and pressure curves with the increase and decrease of pressure indicated the steady 

state of the membrane in water.     

    The stability of PK-RO in three aggressive organic solvents (toluene, acetone, and 

tetrahydrofuran (THF)) and its comparison with SWC5 was investigated by digital 

microscopy, as shown in Fig. V.4. None of the solvents caused a visible change to PK-RO, 

thereby proving its good stability in the tested solvents. In contrast, the polyamide layer of 

SWC5 had obviously dropped off due to dissolvability of the support membrane in these 

solvents. Therefore, PK-RO can be a promising OSRO membrane to be potentially used for 

the separation of organic liquids. 

      

Fig. V.2 (A) SEM images of the top surfaces and cross-sections of PK and PK-RO 

membranes. The polyamide layer formed by interfacial polymerization (IP layer) is marked 

in the figure. (B) XPS spectra of PK and PK-RO membranes.  
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Table V.1 Elemental content of PK, PK-RO, and SWC5 membranes surface analyzed by XPS.  

Membrane 
Elemental ratio (relative atom%) 

N/O ratio 
C O N 

PK 71.3 28.7 0 0 

PK-RO 74.4 13.0 12.6 0.97 

SWC5* 74.2 13.3 12.5 0.94 
* SWC5 is a commercial RO membrane provided by Nitto, Osaka, Japan 

 

Fig. V.3 The effect of applied pressure on water flux and NaCl rejection of the PK-RO 

membrane. The feed solution was 34 mmol L-1 NaCl. The membrane was pre-compacted by 

methanol filtration at 3 MPa. The fluxes were initially tested at 3 MPa, then at 2 MPa, and 

finally at 1 MPa. After the above test, the pressure was increased to 2 and 3 MPa again, and 

the fluxes were re-measured.   
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polymeric membranes under high pressure [7], so MeOH filtration was conducted using the 

test unit shown in Figure 2 at 3 MPa to test membrane compaction. As shown in Fig. V.5(A), 

MeOH permeability decreased by 50% during the first 5 h, and subsequently remained stable 

at 0.5 LMH bar-1. This decline in permeability was presumably due to compaction of the 

support and the selective layer [7, 27]. The MeOH permeability of PK-RO is slightly lower, 

yet adequate, than that of most OSN membranes (1–50 LMH bar-1) [7, 28-30]. In addition, 

after compaction, MeOH flux was linear with applied pressure over the range 1 to 3 MPa, 

and the overlap of the fluxes with the pressure curves was confirmed by the increase and 

decrease of pressures (see Fig. V.5(B)), suggesting that PK-RO remained in a stable state in 

MeOH after compaction up to 3 MPa.        

    PK-RO can potentially be used for the filtration of various organic liquids, and therefore, 

the permeabilities of several other liquids were measured. The selected liquids have different 

physicochemical properties as shown in Table V.2. The permeabilities were analyzed using 

the transport model proposed for the OSN membrane [7]. In this model, the permeability 

(LMH bar-1) of the organic liquid through the nanofilm was calculated according to the 

following equation (V.6): 

                                          Permeability = 𝐾𝐾 𝛿𝛿𝑝𝑝
ɳ𝑑𝑑𝑚𝑚2                                                          (V.6) 

where K is a constant of the nanofilm, and 𝛿𝛿𝑝𝑝, ɳ, and dm are the Hansen solubility parameter 

due to dipole forces (Pa0.5), viscosity (Pa s), and molar diameter (m) of the organic liquid, 

respectively. As shown in Fig. V.6, this model explained well the permeabilities of liquids 

expect MeOH. The higher permeability of MeOH than that expected from the model is 

probably due to the similar 𝛿𝛿𝑝𝑝value of MeOH to that of the polyamide layer, as well as the 

small size of MeOH (Table V.2). It is presumed that the contribution of the dipolar force and 

molecular size to permeability in the RO filtration is higher than that in the NF filtration. It 

is worth noting that the zero flux of hexane and toluene were due to their much lower 𝛿𝛿𝑝𝑝 

value than that of the polyamide layer. Because the permeabilities of small polar molecules 

are higher than that of large non-polar molecules, PK-RO is expected to efficiently separate 

small polar molecules from large non-polar ones. On the other hand, a stable permeability 
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Fig. V.6 Permeabilities (liter m-2 h-1 bar-1, LMH bar-1) of various organic liquids tested at 3 

MPa. The permeabilities were analyzed using the transport model proposed for OSN 

membranes.[7] The dotted line was the smoothed line of the permeabilities of all organic 

liquids, except MeOH. MeOH, AcN, THF, and EtOH are methanol, acetonitrile, 

tetrahydrofuran, and ethanol, respectively. 

 

V.3.3 Separation of toluene from MeOH solution  

   The permeation of organic liquid mixtures through membrane is generally much more 

complex than that of a single organic liquid, because of the high number of interactions 

between them. In this section, the flux and separation factor of mixtures were investigated. 

On the above discussion, PK-RO is expected to exhibit an efficient separation of large non-

polar molecules from small polar ones. The mixture of MeOH and toluene is widely 

encountered in the pharmaceutical and fine chemical industries. However, their separation 

using thermal methods such as distillation are not preferred due to the high operating cost 

and also the formation of azeotropic mixtures. MeOH is a small polar molecule, whereas 

toluene is a large non-polar molecule (Table. V.2). Thus, PK-RO was used to separate toluene 

from MeOH solution first.  
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   In this study, the mixture was noted as AxBy according to the compositions. A is the solvent 

of x wt%, B solute of y wt% as defined in experimental section of the supporting information. 

A mixture of 90 wt% MeOH and 10 wt% toluene (M90T10) was used as a feed solution. If 

each component permeates through the membrane independently, the separation factor 

should be infinity, because the permeability of toluene through PK-RO at 3 MPa was zero 

(Fig. V.6). However, as shown in Fig. V.7, the separation factor was not infinity. This is 

because the interaction between toluene and MeOH causes toluene to transport along with 

MeOH.    

    Based on the non-equilibrium thermodynamic model, the volume flux (𝐽𝐽𝑣𝑣 ) and molar 

solute flux (𝐽𝐽𝑠𝑠) through a membrane were calculated as follows:[14]  

                                                𝐽𝐽𝑣𝑣 =  𝐿𝐿𝑝𝑝(∆𝑃𝑃 − 𝜎𝜎∆𝜋𝜋)                                                         (V.7) 

                                      𝐽𝐽𝑠𝑠 =  𝑃𝑃�𝐶𝐶𝑚𝑚 − 𝐶𝐶𝑝𝑝� + (1 − 𝜎𝜎)𝐶̅𝐶𝐽𝐽𝑣𝑣                                                (V.8) 

where 𝐿𝐿𝑝𝑝 is the solvent permeability coefficient; ∆P and ∆π are the differences in applied 

pressure and osmotic pressure, respectively; σ represents the reflection coefficient; 𝑃𝑃 is the 

diffusivity of the solute; 𝐶𝐶𝑚𝑚 and 𝐶𝐶𝑝𝑝 are the molar concentrations of the solute in the feed and 

permeate, respectively; and 𝐶̅𝐶 is the mean log solute concentration on both sides of the 

membrane.  

    The effect of applied pressure on the flux and separation factor was studied and showed in 

Fig. V.7(A). The flux of mixture did not increase linearly with applied pressure, while it 

increased linearly for pure MeOH and water, as shown in Fig. V.5(B) and Fig. V.3, 

respectively. This phenomenon was caused by high osmotic pressure, resulting from the high 

concentration of toluene (86700 ppm) in the feed. The effective pressure (∆𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒 ), as 

described in Eq. (V.4), was estimated by reducing osmotic pressure from applied pressure 

(see Table V.3). As shown in Fig. V.8, the mixture flux increased linearly with the effective 

pressure, as indicated in Eq. (V.7). It is worth noticing that the toluene flux was greater than 

zero when the effective pressure was zero (Fig. V.8). This was due to toluene diffusion 

through the membrane, as indicated in Eq. (V.8). In addition, the toluene flux increased with 

the effective pressure, suggesting that the convection transport of toluene occurs along with 
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MeOH. Because the increase in MeOH flux with pressure was much higher than that of 

toluene, the highest separation factor (8.4) was obtained at the highest pressure of 3 MPa.     

    The component ratio of organic liquid mixtures varies in the actual application. Thus, it is 

necessary to investigate performance under different ratios of the feed solution. Fig. V.7(B) 

shows the flux and separation factor as a function of MeOH fraction (wt%) in feed. Because 

the osmotic pressure decreased with an increase in the MeOH fraction, the effective pressure 

(∆𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒) increased for the MeOH fraction when a constant pressure of 3 MPa was applied on 

the feed solution; this resulted in the high flux of MeOH. The increase in ∆𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒 also led to 

an increase in the separation factor because of the above-mentioned reason in Fig. V.7(A).  

    The performance of PK-RO was compared with that of commercial membranes (OSN 

membrane: Duramem 150 and Duramem 200; RO membrane: SWC5). As shown in Fig. V.9, 

two types of OSN membranes showed similar separation factor around 2.0, due to their larger 

pore size than the PK-RO membrane. Although SWC5 and PK-RO have a similar polyamide 

layer, SWC5 showed a lower separation factor of 4.8 than PK-RO. This may have been 

caused by the swelling of SWC5 in M90T10. PK-RO outperformed other membranes in the 

highest separation factor.   

 

Fig. V.7 Fluxes and separation factors (A) at different applied pressures for M90T10, and (B) 

at different MeOH mass fractions in the feed solution at 3 MPa.  
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on the permeability of the solvent (Fig. V.6). A high separation factor can be expected for a 

small, highly polar solvent molecule. The separation factor decreased with the molecular 

weight as shown in Fig. V.10(b2) and increased with 𝛿𝛿𝑝𝑝 of the solvents, except AcN as shown 

in Fig. V.10(b3). These results further confirm that the important factors in separation of 

organic liquids are size and polarity. The separation factors were at least above 2.5, showing 

adequate separation of toluene from polar solvents by PK-RO.    

 

V.3.5 Filtration stability   

    For practical application, the high performance of a membrane over a long term guarantees 

its continued use. The stability of PK-RO was evaluated in M90T10 (Fig. V.11(A)) and 

Acetone90T10 (Fig. V.11(B)) mixtures. The stable flux and separation factor were obtained 

by filtration over 120 h for both mixtures, suggesting PK-RO is stable in polar protic solvents 

and polar aprotic solvents. However, SWC5 showed gradually decreased separation factor in 

M90T10 and no separation ability in M70T30, acetone90T10 and ACN90T10, as shown in 

Fig. V.12. The excellent solvent resistance of the PK-RO membrane endows its applicability 

across various mixtures.  
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V.4 Conclusions 
    The separation of organic liquid mixtures is required for many industrial applications. 

Separation by membrane is preferred due to its low energy consumption. However, the 

membrane must exhibit high resistance to organic liquids to apply OSRO. In this work, an 

OSRO membrane with a PK membrane as the support and a selective polyamide layer formed 

by interfacial polymerization (IP) was used to separate organic liquid mixtures. The obtained 

membrane, PK-RO, exhibited excellent selectivity for large, non-polar organic liquids 

(aliphatic alkanes, aromatic compounds, and aliphatic alcohols) from small, polar liquids 

(MeOH, EtOH, AcN, acetone, and THF) with high fluxes. The highest separation factor of 

38.0 was obtained for a mixture of heptane and methanol. The efficient separation was 

primarily attributed to the difference in the molecular size and polarity. PK-RO provided 

superior stability and separation factor than the commercial membranes. To our knowledge, 

this is the first study in which an OSRO membrane was fabricated using IP. This work can 

bring about a revolutionary change for the OSRO separation of organic liquid mixtures 

without phase change. In addition, the fabrication of the PK-RO membrane can be easily 

scaled up using the well-established IP procedure.   
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Chapter VI Improved organic solvent osmosis reverse 

(OSRO) membrane for organic liquid mixture separation 

by simple heat treatment 
 

VI.1 Introduction 
    Organic liquid mixture separations, such as the separation of alcohols/alkanes, 

aromatics/aliphatic hydrocarbons, are crucial processes in petroleum, pharmacy and 

chemistry. Owing to the similarly small sizes and volatilities of these organic liquid 

molecules, the energy-intensive thermally driven separation approaches such as distillation 

are still dominating. These separations put a huge burden on energy resources, resulted from 

the heat for liquids vaporization and significant carbon dioxide emissions [1-3]. The success 

of reverse osmosis (RO) membrane process replacing distillation in seawater desalination 

and water reclamation verifies the bright prospects of membrane technology in separations, 

in terms of not only alleviated environmental burden, but also compact spacing and 

operational simplicity.  

    Considerable progress has been achieved in organic solvent nanofiltration (OSN), which 

exhibits high retentions toward molecules with molecular weight (Mw) larger than 200 Da [4-

6], which can be catalysts [7], ionic liquids [8], dyes [9], antibiotics [10], however, OSN 

shows no selectivity toward organic liquid mixtures comprising molecules lower than 100 

Da [11], such as methanol/toluene mixture. For this target, organic solvent reverse osmosis 

(OSRO) membranes hold promise due to the higher crosslinked selective layer than OSN 

membranes. State-of-the-art RO membranes are mainly thin-film composite (TFC) 

membranes, comprising a polyamide skin layer fabricated from interfacial polymerization 

(IP) and a polysulfone support. However, these RO membranes cannot be used as OSRO, 

because the supports would be dissolved or swell in organic solvents. Other developed 

support membranes, such as polyimide, polybenzimidazole, polyacrylonitrile, exhibit good 
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organic solvent resistance after an additional pretreatment [6]. Nevertheless, most TFC 

membranes made from these supports are only reported as OSN membranes. Our previous 

work showed the TFC membrane made from polyketone (PK) support can provide efficient 

OSRO searation of organic liquid mixtures, and a separation factor of 8.4 was achieved for 

methanol/toluene (90/10 wt%) mixture. The separation factor needs to be further improved 

for practical application. Polyamide layer plays a crucial role in separation performance, and 

thus, to acquire higher separation factor, higher crosslinked polyamide layer is needed.   

    Efforts to densificate the selective layer of polyamide based TFC membranes are mainly 

devoted by optimizing the reaction conditions in IP reaction including the monomer 

concentration, reaction time, acid acceptors, heat treatment, and so on [12]. Heat treatment 

is a facile approach to regulate the membrane performance. Two kinds of heat-treatment 

approaches have been reported in literatures. The most commonly used one is heating the 

membrane in a hot oven at desired temperature after the interfacial polymerization [13-15]. 

This step is usually applied to promote additional crosslinking through dehydration of amine 

and carboxylic acid residues [16], which has been proven to be useful in tightening the 

membrane structure and improving salt rejection. Another efficient approach is immersing 

the commerical membrane in high-temperature water before the usage [17]. It was found that 

after this hot water treatment, marginal changes occurred in the membrane surface 

characteristics, including zeta potential, hydrophobicity, roughness, chemistry, and also free-

volume hole-radius of the skin layer,  while a rejection enhancement of salt and netrual small 

sized compounds (e.g. boron) and lower water permeability were obtained. It was suggested 

that maybe the change in free-volume fraction and thickness affect the membrane 

performance [18, 19].  

    Even the effect of heat-treatment on membrane performance has been reported, the 

reported ones are for the membranes employing in aqueous media and in gas separation [12, 

20]. The effect of heat-treatment on the OSRO membrane remains unclear. The main purpose 

of this work is to elucidate the effect of the above two kinds of heat treatments on OSRO 

performance in terms of flux and separation factor.  
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VI.2 Experimental 

VI.2.1 Materials  

    The materials are the same as that in Chapter V. 

 

VI.2.2 Membrane fabrication   

    The procedures of PK support membrane fabrication and IP reaction were the same as that 

in Chapter V, expect for the heat treatment procedure and no SDS addition in MPD solution. 

In this work, the membrane was heat-treated in a hot-air circulating oven as the Chapter V, 

but at a desired temperature (100 – 170 ℃) for 5 min. After that, the membrane was taken 

out from the oven, and put into Milli-Q water after cooling down to room temperature. After 

one night immersion for washing out the unreacted monomers, the membrane was heated in 

Milli-Q water at different temperature (25 – 97 ℃) for 3 h. Then, the membrane was taken 

out and stored in Milli-Q water under 4℃ in dark prior to use. The membrane was denoted 

as “AT1WT2”. “A” represents the air heated process in oven, “T1” the temperature of oven; 

“W” represents water heated process, “T2” the temperature of water. For example, A100T60 

represents the membrane treated in oven at 100 ℃ and subquently, in water at 60 ℃. 

 

VI.2.3 Performance in organic media 

    RO performance of OSRO was characterizated using a lab-scale cross-flow filtration setup 

at 25 ℃ with an effective area of 8.04 cm2. This test unit was the same as that in Chapter V. 

All samples were prefiltrated using Milli-Q water as the feed solution for 1 h under 2 MPa 

to reach a steady state before testing. Next, the NaCl rejection was examined using 2000 ppm 

NaCl as the feed solution under 2 MPa. After NaCl rejection test, water was used as the feed 

solution to wash the unit for 1 h. Next, MeOH was used to balance the unit for 1 h, and the 

membrane was ready for the performance test in organic liquid. 

   For the permeabiliy test of pure organic liquid, the liquid was introducted as the feed 

solution untile a stable permeabiliy value was obtained. After this test, MeOH was used to 

wash the unit for 1 h, and the next liquid was tested. After all the permeability tests, finally, 

MeOH was used to balance the unit for 1 h.   
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    For the performance test of binary oragnic liquid mixtures, the majority of mixture was 

denoted as solvent, and another one was solute. The mixture was noted as AxBy according 

to their compositions. A is the solvent (x wt%), and B is the solute (y wt%). MeOH and 

toluene were abbreviated as “M” and “T”, respectively. The solvent was firstly filtrated for 

1 h, and then the mixture was introducted, after getting the stable flux and separation factor, 

the solvent was fed again into the test unit to wash the uint. After that, MeOH was used to 

wash the unit again, before the test of next mixtures. For ternary oragnic liquid mixtures, 90 

wt% of mixture was MeOH acting as solvent. The other two components was defined as 

solute 1 and solute 2.  

 

VI.3 Results and discussion 
VI.3.1 Membrane fabrication 

VI.3.1.1 Effect of oven temperature    

   Fig. VI.1 (A) and (B) showed the oven temperature remarkably influenced separation 

performance. Both the solute retention in aqueous and organic liquids increased first and then 

decreased after reaching the maximum values at 130℃. The optimized NaCl rejection and 

toluene separation factor were 99.5 % and 18.4, repectively. From 100 to 130℃, the oven 

heat helps to evaporate water and solvent remaining in membrane and also promotes the 

reaction between unreacted amino and chloride groups. Therefore, the polyamide skin layer 

becomes more crosslinked, providing incresed retention ability. Considering the fact that the 

condensation polymerization between amino and chloride groups was exothermic reaction 

[21], further increased oven temperature may lead to an inhibition to the reaction, which led 

to a decreased retention ability. On the other hand, the variation tendency of retention in 

organic media keeps consistent with that in aqueous media, indicating that the performance 

in aqueous media can be a powerful indicator to predict the performance in  organic media. 

This is the first attempt to connect the membrane performances in aqueous and organic media.  

    Meanwhile, it is worth to notice that higher oven temperature causes obvious PK support 

shrinkage. As shown in Fig. VI.1 (C), the membrane thinkness kept decreasing with oven 

temperature. Fig. VI.1 (D) shows the PK support became more compacted after higher oven 
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     As for the flux, in aqueous media, water flux increased a little from 100 to 130 ℃, and 

this increased water flux may came from the enhanced roughness at 130 ℃, due to the 

enhanced shrinkage of PK support at 130℃. Then the water flux kept constant among 130 to 

170 ℃, which was the balance of pore shinkage and decreased crosslinking reaction. 

However, the flux in organic media showed constant from 100 to 130 ℃, which may come 

from the increased osmotic pressure created by toluene because of increased retention ability. 

Similarly, the increased flux from130 to 170 ℃ was due to the decreased osmotic pressure.   

 

VI.3.1.2 Effect of water temperature  

   The effect of water temperature on membrane performance was investigated, choosing the 

optimized membrane in the oven treatment step (A130). The water treatment step is different 

from that in oven treatment. During oven treatment, both membrane shrinkage and 

crosslinking reaction occur, while in water treatment, it is reasonable to believe that mainly 

shrinkage occurrs. Because the reaction between -COOH and -NH2 will produce water 

molecules, and aqueous media does not benefit this reaction.  

   As shown in Fig. VI.2 (A), the water flux obviouly decreased with water temperature, 

particularly at temeprature higher than 80 ℃, which might come from the densifiation of  

polyamide layer in high-temperature water due to the pore shrinkage, even the observed salt 

rejection can not benefit from this. In organic media (Fig. VI.2(B)), the flux decreased, while 

the separation factor was improved continuously with the water temperature. The best 

performance was achieved by A130W95, with a separation factor of 50.0 and a flux of 2.9 

LMH. This result showed the separation in organic liquid is more sensitive than salt 

seperation in water.  
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polymerization on polyketone support are promising for this separation. Highly selective 

OSRO membrane was developed by facily adjusting heat treatment procedures. By virtue of 

synergistic effects of size sieving and hydropic replusion, an unprecedental combination of 

high flux (2.8 LMH) and high selectivity (50.0) was achieved with the optimized membrane 

(A130W95) for methanol (90 wt%) and toluene (10 wt%) mixture under 3 MPa at 25℃. The 

applied pressure, feed solution composition, and feed solution temperature have significant 

effect on the flux and separation performance. The tenary systems were also investaged in 

this work. This facial approach may open novel avenues to the design of high-performance 

membranes for organic liquid separations.  
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Chapter VII Conclusions  
    The application of membrane technology in various separations becomes more and more 

prosperous, due to its much lower energy cost compared with thermal based separation 

approaches. Therefore, the exploration of novel membrane and membrane materials is crucial 

for the development of membrane technology. For the separations in aqueous media, the 

membranes with easy functionalization and low fouling are desired. For the separations in 

organic media, the membranes with excellent organic solvent resistant are needed. This thesis 

focused on the development of polyketone (PK) polymer as membrane materials due to the 

following main properties:  

• low fouling property resulted from the high hydrophilicity; 

• easy functionalization due to ketone groups; 

• excellent solvent resistance due to strong hydrogen bonds within the polymer chains. 

    First, targeting the environmental problems resulted from micropollutants in water 

resources, forward osmosis (FO) and microfiltration (MF) membranes with PK support are 

developed. The membranes were combined with enzyme catalysis for micropollutant 

degradation. Second, considering the large demand in separations of organic liquid mixtures, 

reverse osmosis (RO) membrane with PK support are designed. The conclusions of this study 

are summarized below. 

 

1. Enzyme-aided forward osmosis (E-FO) process to enhance removal of 

micropollutants from water resources  

   The FO membrane with PK support (PK-IP) was fabricated using the methods reported in 

our previous study. The micropollutant removal efficiency of PK-IP was tested. It was found 

the performance of PK-IP outperformed the commercial FO membrane. Then, laccase 

enzyme catalysis was combined with FO separation process using PK-IP as a FO membrane. 

The degradation efficiency of laccase was enhanced in this hybrid system, due to the 

increased concentration of laccase in feed solution during FO separation. The amounts of 
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micropollutant on membrane and in permeate also sharply decreased compared to the single 

FO separation process, resulted from the degradation of micropollutant during separation. 

Low fouling was also confirmed. It showed that PK-IP was an excellent FO membrane, and 

enzyme-aided forward osmosis (E-FO) process could enhance removal of micropollutants 

from water resources. 

 

2.  A novel strategy to immobilize enzymes on microporous membranes via dicarboxylic 

acid halides 

    In the above study, free enzyme was used to combine with membrane process. Considering 

the limitations of free enzyme including non-recyclability and instability, immobilization of 

enzyme onto membrane was put forward. Trypsin and lipase were used as model enzyme, 

and covalently immobilized onto regenerated cellulose (RC) membranes by a newly 

developed method. The immobilized enzymes showed good activity retention, good 

reusability and improved stability in long time usage.  

 

3. Polyketone-based membrane support improves the organic solvent resistance of 

laccase catalysis 

     In practical applications, organic solvents may exist in micropollutant-included aqueous 

media, which will sharply damage free enzyme. As proved above, enzyme could be 

immobilized onto membrane via the developed method, and the stability of enzyme was 

enhanced. It was suggested that immobilizing laccase onto membrane could increase the 

enzyme stability in the existence of organic solvent. A hydroxylated polyketon (PK-OH) MF 

membrane was used as a novel platform for enzyme immobilization and RC membrane was 

used as a contrast. Laccase was immobilized on to these membranes via the developed 

method. The result showed the PK-OH membrane could immobilize more amount of enzyme 

molecules than RC, because of the attraction between ketone groups and enzyme. The 

immobilized laccase showed higher catalytic efficiency than free laccase towards 

micropollutants in organic solvent-included aqueous media, because of the enzyme 

protection from the PK-OH MF membrane.    
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4. Organic liquid mixture separation using an aliphatic polyketone based organic 

solvent reverse osmosis (OSRO) membrane 

    As reported, PK polymer has excellent solvent resistance superior to nylon by 30%. In this 

part, the separation performance of PK based membrane in organic media was explored. One 

application is the separation of organic liquid mixtures. Reverse osmosis (RO) membrane 

with PK support was explored, named as PK-RO, fabricated via interfacial polymerization 

on PK MF support membrane. The highly crosslinked, polar, and stable polyamide skin layer 

was successfully formed. 15 kinds of mixtures were investigated, and the results suggested 

PK-RO had high selectivity towards big nonpolar liquids from small polar liquids. It showed 

the two key factors for separation performance were size and hydrophilicity of liquids. This 

work showed the high potential of OSRO process for organic liquid mixture separation.  

 

5. Improved organic solvent osmosis reverse (OSRO) membrane for organic liquid 

mixture separation by simple heat treatment 

    Last part showed the efficient separation of organic liquid mixtures via PK-RO membrane. 

Higher crosslinking degree of skin layer is expected to provide higher separation factors. In 

this work, through adjusting the heat treatment procedure, the membrane was optimized. 

Higher separation factor was achieved.  

 

Perspective 

    Further work can be done using PK polymer, and here are some potential applications: 

• PK based FO membrane for the separation of organic liquid mixtures; 

• PK based NF membrane for the separation of solutes larger than 200 Da from organic 

liquid. 
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