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The utilization of cellulose membranes for water treatment is considered as one of the most 

efficient treatment techniques for removal of conventional pollutants as well as contaminants 

of emerging concern. Still, the ways of making this technology more environmentally sound 

and efficient are needed to be researched. Utilization of pulp and paper industrial wastes 

after being exposed to adequate treatment seems to be prospective source of the cellulose for 

membrane preparation. 

The membrane preparation from solutions of delignified wood biomass in the mixture of 

ionic liquid and DMSO was studied. Delignification of the wood biomass was done with 

DES treatment. The effect of different membrane preparation parameters (polymer 

composition, CBT, casting solution concentration, utilized solvent and non-solvent, casting 

thickness and use of different additives) was researched. Generally, all synthesized 

membranes can be classified as UF, while the most appropriate results in terms of both pure 

water permeability and retention of PEG 35 kDa were found for the membrane prepared 

from bleached DES treated biomass at 5 wt-% in the mixture of IL and DMSO casted at 300 

μm and 0°C CBT and for the membrane prepared in the same conditions but from α cellulose.  
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1 INTRODUCTION 

As the human social, demographic and industrial growth and expansion continue, the 

demand for sources of pure water is continually increasing. Water is crucial for literally all 

spheres of life from drinking to industrial purposes. Moreover, not only the presence of pure 

water is a great challenge but also the need of its’ adequate treatment. Presently, 

approximately 20 % of the world’s population is directly affecting by water scarcity and lack 

of access to clean water (Livazovic et al., 2015). According to Mateo-Sagasta et al., (2015) 

annual global freshwater withdrawals are estimated to be up to 3,928 km3 and the demand 

is predicted to increase significantly over next decades. About 56% (2,212 km3 annually) of 

this water is returned back to the environment in the form of municipal and industrial 

wastewater and agricultural drainage water. All this amount of water is needed to be treated 

at high quality standards before it is released into the environment with as negligible 

qualitative degradation as possible (Mateo-Sagasta et al., 2015). So far, approximately 80% 

of wastewater is discharged to the environment without sufficient treatment (WWAP, 2012) 

and the treatment of the remaining 20% costs billions of euros/dollars, creating the gap 

between spending and needs of dozens and hundreds of billions of euros/dollars (ASCE 

report, 2010).  

The membrane-based technologies are already the state of art for suspended, colloidal and 

dissolved matter removal. Among the advantages of these technologies is the possibility of 

selective treatment organized through precise control of membrane pore size distribution and 

surface properties at the stage of its’ manufacturing. As the result, membrane wastewater 

treatment not only provides control on conventional pollutants but also can face the 

challenge of contaminants of emerging concern removal such as pesticides, drugs, etc. The 

technology can be implemented in various domains like food industry, biomedicine and of 

course wastewater treatment. (Thakur et al., 2016) 

Considering the increased consumption of non-renewable resources, new materials are 

continuously researched. Different kinds of polymers can be potentially utilized to make 

modern treatment techniques more efficient (Thakur et al., 2016). This is especially 

important according to the tendency to replace petroleum-based materials for membrane 

production with naturally occurring ones (Stolarska et al., 2017). 
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Being the most abundant polymer on the planet cellulose provides a number of properties 

that make it an attractive material for membrane production. Cellulose is a biodegradable, 

easy available due to its’ natural abundancy, relatively low cost compared to polymers 

manufactured via petroleum-based synthesis and hydrophilic material. The latter property 

makes cellulose-based membranes especially useful in process of water filtration (Durmaz 

et al., 2017). However, due to existence of very strong inter- and intramolecular hydrogen 

bonds cellulose is not soluble in water and conventional organic solvents and thus cannot be 

directly processed in membrane fabrication. On the other hand, this seeming disadvantage 

offers a promising field for cellulose membranes in applications requiring solvent resistance 

(Durmaz et al., 2017). Therefore, selecting the appropriate solvent is the key to preparation 

of cellulose membrane without derivatization (Weng et al., 2017). 

Ionic liquids, the special type of solvents consisting of organic salts with melting points 

below 100°C, are now used in numerous applications such as inhibitors of corrosion, 

catalysts, lubricants, heat stabilizers etc. Due to their remarkable properties such as 

negligible vapour pressure and toxicity, high thermal stability up to 300 – 400°C depending 

on the composition of the ionic liquid and high dissolution power giving opportunity to 

prepare cellulose solution with concentration up to 25 wt-%, they seem to be prospective for 

utilization in membrane manufacturing. (Raut et al., 2015) 

Preparation of polymeric membranes using IL as an effective and nonaggressive solvent for 

cellulose is studied intensively nowadays. To cite several examples, Zhu et al. (2014) studied 

preparation of membranes from cellulose extracted from pineapple leaves with ionic liquid 

([Bmim]Cl), Chen et al. (2012) investigated manufacture of wheat straw regenerated 

cellulose membranes using the same IL as solvent, Anokhina et al. (2017) researched 

manufacturing of composite NF membranes from cellulose solutions prepared with 

[Emim]OAc–DMSO Mixture and Livazovic et al. (2015) studied preparation of multilayer 

NF and UF cellulose membranes from solutions made with 1-ethyl-3-

methylimidazolumacetate. 

Nowadays the most optimal operational commercial fractionation process of wood biomass 

is considered to be the paper production. However, only approximately 35% of the biomass 

is used in the paper production, the rest 65% is regarded as waste and incinerated in the most 

cases (van Osch et al., 2017). Pulp and paper industry wastes consist of cellulose, 

hemicelluloses, lignin and the extractives and thus seem to be prospective source of 
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cellulose. Before actual use of cellulose for membrane preparation, cellulose should be 

separated from other wood structure components, because they can possess undesirable 

effects on the membrane performance. Consequently, the solvents that will efficiently 

remove undesirable wood constituents such as lignin and will not cause changes of 

cellulose’s structure at the same time are required. Furthermore, instead of conventional 

bleaching process which requires the use of strong chemicals and destroys part of valuable 

cellulose fraction, it is possible to use new kinds of solvents which are called deep eutectic 

solvents (DESs) and possess such properties as biodegradability, low or non-toxicity and 

ease of recovery (Kumar et al., 2015; De Dio, 2013; van Osch et al., 2017). 

To the author’s knowledge, even though topic seems to be researched quite thoroughly, there 

is no single work, which covers completely a novel process of cellulose membrane 

preparation, beginning from wood biomass delignification via use of DESs, followed by 

purification and dissolution of obtained biomass in ionic liquids and finally the membrane 

preparation itself. Therefore, this work is aiming to display the cellulose membrane 

preparation according to the sequence described above and to test the properties of obtained 

membrane. 
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2 CELLULOSE RICH BOMASS AND ITS TREATMENT 

2.1 Wood biomass and its content 

Natural lignocellulosic material mainly consists of three organic compounds: cellulose, 

hemicelluloses and lignin. In addition, lignocellulosic biomass consists of relatively small 

amount (less than 5% of total dry wood weight) of extractives (e.g. pectin, pigments, cell 

wall proteins, etc.) and inorganic compounds, which are usually analyzed in form of ash 

obtained after drying and ignition of biomass sample. (van Osch et al., 2017) 

It is necessary to point out the difference between chemical composition of wood biomass 

and other lignocellulosic material. While some plants (like cotton and herbs) consists mainly 

of cellulose (up to 98%), the composition of higher plants varies significantly and can be 

presented the way it is done in Figure 1. (van Osch et al., 2017) 

 

 

Figure 1. Composition of wood biomass (pine represents softwood, birch represents hardwood). (based on van 

Osch et al., 2017) 

 

It can be seen from the Figure 1, that both hard- and softwood species contains roughly 

equivalent fraction of cellulose (about 40%) and of extractives and mineral compounds (less 

than 5%). As for hemicelluloses and lignin fractions, softwood species usually contain 25-

30% of hemicelluloses and 25-30% of lignin, while hardwood species consist of 30-35% 

and 20-25% of hemicelluloses and lignin respectively. (van Osch et al., 2017) 
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Cellulose is regarded as the most abundant biopolymer on Earth. It consists of linear chains 

of 10000 or more D-glucose monomers linked through 1-4-β glycosidic bonds. These linear 

chains are bridged via parallel and antiparallel hydrogen bonds forming microfibrils of 

various nature depending on the combination of hydrogen bonds. There are seven different 

types of crystalline cellulose, which are identified such as cellulose I (Iα and Iβ), cellulose II, 

cellulose III (IIII and IIIII) and cellulose IV (IVI and IVII). The combination of inter- and 

intramolecular hydrogen bondings network is considered as the reason for polymer’s 

rigidness and recalcitrance to dissolution. The general form of the cellulose structure 

representing its inter- and intramolecular hydrogen bonds is depicted in Figure 2. (van Osch 

et al., 2017; O’Sullivan, 1997) 

 

Figure 2. General form of the biopolymer cellulose chains depicting its intramolecular and intermolecular 

hydrogen bonds between the glucose monomers. (van Osch et al., 2017) 

 

Another carbohydrate polymer of wood biomass is hemicellulose. As well as cellulose, it 

consists of polysaccharides groups, but the composition of monomers is more variable. The 

most common monomer units are presented in Figure 3. In addition, hemicellulose’s degree 

of polymerization is much lower compared to cellulose, approximately 100-200 (van Osch 

et al., 2017; Timell et al., 1967). 
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Figure 3. Monomers of hemicellulose. (van Osch et al., 2017) 

 

The third main constituent of wood biomass is lignin. Unlike cellulose and hemicelluloses, 

which are linear, lignin is a three-dimensional insoluble complex polymer which main 

purpose is holding the whole lignocellulosic matrix together and increasing its mechanical 

strength and rigidity by means of crosslinks between carbohydrate polymers and lignin itself. 

Due to its complex structure lignin is insoluble in water and the majority of organic solvents 

and resistant to biodegradation by many kinds of the microorganisms. Although there are 

plenty of investigations considering the exact chemical structure of lignin, it is still under 

debate, giving information only about the most probable monomer units of its structure, 

which are shown in the Figure 4. (van Osch et al., 2017; Campbell et al., 1996) 



14 

 

Figure 4. Monolignols present in lignin and their respective units within the lignin polymer. (van Osch et al., 

2017) 

 

As it has been mentioned above, there are different bondings between cellulose, 

hemicelluloses and lignin. Cellulose mainly bonds with hemicelluloses and lignin via 

hydrogen bonds, while hemicelluloses and lignin are bond mostly through chemical bonds, 

thus extraction of lignin always results in a small loss of hemicellulose molecules attached 

to it. Differences between all three polymers are summarized in the Table 1. (Chen, H., 2014) 

 

Table 1. Structure, chemical bonds and composition of cellulose, hemicelluloses and lignin in cell walls of 

plants. (Chen, H., 2014) 

 Cellulose Hemicellulose Lignin 

Monomer 

units 

D-Pyran glucose D-Xylose, mannose, L-

arabinose, galactose, 

glucuronic acid 

Guaiacylpropane (G), 

syringylpropane (S), 

phydroxyphenylpropane 

(H) 

Bonds 

between the 

monomer units 

β-1,4-Glycosidic bonds β-1,4-Glycosidic bonds in 

main chains; β-1.2-, β-1.3-, 

β-1.6-glycosidic bonds in 

side chains 

Various ether bonds and 

carbon-carbon bond, 

mainly β-O-4 ether bond 

Degree of 

polymerization 

Several hundred to tens of 

thousands 

Less than 200 4,000 

Polymer units β-Glucan Polyxylose, 

galactoglucomannan (Gal-

Glu-Man), glucomannan 

(Glu-Man) 

G lignin, GS lignin, GSH 

lignin 

Composition Three-dimensional linear 

molecular composed of the 

crystalline region and the 

amorphous region 

Three-dimensional 

inhomogeneous molecular 

with a small crystalline 

region 

Amorphous, 

inhomogeneous, nonlinear 

three-dimensional polymer 

Bonds 

between three 

components 

Without chemical bonds, 

hydrogen bonds with both 

lignin and hemicellulose 

Contains chemical bonds 

with lignin 

Contain chemical bonds 

with hemicellulose 
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Among the all constituents of wood biomass, cellulose is considered as the most prospective 

material for membrane preparation due to its properties. Cellulose is biocompatible, 

biodegradable, relatively thermally and chemically stable and hydrophilic. The last property 

is considered as one of the most important for water treatment membrane implementations 

as the high hydrophilicity of the membrane is usually followed with its stability towards 

fouling. Before utilization of cellulose for membrane preparation it should be, first of all, 

separated from lignin and extractives as many of them possess hydrophobic nature and will 

affect the membrane properties in an undesirable way. (van Osch et al., 2017) 

Conventional techniques of lignin removal from wood biomass (e.g. different types of 

bleaching) are not environmentally sound. They are proceeded in several steps, use 

hazardous chemicals and lead to loss of cellulose, so there is a need in a simple, inexpensive 

and green commercial technology for lignin removal. The use of deep eutectic solvents is 

considered as prospective method for lignin isolation from wood biomass. (van Osch et al., 

2017)  

 

2.2 DES utilization for wood delignification 

Deep eutectic solvents (DESs) constitute of homogeneous mixture of two solid compounds 

at such a certain ratio that a joint superlattice (i.e. the eutectic composition) is formed. This 

eutectic mixture will melt at so called eutectic temperature, which is significantly lower 

compared to the melting points of each component separately. The remarkably low melting 

point is exhibited as the deep fissure on the melting point curve, giving the eutectic mixtures 

name “deep”. The formation of DES happens due to rather hydrogen bonding of the pure 

compounds than to the formation of ionic bonding which happens in the case of ionic liquids. 

(Smith et al., 2014). 

Deep eutectic solvents are sometimes called “the new type of ionic liquids” because of 

sharing many properties and characteristics with ionic liquids. However, such 

acknowledgement is not actually correct. While ionic liquids are generally concerned as 

solvents which contain solely discrete ions, DESs are referred as systems formed from an 

eutectic mixture of Lewis or Brønsted acids and bases containing a variety of cationic and/or 

anionic species. (Smith et al., 2014). Notwithstanding that the term “DES” is standardized 

and commonly used in literature, these solvents are sometimes defined also as low transition 

temperature mixtures (LTTMs) (De Dio, 2013).  
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DESs show distinguished low freezing point and contain at least single hydrogen bond donor 

(HBD) and single hydrogen bond acceptor (HBA). DESs consist of large, non-symmetric 

ions that are usually purchased by a quaternary ammonium salt complexation with a metal 

salt or HBD. The occuring through hydrogen bonding charge delocalization is resulted in 

the decrease of the melting point of the mixture compared to the melting points of the initial 

individual components. The examples of some compounds used for preparation of DESs are 

shown in Figure 5. (Smith et al., 2014.) 

 

Figure 5. Structures of some compounds used in the preparation of deep eutectic solvents. (Smith et al., 2014) 

 

DESs are identified as green solvents and they possess a list of attractive properties such as: 

 safety (non-toxicity, non-flammability); 

 low price (readily available and cheap starting materials); 

 biocompatibility; 

 biodegradability; 

 simplicity of preparation; 

 performance in wide liquid range; 

 low or negligible vapour pressure; 

 good solvation properties; 

 easy recovery using a non hydrogen-bonding anti-solvent; 
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 adjustability of physical properties and dissolution capacity controlled via 

modifying the composition of DES constituents. (Soares et al., 2017) 

The process of DESs preparation is simple and requires only gentle mixing at 130°C or less 

and no purification step is needed as no by products are formed. Initial substances are often 

inexpensive, safe and can be sustainably manufactured from biomass, e.g. formic acid, lactic 

acid, acetic acid, choline chloride, and betaine. Some of them, like choline chloride, which 

is produced for chicken feed, and betaine, which is produced from sugar beets, are already 

generated in large quantities. (Lynam et al., 2017) 

Lignin dissolution in various DESs has been studied widely through the last decade. 

According to the Kumar et al. (2015), the maximum dissolution capacity of lignin is 

attributed to the mixture of choline chloride (CC) and lactic acid (LA) at the molar ratio of 

1:5 and equals to 68±4 mg g−1 (which was nearly 60% of total lignin content in the 

lignocellulosic biomass). Several other works researching delignification of various 

lignocellulosic biomass via use of different DESs and the final decrease of lignin content are 

summarized in Table 2. 

 

Table 2. Lignin removal from biomass using different DES. 

Substrate DES Molar ratio Decrease of lignin 

content by [%] 

Experimental 

parameters 

Reference 

HBA HBD 

Wheat 

straw  
 

Choline 

chloride 
 

Lactic acid 1:2 1:9 3.95 7.89 14 h 

60°C 

De Dio 

(2013) 

 
Malic acid 1:1 2.89 

Oxalic acid 1:1 18.68 

Pine 

wood 

Choline 

chloride 

Lactic acid 1:2 1:9 4.86 9.71 14 h 

60°C 

De Dio 

(2013) 

 
Malic acid 1:1 1.71 

Oxalic acid 1:1 9.71 

Rice 

straw 

Lactic 

acid 

Choline 

chloride 

2:1 5:1 9:1 64.0 75.7 74.2 12 h 

60°C 

Kumar et al 

(2015) 

 Betaine 2:1 5:1 65.6 70.4 

Wheat 

straw 

Choline 

chloride 

Lactic acid 1:9 1:10 14.6 29.1 24 h 

60°C 

Jablonský 

et al. (2015) 

 
Malonic 

acid 

1:1 3.8 

Urea 1:2 1.3 

Oxalic acid 1:1 57.9 

 

Another important issue concerning lignin removal through its dissolution is high selectivity 

of deep eutectic solvents to the compound. Several researchers (Lynam et al., 2017; Kumar 

et al., 2015) report that even at high values of dissolved lignin, the dissolution of cellulose 
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or hemicelluloses was not observed. The confirming data obtained from works mentioned 

above are summarized and presented in Table 3 and Table 4. 

 

Table 3. Solubility analysis of isolated lignin and cellulose in various DESs. 

Hydrogen 

bond donor 

Hydrogen bond 

acceptor 

Mole 

ratio 

Lignin 

solubility 

Cellulose 

solubility 

Units and experiment 

parameters 

Reference 

Lactic acid Betaine 2:1 12±1.3 0 % solubility (10% 

(w/v) substrate) 

Kumar et al. 

(2015) Lactic acid Betaine 5:1 38±3.7 0 

Lactic acid Choline chloride 2:1 100 0 

Lactic acid Choline chloride 5:1 100 0 

Lactic acid Choline chloride 9:1 100 0 

Formic 

acid 

Choline chloride 2:1 14 <1 Carried at 60°C 

w-% 

Lynam et al. 

(2017) 

Lactic acid Choline chloride 10:1 13 <3 

Acetic acid Choline chloride 2:1 12 <1 

Lactic acid Betaine 2:1 9 <1 

Lactic acid Proline 3:3:1 9 <1 

 

This selectivity of lignin dissolution is attributed to the hydrogen bonds formation between 

choline chloride and cellulose hydroxyl groups, thus stabilizing the cellulose system and 

making the dissolution of cellulose or hemicelluloses highly unlikely (Abbott et al., 2006). 

Even though different DESs show negligible dissolution capability over cellulose, they 

affect significantly on polymer’s crystallinity, causing the prominent decrease of initial 

value. This is easily observable by carrying out the X-ray Powder Diffraction (XRD) 

analysis, which is now referred as the common and reliable technique for the study of 

crystalline structure of various materials of mineral and organic nature, comparing the 

biomass’ diffractograms before and after DES treatment. For instance, Mohd et al. (2017) 

give the comparison between the spectrum of untreated and DES-pretreated rice straw 

biomass, displaying the easily observable decrease of two peaks (Figure 6).  
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Figure 6. X-ray diffraction analysis of untreated and DES-pretreated rice straw biomass. (Mohd et al., 2017) 

 

Mohd et al. (2017) also reported that significant changes were observed in lignin 

corresponding peaks in FTIR spectra comparison between the initial rice straw biomass and 

after DES pretreatment. The changes at 2918 cm-1 are pointing out the possibility of methyl 

(– CH3) and methylene (– CH2 –) groups of cellulose (which are involved in the formation 

of intramolecular hydrogen bonds formation) disruption, and so indicating the decrease of 

cellulose crystallinity. Decrement of the broad peak at 1720 cm-1 after DES pretreatment 

clearly demonstrated the occurred structural changes in the biomass after lignin removal 

(Figure 7). 

 

 

Figure 7. FTIR analysis of DES pretreated and untreated rice straw biomass. (Mohd et al., 2017) 
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Interestingly, Kumar et al. (2015) also reported that addition of small amounts of water 

during delignification of rice straw with DES prepared from Lactic acid and Choline chloride 

at mole ratio of 5:1 enhanced the total yield of dissolved lignin significantly. It can be seen 

from Table 4 that there were approximately 22±3 % more lignin extracted in the same 

conditions.  

 

Table 4. Effect of solids loading on DES treatment of rice straw biomass. (Kumar et al., 2015) 

DES reagent Biomass loading (%) % Solubility 

Cellulose Hemicellulose Lignin 

With water 

2.5 0 0 90±1 

4.0 0 0 42±3 

4.5 0 0 26±2 

4.75 0 0 15±1 

Without water 

2.5 0 0 78±1 

4.0 0 0 69±2 

4.5 0 0 69±3 

4.75 0 0 68±3 

5.0 0 0 68±1 

10 0 0 63±2 

 

2.3 Further treatment of biomass 

After the delignification is carried out, the lignocellulosic biomass should be washed 

thoroughly to ensure complete removal of DES residuals and some other non-carbohydrate 

materials which can degrade or inhibit membrane properties in future. Though there is a lack 

of information covering this topic due to the fact that proposed membrane preparation 

consequence was never processed before, it is mentioned in Lynam et al. (2017) work that 

delignified biomass should be filtered and washed with water, acetone or alcohol 

continuously (about 18 h, at 50°C). The washing procedure not only removes the remaining 

DES content but also reduces the content of vestigial water and other polar solvents soluble 

lignin and derivatives, shortening the time and consumption of energy and chemicals 

required for further processing of biomass.  

 

2.4 Ionic liquids to dissolve cellulose 

So far, the conventional methods to process cellulose dissolution include the Viscose process 

that utilizes NaOH and CS2 and the Lyocell process that uses N-methylmorpholine-N-oxide 

(NMMO). These processes require considerable amounts of chemicals, what results in high 

costs of the processes due to high energy consumption utilized for the regeneration of 
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organic solvents. Another problematic issue concerns production of hazardous and 

flammable emissions that cause environmental problems. Ionic liquids are currently being 

studied and being of concern as a prospective, non-derivatizing and “green” solvent for 

cellulose. (Parviainen et al., 2014) 

The first-ever report revealing the occurrence of dissolution of cellulose in ionic liquids (ILs) 

was published in 2002. The number of ILs based on 1-butyl-3-methylimidazolium cation 

and various anions were investigated as the prospective cellulose solvents (Swatloski et al., 

2002). This work was a major breakthrough in revealing opportunities for broad utilization 

of naturally occurring cellulose to be dissolved in inert solvents in technically applicable 

concentrations without any chemical derivatizing restructuring. It was identified that IL 

containing the chloride anion has shown the highest dissolution capacity among the others 

due to its small size and hydrogen bond acceptor’s nature against large poorly coordinated 

anions. To evaluate the significance of this discovery, it should be mentioned that only 

during 2014 this path-breaking article has received more than 2000 quotations in scientific 

papers, earning the rank as one of the most quoted articles of the year rating by American 

Chemical Society. (Isik et al., 2014) 

From that time on, many ILs with the ability to dissolve either cellulose or lignocellulosic 

biomass have been reported in the literature. Currently, cellulose solutions at commercially 

acceptable concentrations are prepared with 1-ethyl-3-methylimidazolium acetate ionic 

liquid. Attractiveness of this IL can be attributed to its lower viscosity compared to ones of 

ionic liquids containing halide anions and thus improved mass transport and reduced 

dissolution time. (Isik et al., 2014) 

In general, these promising and novel solvents are composed of a large asymmetrical cation 

and a weakly coordinated anion. Both anions and cations presented in the ILs’ composition 

carry a small electrical charge (either +1 or -1). Along with considerable size of cation the 

charge is responsible for low charge density which leads to significant distance between 

cation and anions. This distance causes the reduction of the lattice energy of the crystalline 

form of the salt and thus lowering melting point of the IL (always below 100°C). Figure 8 

shows several constituents of the most typical ILs. (De Dio, 2013) 
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Figure 8. Schematic structures of some common cations and anions in ILs. Alkyl substituent chains are 

represented by R, R’, R’’ and R’’’. (De Dio, 2013) 

 

Among the characteristic properties of ILs are: 

 negligible vapour pressure and the huge liquid range as a consequence of strong 

interactions (i.e. Coloumbic forces) between anion and cation rather than weaker van 

der Waals forces presented mainly in traditional molecular solvents.; 

 low viscosity, inflammability, and toxicity resulting from chemical structure and 

interactions features; 

 recoverability; 

 tunability of targeted compound dissolution capacity or physical properties (e.g. 

density, surface tension, viscosity and melting points) which is achieved through 

exchanging of anion or modifying the length of substituent chain in cation, and 

combinations of mentioned techniques. (Mohd et al., 2017) 

Nevertheless, some properties such as thermal stability, hydrophilicity or miscibility vary 

significantly affected by the side chain length of the cation or by its shape or symmetry 

(Mohd et al., 2017). 

The cellulose dissolution in different ILs depends not only on the properties of solvent but 

also on such process parameters as time, temperature, presence of continuous mixing and 

also on cellulose’s crystallinity and degree of polymerization. As it has been mentioned 

above, the most commercialized ionic liquid – 1-Ethyl-3-methyl imidazolium acetate (Emim 

Acetate or C2mim Acetate) – distinguish itself from others with lower toxicity, high 

dissolution capacity even at the presence of water, which decreases the dissolution 

effectiveness, and no corrosive affect against stainless steel. The only limitation attributed 
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to the use of this IL is its low thermal stability, thus only temperatures below 150°C should 

be maintained to avoid the imidazolium salt decomposition. (Isik et al., 2014) 

Mechanism the dissolution of cellulose in ILs is believed to be driven by the anion of the IL, 

which is capable to form the hydrogen bonds within the cellulose structure. Also, this process 

is facilitated with lack of HBDs inside the ILs. Covalent bond is proposed to be formed 

between the cellulose glucose unit and the imidazolium ring (Figure 9). It is expected that 

even though covalent bond is forming, IL will be washed out with water afterwards. It is 

needed to be mentioned that this mechanism is only valid for ILs containing acetate anion. 

(Livazovic et al., 2015) 

 

 

Figure 9. Schematic representation of cellulose and 1-ethyl-3-methylimidazoliumacetate covalent binding. 

(Livazovic et al., 2015) 

 

Similar to the Livazovic et al. (2015) dissolution mechanism was proposed by Mohd et al. 

(2017) and is shown in the Figure 10. It is proposed that disintegration of cellulose chain 

happens due to synergistic effect of anion and cation of IL, bonding with the cellulose’s 

hydrogen and oxygen atoms. These bonds are formed to C6 and C3 hydroxyl groups of 

neighborhood cellulose chain. 
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Figure 10. The mechanism of dissolution of cellulose in ionic liquid. (Mohd et al., 2017) 

 

Table 5 summarizes the number of works where the influence of different parameters such 

as degree of polymerization, temperature and time, on the capacity of cellulose dissolution 

in various ionic liquids was studied. It should be mentioned, however, that all the obtained 

data is valid for purified cellulose and is only shown to demonstrate general relations and 

cannot be related to cellulose-rich biomass obtained by delignification (Raut et al., 2015). 
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Table 5. Comparison of cellulose dissolution capacity for various ionic liquids. (Isik et al., 2014) 

Ionic liquid Cellulose Temp.,

°C 

Dissolved 

matter (wt %) 

Time Reference 

[AMMorp][OAc] 

 

MCC 

(DP=789) 

80 17 20 min Raut et al. 

(2015) 100 28 

120 30 

Cell-A 

(DP=1644) 

80 13 20 min 

100 24 

120 28 

Cell-M 

(DP=2082) 

80 10 20 min 

100 20 

120 25 

[BMIm][Cl] (1-butyl-3-methyl 

imidazolium chloride) 

Avicel 398 100 20 < 60 

min 

Vitz et al. 

(2009) 

[AMIm][Cl] (1-Allyl-3-methyl 

imidazolium chloride) 

Avicel 398 100 15 <60 

min 

Fukaya et al. 

(2006) 

[EMIm][OAc] (1-ethyl-3-methyl 

imidazolium acetate) 

Avicel 398 100 8 <60 

min 

Vitz et al. 

(2009) 

[AMIm][OFo] (1-Allyl-3-methyl 

imidazolium formate) 

MCC 250 85 22 NM Fukaya et al. 

(2006) 

[EMIm][Pho] (1-ethyl-3-methyl 

imidazolium methyl phosphate) 

MCC 45 10 30 Brandt et al. 

(2010) 

[BDTA][Cl] 

(benzyldimethyl(tetradecyl) 

ammonium chloride) 

Avicel 286 62 5 < 12 h Heinze et al. 

(2005) 

[BMPy][Cl] (3-methyl-

Nbutylpyridinium chloride) 

Avicel 286 105 18 < 12 h Heinze et al. 

(2005) 

[TMGH]carboxylates 1,1,3,3-

tetramethylguanidinium carboxylate 

MCC 100 5 10 min King et al. 

(2011) 

[HCyHMe2N][OAc] 

Hexyl(cyclohexyl) 

dimethylammonium acetate 

MCC 100 9 NM Pernak et al. 

(2012) 

 

1-ethyl-3-methylimidazoliumacetate 

[C2mim]OAc 

MCC 

Avicel 

90 16 NM Zavrel et al. 

(2009) 

Eucalyptus 

pulp 

85 13.5 NM Kosan et al. 

(2008) 

MCC 

Avicel 

110 15 NM Zhao et al. 

(2008) 

Microcrystalline cellulose (MCC) from Aldrich,  

cellulose from Aditya Birla Domsjö Fabriker, Sweden (Cell-A), 

cellulose from Metsä Serla, Finland (Cell-M);  

NM: not mentioned 

 

Though a relatively highly concentrated cellulose solutions (up to 20-25% depending on the 

choice of ionic liquid) have been already produced successfully, there are some limitations 

attributed to the high viscosity of final solution, price of ionic liquid and time and 

temperature required for complete dissolution of cellulose. To overcome the related 
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difficulties the mixtures of ionic liquid and an organic co-solvent, completely soluble with 

the utilized ionic liquid and not participating essentially in the interactions between the ions 

of ILs and the dissolved cellulose polymer chains, are prepared, for instance, polar aprotic 

solvent, dimethyl sulfoxide, DMSO. The addition of co-solvent is used for both enhancing 

the dissolution power and decreasing the viscosity of the resulted solution. Consequently, 

mass transfer limitations during the dissolution process are overcome, decreasing the 

required for dissolution time even at lower temperatures. It should be noted that temperatures 

must be adjusted to the level at which the vapour pressure of the system is kept at low enough 

values. (Isik et al., 2014; Stolarska et al., 2017)  

  



27 

3 CELLULOSE MEMBRANES 

Membrane technology is defined as one among the many industrial separation processes 

implemented for fluid mixtures separation (e.g. liquid-liquid, liquid-gas and gas-gas 

systems) into two different flows with distinguished chemical and physical properties, 

employing both purification and concentration of processed liquid systems. As a process 

requiring no thermal energy, membrane separation represents energy efficient and cost-

effective separation overcoming the conventional limitations attributed to heat utilization. 

(Mulder, 1996) 

Membrane separation driving force – chemical potential difference between the two 

separated phases – is a result of either one or combinations of differences in pressure, 

concentration or electrical potential of the two flows, and forms the basis for classification 

of membrane processes. Speaking particularly about liquid separation, the process driving 

force is resulted from the transmembrane pressure difference. Being pressurized, the feed 

solution flows throughout the membrane, leaving the solutes retained to the membrane 

surface due to one of the possible exclusion mechanisms (e.g. size exclusion, Donnan 

exclusion) while the solvent and smaller particles permeate through. (Mulder, 1996) 

Pressure driven membranes are classified upon their capability to retain particles of a certain 

size and pore size distribution into four categories: 

 microfiltration (MF) membranes, providing the basis for removal of macro and micro 

range impurities (e.g. yeast cells, suspended particles, and bacteria); 

 ultrafiltration (UF) membranes, being effectively utilized for removal of organic 

macromolecules (e.g. starch and various proteins) and viruses; 

 nanofiltration (NF) membranes, which are implemented for purification from sugars, 

hardness causing chemicals, pesticides and for fractionating the mixtures of ionic 

compounds; 

 reverse osmosis (RO) membranes, which are of especially high importance in water 

desalination process. (Dingyu, 2012) 

Membranes utilized for water treatment are manufactured from various materials, from 

inorganic ones to organic polymeric materials. Polymeric materials possess several 

advantages over the inorganic ones caused by their higher productivity and flexibility in the 

application. The fundamentals of polymeric membranes manufacture consider the proper 
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selection of membrane material, parameters of membrane fabrication techniques, 

characterization of manufactured membranes and design of membrane modulus and 

separation performance. Rigorous selection of polymeric material and determination of 

chemical and physical interactions between the material and solvents must take place in 

order to achieve diverse separation purposes, due to direct effect of the parameters 

mentioned above on the membrane morphology and properties affecting the efficiency of 

membrane performance. (Dingyu, 2012) 

 

3.1 Membrane preparation techniques 

As an ordinary polymeric substance, cellulose can be proceeded into membrane thorough 

several different manufacture techniques such as sintering, track-etching, and various phase 

inversion (PI) methods. Though all the mentioned techniques are used nowadays, it is 

worthwhile noting that PI techniques are the most widespread due to entirely controlled final 

properties of obtained membranes through variation of preparation parameters. (Mulder, 

1996) 

PI techniques involve precipitation of a dissolved polymer by addition of non-solvent either 

in liquid or gaseous state (immersion precipitation, precipitation from the vapour phase, 

precipitation by controlled evaporation) or by sudden decrease of a polymer solution 

temperature causing the sharp decrease in solubility and resulting in the precipitation of the 

polymer (thermal precipitation). The precipitation is followed by the removal of residual 

solvent. Among all the mentioned possible methods of membrane preparation, the PI 

immersion precipitation technique is the most commercialized. (Mulder, 1996) 

To manufacture a membrane by the PI technique the homogeneous thermodynamically 

stable polymer solution should be prepared by polymer dissolution in an appropriate solvent 

or solvent mixture. To depict the physical and chemical characteristics of the polymer 

solution (i.e. dope solution) the membrane is prepared from, the ternary phase diagram is 

used. Membrane structural morphology depends on the characteristics of the polymer (P), 

solvent (S) and non-solvent (NS) which are used for membrane preparation. The schematic 

ternary phase diagram is shown in Figure 11 and gives the general idea of the membrane 

formation pathway, while as in the real case the copolymer or/and additives are also 

considered. It is required that polymer is completely dissolved in the solvent or solvent 

mixture and the utilized solvent and non-solvent are fully miscible. (Mohamed, 2014) 
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Figure 11. Schematic isothermal ternary system phase diagram of dope solution (polymer, P; solvent, S and 

non-solvent, NS). (Mohamed, 2014) 

 

When the ternary diagram is utilized, it is important to know its basic elements. Each pure 

compound is located at the corners of the triangle, so that any point within the triangle’s 

surface displays the certain composition of three compounds mixture. The solid black curve 

called binodal is a liquid-liquid boundary that divides the diagram into two regions: on the 

left side the region where all three compounds are completely miscible is located and on the 

right side the system disintegrates into two separate phases, forming the immiscible region. 

(Dingyu, 2012) 

The membrane preparation starts with a dope solution with a low initial polymer 

concentration at the point a. As the casted dope solution is immersed and the non-solvent is 

introduced in the system, the coagulation is proceeded and the system moves to the point b 

crossing the binodal, where two distinct phases begin to form, resulting into polymer-rich 

phase depicted with the upper end of the tie line and a polymer-lean phase depicted with the 

tie line lower end. When the ratio of polymer-rich phase to polymer-poor one is high, the 

polymer-poor phase is dispersed and starts to form pores in the continuous polymer-rich 

matrix. This step during the fabrication of flat sheet polymeric membrane is schematically 

presented in Figure 12. (Dingyu, 2012) 
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Figure 12. A schematic representation of solvent/non-solvent diffusional exchange during the fabrication of a 

flat sheet membrane. (Dingyu, 2012) 

 

3.2 Desired membrane properties 

A good membrane for water treatment should not only accomplish its intended purpose – 

purify water from various physical and chemical pollutants – but also should provide 

additional advantages in terms of long-standing performance and its environmentally sound 

disposal after the exploitation. Several characteristics usually attributed to high quality 

membranes are discussed further in this chapter. 

 

3.2.1 High and stable permeability 

Liquid permeability is usually used to characterize membrane productivity in water 

treatment applications. According to the definition, liquid permeability equals to the passage 

of liquid (i.e. liquid flux) through the membrane, normalized by applied transmembrane 

pressure. Liquid permeability is usually represented in volumetric units – [L/(m2·h·bar] and 

usually maintains constant value at constant feed composition, temperature and certain range 

of operating pressures due to the normalization of the separation process by driving force. 

However, in some cases the value of permeability is functionally related to the applied 

pressure. If that is the case, then the exposal of a membrane to the higher pressures will result 

in partial membrane compaction leading to the remote decrease of the permeability value. 

Typically, the permeability decline is reversible and the initial value is recovered as the 

applied pressure decreases. By contrast, if the compaction of membrane polymer matrix was 

accompanied by pores collapsing or any changes in the membrane morphology, the 

permeability decline is irreversible even after the regeneration. (Volkov, 2015) 
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The permeability of membranes utilized for water treatment is usually determined by 

filtration of pure water and a certain quality of water is crucial for sound results. The most 

abundant is use of distilled or deionized water with a conductivity of 0.055 mS/m. The 

obtained at different pressures values of mass or volumetric flux are plotted as a function of 

applied hydrostatic pressure. The slope of the graph will be equal to the hydrodynamic 

permeability of a tested membrane. The standard values of pure water flux of pressure driven 

membranes differs significantly from each other, e.g typical values for MF membranes lie 

within the scope of 500 – 50000 L/(m2·bar), while the pure water flux values for UF 

membranes are in the 50 – 800 L/(m2·bar) limit. (Volkov, 2015) 

 

3.2.2 High rejection 

The main principle of pressure driven membrane filtration is the separation of impurities 

from liquid due to exclusion of compounds of certain, larger than pore diameter size as well 

as the charge of molecules and some other chemical properties. To characterize the 

capability of a membrane to retain the particles of certain size the molecular weight cut-off 

(MWCO) is usually used. (Li et al., 2015) 

MWCO is generally defined as the 90% retention of the solutes of a certain size (or, to be 

precise, of a certain molecular weight) by a tested membrane. Although this parameter is the 

most widely used for indicating the quantitative rejection of ultrafiltration membranes, it 

does not provide the basis for complete understanding of a membrane separation 

performance due to the presence of a number of phenomena (e.g. concentration polarization, 

hydrophilicity and hydrophobicity of a membrane surface, polarity of the solvents, pore 

blockage by relatively big molecules) which influence the final separation efficiency. 

MWCO is usually expressed in standard Dalton or kiloDalton units (Da and kDa 

respectively) which are estimated to be roughly equal to the molar mass of retaining 

molecules (g/mol). Though this method is not useful for description of actual size or 

geometrical configuration of molecules, it remains importance in UF membranes 

characterization. (Li et al., 2015) 

Considering the actual size of pores and pore size distribution of a membrane determination, 

methods such as liquid-liquid porometry, gas adsorption-desorption, permporometry, 

mercury porometry, and nuclear magnetic resonance are implemented along with a number 

of microscopic techniques. The measurable values are converted from the direct 
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experimental results on the basis of theoretical considerations underlying in each method. 

Determination of the MWCO of an UF membrane is very sensitive to the conditions of 

experiment, thus the temperature, applied transmembrane pressure and concentration of 

tested solutions must be constant for sound results which may be used for relevant 

comparison. The general recommendations for performing the MWCO determination of UF 

membranes are a transmembrane pressure of 1 bar, a temperature of 25°C, and a feed 

solution concentration of 0.1%. However, these are only basic recommendations, and if the 

test temperature is maintained the same, the concentration of the feed test solution can vary 

slightly, and the applied pressure is chosen based on the pure water permeability value of a 

tested membrane. Moreover, the volume of the tested solution should be sufficient and its 

agitation at the membrane surface should be maintained at the maximum level to avoid 

penetration of the solution into the membrane, assure constant concentration of the feed 

solution, and minimize the concentration polarization effects. (Li et al., 2015) 

The chosen model compound and filtration conditions have a significant influence on the 

results of the MWCO evaluation experiments. For example, globular proteins tend to retain 

easier than branched polysaccharides or polymers with high level of flexibility. Moreover, 

some molecules are easily adsorbed at the membrane surface, giving a too high rejection 

value. Accumulation of retained solutes at the surface of membrane due to the concentration 

polarization effect is also contributing to the inaccurate value of the membrane rejection 

capability. Thus, the combination of low applied pressures, low concentration of the feed 

solution and a maximum agitation of the solution must be applied when MWCO is 

determined in order to get sound and reproducible results. For the commercial membranes 

the MWCO value given by manufacturer and the one obtained during the laboratory tests 

are often differs significantly due to use of different marker molecules and maintaining 

slightly different conditions. (Li et al., 2015) 

Besides the actual value of MWCO of a membrane, the cutoff sharpness is also greatly 

significant for the practical applications and is given by the manufacturers as well. The 

sharpness of the membrane cutoff is determined by filtering the components of different 

molecular weights and plotting their retention values against the applied pressure. The 

sharpness of the cutoff mainly characterizes the pore size distribution, and, depending on it, 

may be either sharp or diffuse. Considering the practical applications, the sharper the cutoff 
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of a membrane the more preferable its utilization. The idea of cutoff sharpness and 

diffusivity is given in Figure 13. (Mulder, 1996) 

 

Figure 13. Rejection characteristics for a membrane with a “sharp cutoff” compared with those of a membrane 

with a “diffuse cutoff”. (Mulder, 1996) 

 

Though this parameter is widely used for classification, rough selection and characterization 

of membranes, it should be noticed that solute retention is dependent less on the molecular 

weight of the molecules than on their effective dimensions. Thus, to get the comprehensive 

idea of a membrane performance, such properties as pore size distribution, void volume (i.e. 

porosity) and tortuosity (which is referred to the longer distance crossed by the molecules 

across the membrane material) should be measured prior to the determination of the MWCO. 

(Li et al., 2015) 

 

3.2.3 No fouling 

Generally, the term “fouling” is attributed to the undesirable process of accumulation of 

different components called foulants existed in the filtrated fluid. This phenomenon 

decreases the membrane flux and thus its productivity, increasing the energy consumption 

and resulted cost of the separation process. The main foulants are distinctive for each 

membrane processes. (Jiang et al., 2014) 

It is evidential that for the efficient membrane separation performance the fouling should be 

controlled thoroughly and affect the process and negligibly as possible. This is mainly 

achieved by modifying the membrane surface in that way that it starts to exhibit antifouling 
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properties. Such surface is also referred as a “stealth surface” and is mainly aimed to reduce 

the intermolecular interactions between the surface and the foulants to the minimum value, 

so that the latter can be easily removed from the surface even under low values of shear 

stress. To constrain the foulants adsorption or settlement on the membrane surface, the 

interactions between them should be minimized and for that purpose the physicochemical 

and/or topography structure should be modified. Four main antifouling membrane surfaces 

include amphiphilic surface, reactive surface, hydrophobic surface and, the most important 

related to the water treatment case, hydrophilic surface. (Jiang et al., 2014) 

Hydrophilic antifouling surfaces are preventing the attachment of the foulants onto the 

membrane surface and is usually referred as “fouling resistance”. One of the most 

widespread example of material for fabrication of antifouling membranes is poly(ethylene 

glycol) (PEG), which demonstrates good antifouling ability due to strong repulsive hydration 

forces of water layer strongly bound around the polymer molecules due to the hydrogen 

bonds or electrostatic attraction. The resistance of a membrane to fouling can be evaluated 

by flux recovery ratio (FRR) which is expressed through the ratio of the water flux measured 

after hydraulic cleaning to initial water flux. The higher is the FRR value, the better is the 

fouling resistance of the membrane. (Jiang et al., 2014) 

Though surface modification can solve the problem of fouling, it unfortunately tends to 

decrease the flux significantly and also requires additional amount of chemicals, time and 

equipment for modifying the membrane. Thus, the main challenge related to the membrane 

fouling is the selection of such materials and conditions of manufacturing process that the 

obtained membrane will possess antifouling property without any additional posttreatment. 

(Jiang et al., 2014) 

 

3.2.4 Biodegradability 

As any modern technology the membrane technology is focused on being environmentally 

sound, minimizing the hazardous effects. Rational design of membrane manufacture and 

utilization results in mild conditions of membrane preparation (aqueous medium, ambient 

temperatures and pressures, neutral pH, etc.) and the initial materials are tending to be easily 

available and relatively inexpensive complying the main trend of modernization. Choosing 

the naturally originated materials instead of petroleum-based ones for membrane preparation 

reveals the prospective of use the relatively stable and cheap materials with no further special 
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recycling as they are completely biodegradable and pose no threat to the environment, 

becoming to some extent the next generation of membranes for water treatment. (Drioli et 

al., 2014) 

Commonly, membranes made on the basis of naturally occurring or biologically produced 

polymers display durability, stability and capability to maintain good mechanical integrity 

over a specific period of time, accomplishing intended purpose and thus being an object to 

increasing interest in a variety of fields, mainly related to medicine. After application time 

expires, the membranes break down to form non-toxic or negligibly toxic compounds such 

as inorganic salts, water, biological materials of simpler structure and gases. (Drioli et al., 

2014) 

 

3.3 Utilization of additives for enhancement of membrane properties 

The effect of different kinds of additives on the membrane structure and performance has 

been widely studied and their addition as a third component into casting solution is 

considered a powerful technique used for tailoring membrane properties. Different additives 

act in various ways among which is prevention of macrovoids formation, enhancement of 

pore formation, increase of hydrophilicity, etc. and detailed information on each effect can 

be found elsewhere (Saljoughi et al., 2009; Chakrabarty et al., 2008; Saljoughi et al., 2010; 

Yang et al., 2014; Yoo et al., 2004; Zhao et al., 2011). Among commonly implemented 

additives are both high molecular weight compounds (e.g. PEG, PVP, PEO) and low 

molecular weight ones (inorganic salts such as LiCl, ZnCl2 and organic substances like 

propionic acid, alcohols, etc.) (Guillen et al., 2011). 
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4 MEMBRANE CHARACTERIZATION TECHNIQUES 
 

4.1 Characterization of membrane hydrophilicity 

Membrane hydrophilicity is considered as one of the most important parameters regarding 

the purification of aqueous solutions. As the most of impurities are hydrophobic (e.g. 

colloidal particles, protein molecules, clays, and dispersed oily particles), the membrane 

must show as high level of hydrophilicity as possible to ensure absence of fouling and proper 

separation of undesired compounds. (Yuan et al., 2013) 

The most widespread method of hydrophilicity assessment is measurement of the contact 

angle formed in the three-phase system (usually solid-liquid-air), giving the value of surface 

tension of the membrane and thus its wettability. The surface tension phenomenon is caused 

by unbalanced intermolecular and external (usually, gravity) forces of liquid put on the solid 

surface, modifying the shape of water droplet. The shape of water droplet is dependent on 

the interfacial tension values of involved materials (Figure 14). If the droplet of water is 

placed on the hydrophilic material, then the contact angle value will be less than 90° (e.g. 

the contact value of cellulose is corresponded to be around 30°). The more hydrophobic a 

material is, the less will be the spreading of water droplet and the higher will be the value of 

contact angle (more than 90°) (Figure 15). (Yuan et al., 2013) 

 

Figure 14. Unbalanced intermolecular forces of liquid molecules. (Yuan et al., 2013) 

 

In addition to the determination of membrane hydrophilicity, the measurement of contact 

angle is utilized for the membrane surface tension characterization. 
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Figure 15. The difference between contact angles formed by sessile liquid droplets depending on the surface 

tension of solid material. (Yuan et al., 2013) 

 

The determination of contact angle is based on the Young equation which describes the 

mechanical equilibrium of a liquid droplet on an ideal (i.e. homogeneous and smooth) 

surface of a solid material. 

𝛾𝑙𝑣𝑐𝑜𝑠𝜃𝑌 = 𝛾𝑠𝑣 − 𝛾𝑠𝑙, (1) 

 

Where 𝛾𝑙𝑣 – the liquid-vapour interfacial tension 

𝛾𝑠𝑣 – the solid-vapour interfacial tension 

𝛾𝑠𝑙 – the solid-liquid interfacial tension 

𝜃𝑌 – the contact angle 

 

Young’s equation describes an ideal specific solid-liquid system in an equilibrium state, 

where the one and unique contact angle 𝜃𝑌 is determined by three thermodynamic 

parameters 𝛾𝑙𝑣, 𝛾𝑠𝑣, and 𝛾𝑠𝑙. When it goes to a real-case scenario, the system is not at 

equilibrium and thus the various metastable states of a droplet on a solid surface exist, and 

observed contact angles are rarely equal to 𝜃𝑌. Thereafter, the wetting phenomenon is 

beyond just a static state, and the measurement of the contact angle based on a single static 

state no longer characterizes the wetting behavior of a solid-liquid system. In a real three-

state system where the liquid exists in a dynamic motion, moving to wet the fresh surface of 

a solid material it is exposed to, the contact line remains in actual motion, producing the 

“dynamic” contact angle. The contact angle formed by the expansion and contraction of a 

liquid is referred as the advancing 𝜃𝑎, giving the maximum value, and the receding 𝜃𝑟, 

approaching a possible minimum contact angle respectively (Figure 16). (Yuan et al., 2013) 



38 

 

Figure 16. The advancing and receding contact angles illustration. (Yuan et al., 2013) 
 

The measurements of dynamic contact angles are performed at different speed rates, giving 

the close or even equal value to the precisely measured static one. The difference between 

the values of the advancing angle and the receding one is called the hysteresis (H): 𝐻 = 𝜃𝑎 −

𝜃𝑟 . It is generally concluded that the significance of contact angle hysteresis arises from solid 

material surface roughness and/or heterogeneity, making the interpretation of the 

experimental data in terms of Young’s equation inadequate and misleading due to absence 

of consideration of surface topography. (Yuan et al., 2013) 

Though there is no general guideline establishing how smooth and homogeneous the surface 

of a solid material should be to exclude its impact on the value of contact angle, it is 

recommended to prepare the solid surface as smooth and as inert to the tested liquids as 

possible by one of the existing preparation techniques (e.g. solvent casting, dip coating, 

surface polishing and several others). (Yuan et al., 2013) 

 

4.2 Characterization of permeability and selectivity 

The membrane permeability is determined by filtration experiments with either pure solvent 

or solution in cross-flow or dead-end lab-scale membrane modules. Besides the testing of 

the liquid permeability, the effect of the applied pressure difference and membrane 

compaction is also investigated and estimated (Volkov, 2015). 

Before the actual measurements of pure water permeability, the membrane should be 

pressurized under the upper limit of maximum possible operating pressure for some period 

of time. Membrane compaction is performed to ensure that residual solvent and possible 

preservatives presented in the pores of the membrane are completely removed and to 

complete the compaction of the tested membrane to a stable state so that it will not deform 

and create an error in measurements at lower pressures. For the characterization of 
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membrane selectivity, it is common to determine the permeability and rejection of model 

compound such as protein molecules or PEG with different molecular weights.  

 

4.3 Characterization of membrane charge 

Both electrostatic attraction and repulsion between the membrane surface and solutes in the 

filtrated solution are caused by the charge on the surface of a membrane, affecting the whole 

separation performance of the membrane and concentration polarization and fouling in 

particular. Thus, the charge of a membrane surface is a fundamental characteristic of a 

membrane and highly important for any membrane process utilized for separation of charged 

solutes (ions, charged macromolecules, etc.). (Oatley-Radcliffe et al., 2017) 

When an aqueous solution and a membrane are brought into the contact, both membrane’s 

external surface and inner surface of the pores become charged, leading to the formation of 

an electrical double layer (EDL) schematically illustrated in Figure 17. EDL is a special 

arrangement of ions, formed as charged surface of a membrane attracts counterions, resulting 

a “dense” layer neighbored the membrane surface and creating a counterion concentration 

gradient (between the bulk solution and the membrane surface) in order to neutralize the 

membrane charge. (Oatley-Radcliffe et al., 2017) 

 

Figure 17. A schematic representation of the electrical double layer and potential distribution at the membrane 

surface. (Oatley-Radcliffe et al., 2017) 
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To describe the charge distribution within the EDL the Gouye-Chapmane-Sterne-Grahame 

model is usually applied. As it is shown in the bottom of Figure 17, the electric potential 

within the filtrated solution decreases as the distance from the membrane surface increases.  

The EDL is presented with two primary regions: 

 the layer of immobilized ions at the solid-liquid interface (called also the stern layer) 

where the charge and potential distribution depend upon the surface characteristics, 

the molecules size and geometry, and interactions between dipoles and ions; this 

layer is referred as the inner Helmholtz plane (IHP) and is mainly composed of partly 

dehydrated ions either chemically adsorbed at the membrane surface or counterions 

constrained by electrostatic interactions, 

 the diffuse layer (called also the Gouye-Chapman layer), where ions are shifted by 

thermal motion, separating the plane of shear into two layers; this layer is called the 

outer Helmholtz plane (OHP) and it mainly consists of hydrated ions carrying the 

charge that is opposite to the charge of the IHP, and effectively compensating it. 

Hence four different electric potentials can be determined: the potential at the membrane 

surface (ψ0), the potentials at the inner (ψIHP) and outer (ψOHP) Helmholtz plane, and the zeta 

or electrokinetic potential (ζ) at the shear plane. The value of the potential decays linearly 

from ψIHP to ψOHP and exponentially to the zero in bulk solution as the distance from the 

membrane surface increases.  

The measurement of the fundamental interfacial property, the surface potential, is extremely 

difficult to proceed and thus this value is understood as inaccessible. On the contrary, zeta 

potential is relatively easy measurable and for this reason it is used as a reproduction of 

actual potential at the membrane surface. The zeta potential measurement is based on the 

relative motion between a charged surface and an electrolyte solution. This motion results 

in one of four electrokinetic phenomena, summarized in Figure 18, namely sedimentation 

and streaming potential, electrophoresis and electroosmosis. Depending on the nature and 

driving force of the electrokinetic phenomenon, different methods are applied to take 

measurements. Despite all the electrokinetic measurements are conducted extensively, the 

most widespread for membrane characterization is measurement of streaming potential. 

(Oatley-Radcliffe et al., 2017) 
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Figure 18. The principles of the four electrokinetic phenomena occurring between a charged solid surface and 

an electrolyte solution. (Oatley-Radcliffe et al., 2017) 

 

4.4 Characterization of membrane morphology 

The performance of any kind of a membrane depends strongly on its morphology properties. 

The easiest way to classify membranes according to their morphology is to divide them into 

porous and non-porous and further comprise them based on pore size (Mulder, 1996).  

The variety of methods used for membrane morphology characterization is wide. To name 

a few, bubble point method, gas adsorption-desorption, various microscopical methods are 

all widespread utilized. The comprehensive description of each method is given elsewhere 

(Tung et al., 2014), but it is worth to mention that microscopical methods are frequently 

preferable. Among the microscopical techniques, the utilization of electron microscopy 

provides the topological image of an actual surface of a tested material. (Abd Mutalib et al., 

2017) 

Scanning electron microscopy (SEM) is one of the microscopical techniques used for 

characterization of membrane morphology and chemical composition. Its operating principle 

is based on the reaction of focused beam of electrons (primary electrons) with the sample, 

producing secondary (SE) and backscattered (BSE) electrons which are then detected and 

used for the formation of topological image. Habitually, interactions between electron 

signals and the scanned sample are divided into two types of, called inelastic which result in 

the emission of low-energy SE from the sample surface after is has been bombarded with 

primary electrons, and elastic ones which are based on the deviation of primary electrons at 
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the angle of 90 degrees and more after the contact with atomic nucleus of the samples or 

other entities of comparable energy, generating the BSEs. The generation of both SE and 

BSE is schematically presented in Figure 19. (Abd Mutalib et al., 2017) 

SEM images are formed through detecting of both SE that reached the detector and ones that 

did not (they are used for production of dark contrast for the image), reflecting such 

parameters as pore geometry, size of pores and pore size distribution, and surface porosity. 

As well as SEM images are relatively accurate to give information about surface topology, 

they are also used for characterization of the membrane cross section, requiring preliminary 

frosting in liquid nitrogen then breaking manually. Moreover, the images based on the BSE 

also give information about the chemical composition of the membrane. (Abd Mutalib et al., 

2017) 

 

Figure 19. Electron signal interaction upon contact with the specimen. SE1 corresponding to secondary 

electron mode, whereas SE2 and SE3 are used in back scattered electron mode. (Abd Mutalib et al., 

2017) 

 

To obtain the SEM image of a membrane surface vacuum conditions are required and the 

sample should be dried before the analysis. As for all the analyses performed in dry state of 

a sample, SEM results should be interpreted sparingly, taking into the consideration that 

drying might altered the actual pore structure. Likewise drying, the samples should also be 

precoated with a layer of an element with high atomic number (e.g, gold) as the polymeric 

materials themselves deflect very few electrons, and coating increases the BSE yield, giving 
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more precise images of the surface and also protecting it from damages resulted from the 

electron beam. (Abd Mutalib et al., 2017) 

 

4.6 Characterization of membrane chemical composition 

As the membranes are widely used for various applications, the fundamental knowledge of 

their properties is critically important for enhancement of their performance. To characterize 

one of the most important membrane properties along with the surface charge and 

hydrophilicity, its chemical structure, Fourier transform infrared (FTIR) spectroscopy is 

frequently utilized, depicting functional groups in a membrane structure as well as the 

molecular bonds between various chemical components of a membrane. This powerful 

method is applicable for qualitative and quantitative analysis of a wide range of materials in 

various conditions. Along with “classic” FTIR, the attenuated total reflectance (ATR) 

technique is gaining traction nowadays due to its access to the vibrational frequencies at the 

surface and as a consequence the accuracy of measurements. (Mohamed et al., 2017) 

Generally, the obtained IR spectrum lies in the mid-IR region starting from 4000 and ending 

up to 400 cm-1. As the majority of functional groups transition energies attributed to changes 

in vibrational energy are positioned within the scope of mid-IR region, the presence of 

absorption band with the boundaries stated above can be used for determination whether 

specific functional groups are presented in the molecule or not. Commonly there are four 

zones of bonds types that are analyzed on the FTIR spectra basis. As it is shown in Figure 

20, single bonds (O-H, N-H and C-H stretches) are presented in higher wavenumber (ca. 

4000-2500 cm-1), while the triple bonds (e.g. carbenes, nitriles) are presented by 2500-2000 

cm-1 wavenumber region. The region attributed to the double bonds (C=O, C=C, C=N) is 

limited at approximately 2000-1500 cm-1, and followed by the so-called fingerprint region 

where the characteristic complex pattern vibrations are produced by whole molecule 

skeleton and thus can be used for the identification (ca. 1500-600 cm-1). The example of 

FTIR spectrum illustrated in the Figure 20 shows the FTIR analysis of regenerated cellulose 

membrane (RCM), revealing the characteristic peaks of the material. Additionally, the 

typical types of bond and related wavenumber values are presented in Table 6. (Mohamed 

et al., 2017) 
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Figure 20. Typical Fourier transform infrared spectra of regenerated cellulose membrane with the various 

common types of bonds absorb in the approximate regions. Inset correspond to cellulose molecular 

structure. (Mohamed et al., 2017) 

 

Table 6. Type of bonds, vibration, and typical wavenumber value. (Mohamed et al., 2017) 

Type of bonds Wavenumber value (cm-1) Intensity 

C-H 3000-2850 (alkanes stretch)  

1450 and 1375 (alkanes: -CH3 bend) 

1465 (alkanes -CH2- bend) 

3100-3000 (alkenes stretch) 

1000-650 (alkenes out-of-plane bend) 

3150-3050 (aromatic stretch) 

900-690 (aromatic out-of-plane bend) 

3300 (alkyne stretch) 

2900-2800 (aldehyde) 

s 

m 

m 

m 

s 

s 

s 

w 

w 

C=C 1680-1600 (alkene) 

1600 and 1475 (aromatic) 

m-w 

m-w 

C≡C 2250-2100 (alkyne) m-w 

C=O 1740-1720 (aldehyde) 

1725-1705 (ketone) 

1725-1700 (carboxylic acid) 

1750-1730 (ester) 

1680-1630 (amide) 

1800 (acid chloride) 

s 

s 

s 

s 

s 

s 

C-O 1300-1000 (alcohol, ethers, esters, carboxylic acids, anhydrides) s 

O-H 3650-3600 (free alcohols, phenols) 

3400-3200 (H-bonded alcohols, phenols) 

3400-2400 (carboxylic acid) 

m 

m 

m 

N-H 3500-3100 (primary, secondary amines and amides: stretch) 

1640-1550 (primary, secondary amines and amides: bend) 

m 

m-s 

C-N 1350-1000 (amines) m-s 

C=N 1690-1640 (imines and oximes) w-s 

C≡N 2260-2240 (nitriles) m 

X=C=Y 2270-1940 (allenes, ketenes, isocyanates, isothiocyanates) m-s 

N=O 1550 and 1350 (nitro: R-NO2) s 

S-H 2550 (mercaptans) w 

S=O 1050 (sulfoxides)  

1375-1300, 1350-1140 (sulfones, sulfonyl chlorides, sulfates, sulfoamides 

s 

s 

C-X 1400-1000 (fluoride) 

785-540 (chloride) 

<667 (bromide, iodide) 

s 

s 

s 



45 

5 MATERIALS AND METHODS 

5.1 Materials 

Birch wood (Betula pendula) chips with a nominal size of 5×1×0.1 cm were used as a base 

material for all further operations.  

For the delignification of birch chips through DES treatment Choline Chloride (ChCl) (CAS 

# 67-48-1, Merck KGaA, Darmstadt, Germany) was used as HBA and Lactic acid (LAc) 

(CAS # 79-33-4, Merck KGaA, Darmstadt, Germany) was used as HBD and mixed at 1:9 

mole ratio. For the filtration and washing of the partially delignified biomass the mixture of 

ethanol and deionized water at 9:1 volume ratio was used. For the subsequent bleaching of 

DES treated biomass acetic acid (CAS # 64-19-7, Merck KGaA, Darmstadt, Germany) and 

sodium chlorite (CAS # 7758-19-2, Acros Organics, Geel, Belgium) were used. The 

bleached biomass was washed subsequently with water, ethanol and acetone of technical 

grade. 

For the preparation of casting solution from DES treated and bleached biomass the mixture 

of Ionic liquid – 1-Ethyl-3-methylimidazolium acetate, 95% (Emim OAc, C1C2Im OAc, 

CAS # 143314-17-4, Iolitec Ionic Liquids Technologies GmbH) and DMSO (CAS # 67-68-

5, Merck KGaA, Darmstadt, Germany) was utilized.  

The non-woven polyester (PE) to be used as a support material for the membrane preparation 

was taken from the used RO membranes and cleaned mechanically. Ultra-pure deionized 

water was derived from CENTRA-R 60\120 system (Elga purification system, Veolia Water, 

UK) and was used as a non-solvent and also in all solutions preparation. 

In the analyses, in which the efficiency of DES treatment and bleaching on biomass and 

membrane composition were estimated, deionized water and sulfuric acid (CAS # 7664-93-

9, Merck KGaA, Darmstadt, Germany) of 72% were used for the determination of content 

of acid soluble and acid insoluble (Klason) lignin, and for the cellulose content determination 

sulfuric acid of the same purity and concentration, Bromkresolgreen (CAS # 76-60-8, Merck 

KGaA, Darmstadt, Germany), Barium carbonate (≥99.0% CAS # 513-77-9, VWR 

Chemicals), Resorcinol (CAS # 108-46-3, Merck KGaA, Darmstadt, Germany), Pyridine 

(CAS # 110-86-1, Merck KGaA, Darmstadt, Germany), Trimethylchlorosilane (TMCS, 

CAS # 75-77-4, Merck KGaA, Darmstadt, Germany) and N,O-bis-trimethylsilyl-
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trifluoroacetamide (BSTFA, CAS # 25561-30-2, Merck KGaA, Darmstadt, Germany) were 

used in Acid hydrolysis and Acid methanolysis tests. 

In the rejection study polyethylene glycol (PEG, approx. Mw 35 000 g/mol, CAS # 25322-

68-3, Merck KGaA, Darmstadt, Germany) was used as a model compound.  

As a blank pure cellulose material for FTIR analysis cellulose fibrous, medium (CAS # 9004-

34-6, Merck KGaA, Darmstadt, Germany) was used. 

To study the effect of different additives on membrane properties PEG (Mw 6 000 g/mol, 

CAS # 25322-68-3, Merck KGaA, Darmstadt, Germany), PVP (Mw 15 000 g/mol, CAS # 

9003-39-8, Merck KGaA, Darmstadt, Germany), PVP (Mw 40 000 g/mol, CAS # 9003-39-

8, Merck KGaA, Darmstadt, Germany), vanillin (CAS # 121-33-5, Merck KGaA, 

Darmstadt, Germany) and LiCl (CAS # 7447-41-8, Merck KGaA, Darmstadt, Germany) 

were used.  

5.2 Methods 

5.2.1 DES treatment of wood chips 

For the birch wood chips treatment DES was prepared from Choline chloride and Lactic acid 

mixed at 1:9 mole ratio respectively. Birch chips and DES were taken at 1:5 mass ratio (40 

g:200 g) and put together into a 500 ml serum bottle. The bottle was placed into an oil bath 

where the biomass load was cooked for 18 h at 105°C. After the treatment was completed 

the pulp was manually squeezed to ensure the complete removal of all lignin which were no 

longer chemically bonded with cellulose and hemicellulose. Then the pulp was vacuum 

filtered through a sieve with paper filter and washed with a mixture of ethanol and water at 

9:1 volume ration respectively until treated pulp released no colour. Filtrate was collected 

and transferred to a rotary evaporator to remove ethanol. Lignin was separated from the 

mixture of recovered DES and lignin by addition of water with the purpose to induce 

precipitation of the dissolved lignin. 

Wood treatment experiments were carried out in two separate batches, the latter one was 

performed exactly as described above and the former batch was treated the same way apart 

from manual washing and squeezing of DES treated wood. The visual appearance of DES 

treated biomass is shown in Appendix 1. The DES treated pulp from both batches, containing 
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mostly cellulose and hemicellulose, was transferred to the oven without mixing with each 

other and dried in the oven at 50°C before the bleaching step.  

5.2.2 DES treated and washed biomass bleaching 

After the DES treated biomass was completely dry, all the wood particles which were bigger 

than the majority of the presented ones and thus treated poorly were removed to make the 

pulp more homogeneous to ensure more even treatment. After that the pulp was bleached 

with the following method: on the basis of 2.5 g of DES treated biomass, 80 ml of heated DI 

water, 1 g of sodium chlorite and 0,5 of acetic acid were consequently added to the treated 

pulp in an Erlenmeyer flask and closed with the second Erlenmeyer flask inverted in the 

heck of the first one to minimize the losses attributed to the evaporation. The mixture was 

heated at 70°C for 60 minutes with regular (each 5-7 minutes) stirring with a glass rod to 

ensure an even treatment of the pulp load. At the end of the reaction (when the pulp was 

almost white coloured) the pulp was filtered and washed with water, ethanol and acetone 

subsequently until the odor of chlorine dioxide was removed. Then the pulp was placed into 

the oven to be dried at 50°C until the measured weight difference was less than 1%.  

 

5.2.3 Lignin analysis 

To estimate the amount of lignin in wood before any treatment, after DES treatment and 

after both DES treatment and bleaching, and the efficiency of its removal from wood pulp, 

determination of Klason or acid insoluble lignin (KL, AISL) and acid soluble lignin (ASL) 

was carried on. 

The analysis was performed according to the procedure described in NREL (2012) which is 

based on the assumption that analyzed materials do not contain extractives and uses two-

step acid hydrolysis which results into the fractionation of lignin into two separate parts for 

their easier quantification.  

300 mg of the dried samples were weighted to the nearest 10 mg each directly into clean and 

dry serum bottles with individual glass rod. 3 ml of 72% sulfuric acid were added to each 

sample the way that acid achieve maximum contact with the biomass material. The bottles 

were placed at room temperature and incubated for 2 hours when samples were stirred with 

the glass rod every 10 minutes to ensure even contact between the sample and acid and thus 

uniform hydrolysis. After 2 hours, 84 mL of deionized water was added to each sample to 
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dilute the acid to a 4% concentration. After dilution, glass rods were removed, bottles were 

covered with caps and transferred to the autoclave to be kept there for one hour at 121°C. 

After the autoclave cycle was completed, the hydrolyzed samples were placed at room 

temperature to cool down before removing the caps. After cooling to room temperature, the 

hydrolyzed samples were vacuum filtrated through glass crucibles. 

The filtrate was captured in a filtering flask and transferred into a sample storage bottles to 

be used for ASL determination within 6 hours after the completion of hydrolysis as follows: 

a background (blank) sample (20 times diluted 4% sulfuric acid solution) was analyzed on 

the V-670 UV-VIS-NIR Spectrophotometer (JASCO INTERNATIONAL CO., LTD., 

Tokyo, Japan). The samples were diluted 20 times to get the absorbance values measured to 

be in the range between 0.2 and 0.8 at the fixed wavelength (205 nm). Each sample was 

analyzed in three parallels. Acid soluble lignin concentrations were calculated from the 

obtained absorbance values based on Beer-Lamberts law with absorptivity of 110 L g-1 cm-

1 for 205 nm wavelength using the following equation: 

% 𝐴𝑆𝐿 =
𝑈𝑉𝑎𝑏𝑠 ∙ 𝑉𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒 ∙ 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛

𝑂𝐷𝑊𝑠𝑎𝑚𝑝𝑙𝑒 ∙ 𝜀 ∙ 𝑃𝑎𝑡ℎ𝑙𝑒𝑛𝑔𝑡ℎ
∙ 100 

 

(2) 

Where UVabs – average UV-Vis absorbance for the sample at chosen wavelength (205 nm) 

Volumefiltrate – volume of filtrate, 0.08673 L 

Dilution – dilution factor showing how much sample was dilute (20 times) 

ε – absorptivity of biomass at specific wavelength 110 L/(g·cm) 

ODWsample – weight of sample, g 

Pathlength – pathlength of UV-Vis cell, 1 cm  

 

5.2.4 Analysis of hemicelluloses (Acid Methanolysis) 

In order to evaluate changes in hemicellulose content in samples of untreated birch, DES 

treated pulp, DES treated and bleached pulp the analytical procedure was carried out 

according to the procedure described by Holmbom and Örså (1993).  



49 

10µg of all the samples were weighed with the analytical balances with uncertainty of 10-4 

g and placed into the thermal resistant individual glass vials and 2 ml of hydrochloric acid 

(HCl) in anhydrous methanol was added. All the samples were shaken and put into the oven 

to hydrolyze for 5 hours at 100°C. After that the samples were cooled down to the room 

temperature with subsequent pyridine addition for residual acid neutralization. After that 4 

ml of resorcinol was added to each sample as an internal standard. Then approx. 1 ml of the 

sample was transferred to another thermal resistant glass vials and samples were evaporated 

to dryness under nitrogen flow. After the evaporation 80 µl of pyridine and 300 µl of BSTFA 

and TMCS mixed at 95:5 mass ratio was added to each sample and samples were left to 

stand for a night.  

Calibration sample was prepared following the procedure of samples preparation described 

above. All the prepared samples and calibration solutions were put into the Gas 

Chromatography flasks and analysis was done with the Gas Chromatograph (Hewlett 

Packard 6890 FID GC System Manufacturer: Agilent Technologies Santa Clara, CA 95051 

United States). For all the samples of biomass two parallel samples were measured.  

 

5.2.5 Analysis of cellulose (Acid Hydrolysis) 

For the evaluation of changes occurred to cellulose content depending on the step of biomass 

treatment and membrane preparation 10µg of all the samples were weighed with the 

analytical balances with uncertainty of 10-4 g and placed into thermal resistant glass tubes. 

200 µl of sulfuric acid (72%, w/w) was added to each sample and after that the samples were 

placed in ultrasound stirring bath for 2 hours. When the samples were mixed thoroughly, 

500µl of DI water was added into each of them and they were placed back in the ultrasound 

stirring for 4 hours. Then another 6 ml of DI water was added to each sample and samples 

were left in a fume hood for a night.  

The next day the samples were autoclaved at 125°C for 90 minutes and then let to cool down 

to the room temperature. 1-2 droplets of indicator Bromkresolgreen was added to each 

sample and then periodically small amounts (approx. 0.5 g) of BaCO3 were added and test 

tubes were shaken to ensure an even contact of all the chemicals. The samples were let to 

stay until the change of the clear phase colour from yellow to blue was observed. After 1 ml 

of Internal standard (freshly prepared solution of 250 mg of resorcinol in 50 mL of DI water) 

was added into each sample and the samples were stayed for gravitational separation into 
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layers of solids and liquid. Approx. 1 mL of each sample’s liquid layer was transferred into 

clean test tube and then 1 mL of acetone was added for the acceleration of evaporation under 

the nitrogen flow until complete dryness. Then, for processing of Silylation 80 µl of pyridine 

and 300 µl of BSTFA and TMCS mixed at 95:5 mass ratio was added to each sample. After 

the process was completed the samples were shaken and left for a night.  

The third day the clear liquid part of samples was transferred into the GC flasks and analysis 

was done with the Gas Chromatograph (Hewlett Packard 6890 FID GC System 

Manufacturer: Agilent Technologies Santa Clara, CA 95051 United States). 

 

5.2.6 Casting solution preparation  

For the preparation of casting solution, the DES treated and bleached pulp was dissolved in 

the mixture of IL 1-Ethyl-3-methylimidazolium acetate and DMSO at mass ratio of 2:8, 

respectively. To ease the dissolution of pulp in the solvent the pulp was placed into the 100 

ml serum bottle first so that the poured solvent will wet most of it afterwards. The bottle was 

placed on the hot plate magnetic stirrer (Heidolph Instruments GmbH & CO., Germany) and 

kept at the temperature around 100°C and stirring rate 100 rpm until the complete dissolution 

of pulp was achieved.  

The difficulties attributed to the diffusion part of the dissolution process can be at least 

partially overcome through appropriate choice of flask in which the solution is going to be 

prepared. Choosing vessels which provide bigger contact surface with heating device leads 

to more uniform heating process which lower the viscosity of preparing solution and 

minimize the impact of diffusion related difficulties. Heating jackets and preparation of 

casting solution in the ultrasonic bath may also be utilized.  

 

5.2.7 Membrane preparation  

Flat sheet polymeric membranes were prepared by Automatic Film Applicator L (BYK-

Gardner USA). Due to the fact that the casting solution was getting significantly more 

viscous with cooling down to the room temperature, the decision was made to cast 

membranes without any cooling of the casting solution. Based on this the casting knife and 

glass plate with the attached PET support were heated up to 80°C prior to casting to minimize 

the temperature difference between the casting solution and surface of casting knife and plate 

to avoid fast gelation of the top layer of the film.  
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To cast a membrane a prepared solution was poured on a preheated membrane casting plate 

and spread on flat surface by preheated casting knife with a speed 50 mm/s and immediately 

after transferred into coagulation bath where it was preserved for 24 h. All obtained 

membranes were washed under the DI water current to ensure that solvent was completely 

removed from the membrane structure and then cut into circular coupon of 0,0038 m2 area 

for further use.  

Table 9 (page 64) gives an overview of different parameters effect on membrane properties 

study and all the conditions of membrane preparation. Among the studied parameters were: 

 casting solution concentration; 

 coagulation bath temperature (CBT); 

 nonsolvent choice; 

 polymer chemical composition; 

 membrane casting thickness; 

 utilized additives (PEG 6000, PVP 40 000, PVP 15 000, vanillin, LiCl). 

 

5.2.8 Membrane permeability and rejection assessment  

For the determination of permeability and separation capabilities of the prepared membranes 

the small-scale filtration experiments were conducted in the Amicon 1 dead end stirring cell 

equipment (Millipore, USA, Cat No.: XFUF07611, diameter of the stirring device 60 mm). 

The circular membrane coupon was cut from the casted sheet and placed in the Amicon 

filtration cell to be further filled with approx. 300 ml of DI water as shown in Figure 21.  

Prior to the actual determination of the permeability the membrane was compacted for 1 min 

at 1 bar, 2 min at 2 bars, 3 min at 3 bars, 4 min at 4 bars and 20 min at 5 bars to minimize 

errors attributed to the compaction of membrane in further measurements and make sure that 

the solvents used in the membrane manufacturing were completely rinsed from the 

membrane pores. The latter was checked through the measurement of TC content in a 

leakage sample which was taken while the membrane was compacted at maximum pressure.  
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Figure 21. Schematic configuration of dead-end filtration system Amicon 1. 

For the determination of permeability of the membrane DI water passed through membrane 

coupon at 1, 2, 3 and 4 bars at 11 minutes for each to get an average value. The stirring speed 

was maintained approx. 300 rpm using the magnetic stirrer with a rpm indicator and the 

temperature was kept at 25±0,5°C. The permeability value was calculated in accordance with 

the following equation: 

 

𝑃 =
𝐽/1000

𝐴 ∙ (
𝜏

60) ∙ ∆𝑃
 

 

(3) 

Where P – the permeability of the tested membrane, L/(m2·h·bar) 

J – the mass of pure water permeated through the membrane at 1 min (average value 

from 10 measurements), g/min 

A – the area of membrane coupon, m2 

τ – the time of collection of the permeate, min 

ΔP – the applied pressure, bar 
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For the rejection study the solution of model compound PEG 35 kDa was prepared with 

concentration of 300 ppm and filtrated through the membrane at a certain pressure which 

was determined individually for each membrane according to its’ permeability value. 

Samples of feed, permeate and concentrate were collected from each filtration and their total 

organic carbon concentration were analyzed with Shimadzu TOC analyzer (TOC-L series, 

Japan). The rejection was calculated based on the concentrations of TOC in the feed, 

permeate and retentate samples according to the following equation: 

𝑅 = (1 −
2 ∙ 𝐶𝑝

𝐶𝑓 + 𝐶𝑟
) ∙ 100 

 

(4) 

Where Cp, Cf and Cr are the total organic carbon concentrations in permeate, feed and 

retentate respectively. 

 

5.2.9 FTIR analysis 

For the assessment of DES treatment, bleaching and dissolution in IL caused changes in the 

initial composition of birch and the treated samples the FTIR analysis was performed with 

Frontier MIR/FIR Spectrometer (PerkinElmer Inc.) with the universal diamond crystal ATR 

module in the range 400 – 4000 cm-1 of wave number with the spectra resolution of 4 cm-1. 

Dried solid samples of untreated, DES treated, DES treated and bleached birch and selected 

membranes were recorded in pentaplicate and averaged. For the further use all the spectra 

were processed with ATR correction, baseline correction and normalization. Also, to check 

the assumption that treated biomass and membrane material are almost pure cellulose the 

spectrum of fibrous cellulose as a blank was also recorded the same way as described above.  

 

5.2.10 Contact angle measurement 

For the assessment of membranes hydrophilicity static contact angle of selected membranes 

was measured based on captive bubble method due to the fact that membranes cannot be 

analyzed by means of sessile drop method in dry state because of shrinkage of the membrane 

structure. Nearly 3–4 μL of air bubble volume was placed by the means of U-shaped needle 

on the surface of the tested membrane attached to a piece of glass with double sided tape and 

submerged into DI water at the room temperature. For each membrane sample 6 independent 

measurements of CA were made at different points with the average value of recorded data 

taken as final CA. The CA was measured with KSV CAM 101 equipment (KSV Instruments 
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Ltd., Finland) connected to a CCD camera (DMK 21F04, The Imaging Source Europe 

GmbH, Bremen, Germany). In order to determine the CA the obtained images were treated 

by curve fitting analysis with CAM 2008 software. 

 

5.2.11 Membrane surface charge measurement 

The zeta potential which characterize the charge of the membrane surface was measured by 

means of the SurPASS Electrokinetic Analyzer (Anton Paar GmbH, Graz, Austria) with an 

adjustable gap cell method and using 0.001 M KCl solution as a background electrolyte. The 

membranes were preliminary stored at approx. 5°C for 24 hours in a fridge. Before the start 

of the experiment the solution pH was shifted to 7.5 by addition of 0.1 M KOH solution and 

then automatically titrated to 2.7 with use of 0.05 M HCl solution as the analysis was carried 

on. The final value of the zeta potential was calculated automatically by SurPASS software 

based on the Helmholtz-Smoluchowski equation (Equation 5) from the measured streaming 

current values: 

𝜁 =
𝑑𝐼

𝑑𝑝
×

𝜂

𝜀 × 𝜀0
×

𝐿

𝐴
 

(5) 

 

Where ζ – zeta potential, V 

dI/dp – slope of streaming current versus pressure 

η – electrolyte viscosity, kg·m−1·s−1 

ε0 – vacuum permittivity, F·m−1 

ε – dielectric constant of electrolyte, F·m−1 

L – length of the streaming channel, m 

A – cross-section of the streaming channel, m2 

 

5.2.12 Scanning electron microscopy (SEM) 

For the qualitative investigation of the prepared membrane morphology the cross-sectional 

images were taken via scanning electron microscope (Hitachi SU 3500, Japan) at an 

acceleration voltage of 15 kV in high vacuum conditions. Due to inability of air drying of 

the membrane samples they were freeze-dried in Manual Freeze Dryer ALPHA 2-4 LDplus 
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(Martin Christ GmbH, Germany). Narrow strips of membranes were cut from freeze-dried 

samples and broke with the aid of two pairs of forceps in the liquid nitrogen medium to 

obtain clean cut. Samples were dried in compressed air to remove excess water and ice and 

analyzed glued to the sample holder with double-sided tape without sputtering procedure. 

Finally, the fractured edge was examined perpendicular to cut plane by SEM. 
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6 RESULTS AND DISCUSSION 

6.1 Mass balance of wood treatment 

To evaluate biomass losses at each step of treatment the weights of pulp followed between 

the experimental steps. The weights of the untreated birch chips and dried DES treated pulp 

and relating to each batch weight losses are presented in Table 7. 

 

Table 7. The biomass weight loss due to the DES treatment. 

 
Untreated wood, g DES treated pulp, g Weight loss, % 

1st batch 40.00 23.86 40 

2nd batch 80.00 42.31 47 

 

As it can be seen from Table 7, additional manual squeezing of treated pulp increases weight 

loss by 14% which might be attributed to residual DES remained in the treated biomass after 

washing, more complete lignin removal or to partial loss of cellulose and hemicellulose 

molecules..  

Both DES treated and dried wood pulp from the first and the second batch were exposured 

to bleaching. Both batches were sorted out before bleaching and particles that were larger 

than the average size of treated particles and maintained the hardness and structure of 

untreated wood chips were manually removed to ease the further procedure of bleaching. 

The weights of DES treated pulp, bleached pulp and weight loss are presented in Table 8 for 

both batches. 

 

Table 8. The biomass weight loss of the DES treated pulp in the bleaching step. 

 
Pulp before bleaching, g Bleached pulp, g Weight loss, % 

1st batch 1st sample bleaching 2.50 1.73 31 

2nd sample bleaching 2.50 1.82 27 

2nd batch 15.10 11.70 22 

 

A comparison of the weight losses during the bleaching of the pulp samples from different 

batches reveals that the weight loss during the bleaching of the second batch (manually 

washed and squeezed) was 27% less than the weight loss in the first bleaching of the first 

batch and 17% less than the second bleaching of the first batch (which is 22% in average), 

which could be explained by more complete removal of lignin during the first step of 

treatment. More importantly, the visual appearance of bleached pulp from the second batch 
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was matching the requirements of well-bleached biomass (uniform almost white colour, fine 

particles) even after the one cycle of bleaching, while bleached pulp from the first batch 

maintained light brown colour and some particles were still too rigorous to be treated 

uniformly through the bleaching step. The visual appearance of bleached DES treated 

biomass from two batches can be seen in Appendix 2. 

 

6.2 Characterization of composition of wood during the different 

treatment steps 

Chemical composition of untreated birch, DES treated birch and bleached pulp was analyzed 

to evaluate the efficiency of DES treatment and bleaching in the removal of lignin and the 

changes occurred to cellulose and hemicellulose content. DES is assumed to remove the 

most of lignin content without causing any significant changes in cellulose and 

hemicellulose content according to the research carried out by van Osch et al. (2017). The 

percentages of ASL and KL, cellulose and hemicellulose content for the untreated biomass 

and exposed one to DES treatment and bleaching procedure are summarized in Figure 22. 

 

 

Figure 22. The chemical composition of wood in different treatment steps in terms of lignin, cellulose and 

hemicellulose content. 

 

Though the results presented in Figure 22 don’t give total 100% in any case it can be 

attributed to the high error occurred in GC measurements and presence of extractives which 

are not measurable via used methods. 

0 20 40 60 80 100

Native birch

DES treated

Bleached DES treated

Native birch DES treated Bleached DES treated

ASL, % 4.2 0.5 0.4

KL, % 19.3 4.8 0.0

Cellulose,% 35.6 56.0 99.1

Hemicellulose,% 30.0 28.2 4.5

Chemical composition of wood samples depending on the 

treatment step, %
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The results summarized in Figure 22 are consistent with the ones reported in a number of 

studies (van Osch et al., 2017; Kumar et al., 2015; Soares et al., 2017) and show high 

efficiency of lignin removal as the content was decreased by 80 %. The results also show 

that DES lignin dissolution capacity of both Acid Soluble lignin and Acid Insoluble lignin 

maintains high values showing the removal efficiency of 89% and 78%, respectively, while 

subsequent bleaching has relatively small removal efficiency of Acid Soluble lignin (12%) 

along with excellent removal efficiency of Acid Insoluble lignin (100%). Though during the 

DES treatment cellulose and hemicellulose molecules are considered to remain unchanged 

(Smith et al., 2014) which is proved with relatively stable content of hemicelluloses and even 

increased content of cellulose shown in Figure 22, bleaching can partially degrade 

polysaccharides structure which is relevant especially to the content of hemicelluloses which 

drastically decreased after bleaching step (Figure 22). Hence the addition of excess 

chemicals should be avoided and the reaction should be continued the minimum time.  

For the quantitative representation of changes occurred in hemicellulose’s monomers 

content Figure 23 summarizes the alterations taking place through all the treatment steps.  

 

 

Figure 23. Concentration of hemicellulose monomers in the birch after different steps of treatment. 

 

From the results presented in Figure 23 it can be concluded that DES treatment did not 

change the hemicellulose content significantly whereas bleaching in contrast removed a 

major portion of xylan and glucomannan from birch fibers. The loss of these compounds can 

be attributed to the fact that after delignification of wood fibers the hemicellulose 

constituents were no longer chemically bonded and consequently were dissolved during 

bleaching even at the minimum proceeding time. 
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To reveal the differences occurring to the cellulose and hemicellulose content during 

dissolution of bleached DES treated pulp in IL the same analyses were performed and 

comparison of hemicellulose monomeric constituents of bleached DES treated birch and 

several membranes is demonstrated in Figure 24. 

 

 

Figure 24. Concentration of hemicellulose monomers in the birch after all steps of treatment and in several 

membrane samples. 

 

From the glucose content results shown in Figure 24 it can be concluded that dissolution of 

DES treated and bleached birch in the mixture of IL and DMSO leads to the partial 

degradation of cellulose chains into smaller segments, which appeared as glucose content in 

hemicellulose content analysis.  

To give a demonstration of the treatment steps impact on wood composition the FTIR spectra 

of untreated (native), DES treated and bleached DES treated birch were taken. Figure 25 

depicts the changes in birch wood composition during the preparation of delignified biomass. 

As a matter of convenience, graphs were shifted in the way that they started at 0, 1 and 2 

absorbance a.u. for the native birch, DES treated birch and bleached DES treated birch 

respectively.  
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Figure 25. FTIR spectra of untreated (native) birch, birch after DES treatment and after DES treatment followed with bleaching via using the Perkin Elmer Frontier 

spectrometer with universal ATR module of diamond crystal at a resolution of 4 cm-1 in the absorbance mode. 
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It can be seen that the changes in all the spectra are mainly located in the fingerprint region 

(1800 – 500 cm-1). The spectrum of untreated birch coincides with the obtained in the number 

of earlier works (Miao et al., 2017; Pânzariu et al., 2013), showing characteristic bands for 

lignin at 1589, 1454, 1418, 1228 and 831 cm-1, hemicelluloses at 1734 and 896 cm-1, and 

cellulose at 1418, 1364 and 896 cm-1.  

According to Figure 25, with each treatment step the intensity of two broad peaks at 3500 – 

3100 cm-1 and 3000 – 2800 cm-1, which are attributed to the free O-H vibrations at the OH-

groups of cellulose molecules and C-H vibrations of CH3-groups respectively is increased 

due to partial delignification of the wood and thus rise of absolute cellulose content in 

samples after the DES treatment and subsequent bleaching. (Pânzariu et al., 2013) 

According to Miao et al. (2017) peak at 1734 cm-1 is characteristic for carboxylic ester group 

in hemicellulose while it can also be related to C=O group presented in extractives. This 

peak slightly fades out with each step of treatment, which might show relative stability of 

these molecules during DES treatment and bleaching. This is also proved with the stability 

of peaks at 1418 cm-1 for CH2 scissoring in cellulose molecules, 1364 cm-1 for symmetric C-

H deformation and C-H bending in carbohydrates and 896 cm-1 for C1 group frequency in 

both cellulose and hemicellulose structures. 

The characteristic peaks for lignin at 1589 and 1499, 1454, 1228 and 831 cm-1 which are 

concerned with aromatic skeletal vibrations, C-H deformation, C-C and C-O stretches and 

unsymmetrical aromatic vibrations respectively disappear partially or completely already 

after DES treatment and show lower intensity after bleaching which supports the results 

obtained from lignin analysis. (Xu et al., 2013) 

In the 2200 – 1900 cm-1 region the peak for strained ring C=O and -C≡X structures at 2158 

cm-1 and 1973 cm-1 disappear after bleaching along with the formation of plateau at 1911 – 

1781 cm-1 region. Peaks are also appeared at 1198 and 1100 cm-1 and attributed to saturated 

ester groups and ring asymmetric vibrations respectively.  

It is assumed that after DES treatment and bleaching the product pulp contains mostly 

cellulose. As the results obtained from GC analysis standard deviation is more than 30% in 

some cases, the FTIR spectra of DES treated and bleached birch and cellulose fibers as blank 

are shifted to start from 1 and 0 absorbance a.u. respectively and compared in Figure 26.  
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Figure 26. FTIR spectra of DES treated and bleached birch and cellulose fibers as blank via using the Perkin Elmer Frontier spectrometer with universal ATR module of 

diamond crystal at a resolution of 4 cm-1 in the absorbance mode.
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A comparison of DES treated and bleached birch wood utilized for the membrane 

preparation and blank cellulose fibers presented in Figure 26 clearly shows that the pattern 

of two spectra has a lot in common and all the significant differences are concentrated in the 

2400 – 1500 cm-1 region. The increased intensity of broad peak at 3500 – 3100 cm-1 and 

peak at 2890 cm-1 in DES treated and bleached birch might occur due to the presence of both 

cellulose and hemicelluloses while blank cellulose fibers contain only cellulose. The peaks 

located at 2383 – 2345 cm-1 region might be applied to symmetrical stretching vibrations of 

methoxy group of residual lignin. The peak at 1734 cm-1 which is attributed to the C=O 

stretching of the acetyl and uronic ester groups is characteristic for hemicellulose and proves 

its presence in also after both DES treatment and bleaching operations. 

The peak at 1637 cm-1 is possibly related to OH groups of absorbed water. All the other 

peaks at 1361, 1311, 1050, 892 and 657 cm-1 that are characteristic for cellulose, can be 

found in both spectra and are relevant for skeleton pyranose vibrations, CH2 rocking 

vibrations at C6, C-O-C vibrations at pyranose ring, vibrations of glycosidic linkages 

between glucose units in cellulose and C-OH out-of-plane bending respectively. (Wang et 

al., 2016) 

 

6.3 Membrane preparation 

To estimate the effect of different parameters of membrane preparation on the morphology, 

hydrophilicity, surface charge and permeability and rejection values of the manufactured 

membranes, membrane samples were synthesized according to the procedure described in 

Materials and Methods Chapter. The conditions used in membrane preparation are 

summarized in Table 9.  

The effect of casting a membrane directly on a glass plate or on the polyester support cannot 

be evaluated with acceptable certainty in this thesis due to the use of polymer derived from 

two different batches of DES treatment and subsequent bleaching and therefore differ from 

each other in terms of chemical composition. 

From this point onward, as a matter of convenience, all the obtained results will be grouped 

according to the parameter that was changed while all the others remained stable.  

 

https://www.multitran.ru/c/m.exe?t=2060225_1_2&s1=%E4%EB%FF%20%F3%E4%EE%E1%F1%F2%E2%E0
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Table 9. Composition and preparation parameters of casting solutions and membranes. 

Sample 

number 

Solvent Solution composition, % Sourse of polymer Temperature of 

solution 

preparation, °C 

Time of 

dissolution, h 

Casting 

plate/ 

support 

Membrane 

thickness, 

μm 

CBT,  

C° 

Nonsolvent 

1 IL + DMSO 5 Birch1 150 ca. 48 glass 300 20 H2O 

2 IL + DMSO 5 Birch2 100 ca. 24 polyester 300 20 H2O 

3 IL + DMSO 5 Birch2 100 ca. 24 polyester 300 0 H2O 

4 IL + DMSO 5 Birch2 100 ca. 72 polyester 200 0 H2O 

5 IL + DMSO 6 Birch2 110 ca. 140 polyester 300 0 H2O 

6 IL + DMSO 5 Birch2 100 ca. 24 polyester 300 50 H2O 

7 IL + DMSO 5 Birch2 100 ca. 48 polyester 300 20 EtOH 

8 IL + DMSO 5 + 0,5% PEG 6000 Birch2 100 ca. 24 polyester 300 0 H2O 

9 IL 5% Birch2 150 ca. 140 polyester 300 0 H2O 

10 IL + DMSO α-cellulose Birch 100 ca. 140 polyester 300 0 H2O 

11 IL + DMSO 5 + 2% PEG 6000 Birch2 100 ca. 24 polyester 300 0 H2O 

12 IL + DMSO 5 + 2% PVP 40000 Birch2 100 ca. 24 polyester 300 0 H2O 

13 IL + DMSO 5 + 2% PEG 6000 Birch2 100 ca. 24 polyester 200 0 H2O 

14 IL + DMSO 5 + 2% PVP 40000 Birch2 100 ca. 24 polyester 200 0 H2O 

15 IL + DMSO 5% + 0,5% PVP 15000 Birch2 100 ca. 24 polyester 300 0 H2O 

16 IL + DMSO 5% + 0,5% vanilin Birch2 100 ca. 24 polyester 300 0 H2O 

17 IL + DMSO 5% + 0,5% LiCl Birch2 100 ca. 24 polyester 300 0 H2O 

18 IL + DMSO 5% + 2% PVP 15000 Birch2 100 ca. 48 polyester 300 0 H2O 

19 IL + DMSO 5% + 2% vanilin Birch2 100 ca. 48 polyester 300 0 H2O 

20 IL + DMSO 5% + 2% LiCl Birch2 100 ca. 48 polyester 300 0 H2O 

1 – DES treated and bleached birch from the first batch 

2 – DES treated and bleached birch from the second batch 
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Several interdependencies between the parameters of membrane preparation can be 

established based on the information in Table 9. Comparing the time of complete dissolution 

of DES treated and bleached birch from the first and second batches and the required 

temperature, it can be seen that more accurate treatment of wood account for milder 

conditions of casting solutions preparation and so less energy consumption. This was 

concluded based on the observations that to dissolve biomass from the first batch the solution 

was prepared at 150°C for 48 h which is 50°C higher and 24 hours longer than required for 

the dissolution of second batch biomass  

Several authors (Anokhina et al., 2017; Durmaz et al., 2017; Mohd et al., 2017) reported that 

the temperature required for preparation of casting solution can be decreased to the values 

close to the room temperature through utilization of IL mixture with aprotic cosolvent 

(DMSO) which significantly decreases the viscosity of solution and thus helps to overcome 

difficulties attributed to the mass transfer limitations of dissolution. Within the scope of this 

work, all casting solutions were prepared at temperatures higher than 100°C due to the fact 

that at lower temperatures the dissolution rates were too slow. Among the possible 

explanations of such big difference is the specific character of polymer composition used in 

this study as it consists not of pure cellulose as it was used in (Mohd et al., 2017) but 

contained also approx. 4.5% of hemicelluloses and 0.4% of lignin remained after treatment. 

Such irregularity of a chemical structure can make the dissolution process more complicated. 

Proceeding from the fact that all the solutions were homogeneous at the end of the reported 

time (Table 9), it can be concluded that the used mixture of IL and DMSO possess 

dissolution capability not only over cellulose but also over hemicelluloses and lignin. 

However, dissolution mechanism of lignin and hemicellulose molecules must be 

significantly different from the one proposed for the cellulose chains by Mohd et al. (2017) 

in Figure 10.  

The replacement of IL – DMSO mixture with pure IL resulted into necessity for higher 

temperature for the dissolution process along with 5 times longer period of required time. 

This observation proves that the rate of treated birch dissolution is highly dependent on the 

viscosity of utilized solvent which is significantly lower in the case of IL – DMSO mixture 

and thus ease the diffusion of solvent into polymer structure, resulting in milder conditions 

of the dissolution process (Anokhina et al., 2017).  
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It also can be seen that increase of polymer concentration from 5% to 6% in casting solution 

resulted into 5 times longer period of time required for the complete dissolution. Further that 

became one of the reasons why it was decided to stop at the casting solution with 

concentration of 5%. 

The presence of different additives in the prepared casting solutions also affected the 

required period of time for the dissolving process to be completed. For example, the presence 

of PEG 6000 and PVP 40 000 even at 2% concentration did not affect the dissolution process 

significantly, similarly as the addition of small concentration (0.5%) of PVP 15 000, vanillin 

and LiCl. When it went to the addition of the latter three additives in concentration of 2% 

the required time for complete dissolution increased two times.  

Once the membrane #1 was casted and dried it was revealed that due to very high 

hydrophilicity of cellulose and thus considerable amount of absorbed water, air-drying of 

the membrane results into its irreversible shrinkage leading to the total loss of initial structure 

and impossibility of further use.  

6.4 Permeabilities and retentions of the casted membranes  

6.4.1 Effect of the support used in membrane casting 

The pure water permeability at different applied pressures and the PEG (35 kDa) retention 

of membranes #1 prepared from the first batch of treated birch and #2 prepared from the 

second batch are presented in Figure 27. 

 

Figure 27. Permeability values of pure water measured at four and two applied pressures before and after PEG 

filtration respectively, PEG permeability at 1 bar and PEG retention of membranes # 1 and #2 all 

measured by means of Amicon 1 ultrafiltration cell at 25°C and mixing rate approx. 300 rpm. 
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As it can be seen in Figure 27 in both fabricated membranes the pure water permeability 

decreases as the applied transmembrane pressure increases from 1 to 4 bar. This tendency 

might result from the fact that the membrane material shows quite high affinity to water 

causing the partial compaction of membrane structure once it was exposed to higher 

pressures. The same effect might also result from the limited mechanical strength of 

membrane, as being exposed to higher pressures the recovery of membrane structure is 

hindered. To estimate the reversibility of this effect and evaluate the tendency to fouling of 

synthesized membranes the permeability was measured again after PEG filtration. The 

presented values prove that the compaction of membrane and thus the decline in the 

permeability values is reversible as the permeability values measured after PEG filtration 

was carried out are even higher than the initial ones, which as well might be contributed to 

hydrophilic nature of PEG molecules partially adsorbed on the membrane surface and thus 

increasing the total hydrophilicity of membranes. The same tendency was observed for all 

the tested membranes and thus only permeability values will be presented further without 

additional explanations.  

According to the permeability and PEG 35 kDa retention values presented in Figure 27, the 

membrane # 2 casted on polyester support shows lower permeability and better retention 

than membrane # 1 casted directly on the glass plate. Among the possible explanations of 

this difference might be the formation of denser membrane structure which is dependent on 

the support material pore structure as was shown in (Lohokare et al., 2006) The other 

possible reason for denser membrane formation might be the difference in the chemical 

composition of delignified biomass used for the preparation of casting solutions as it was 

taken from different batches exposed to slightly different treatment. It is assumed that 

biomass obtained in the second batch contains polymers of smaller size than in the first 

batch. Thus, polymer could form denser polymer net in the casted membrane and therefore 

denser structure of obtained membrane. However, proving of this demands further 

investigations as identical membranes from different batches were not manufactured. 

 

6.4.2 Effect of coagulation bath temperature 

For the evaluation of coagulation bath temperature impact on the membrane properties and 

performance the values presented in Figure 28 will be used.  
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Temperature of nonsolvent in coagulation bath has a certain effect on the rate of demixing 

process between solvent and nonsolvent resulting in the formation of membranes with 

different properties and structures. According to the previous studies (Saljoughi et al., 2009), 

higher temperatures in the coagulation bath lead to instantaneous demixing and thus 

formation of membrane with looser structure which results in better permeability but worse 

retention. 

 

Figure 28. Permeability values of pure water measured at four and two applied pressures before and after PEG 

filtration respectively, PEG permeability at 1 bar and PEG retention of membranes # 3, #2 and #6 

all measured by means of Amicon 1 ultrafiltration cell at 25°C and mixing rate approx. 300 rpm. 

 

According to the results presented in Figure 28 increasing of the CBT from 0 to 20°C has no 

significant impact on the permeability values whereas in contrast increase of the temperature 

from 20 to 50°C leads to a drastic increase of the permeability value. The retention values 

show the inverse dependence on the CBT value resulting in sharp decrease (27%) over the 

change from 0 to 20°C and almost complete loss of the retention capacity (94% decline) 

after using coagulation bath at 50°C. 

The obtained results allow to assume that in the 0 – 20°C range the formation of membrane 

is going on according to the mechanism of delayed demixing, forming relatively similar 

sublayer structures which determine approximately equal permeability values. The 

conceptual difference might be attributed to the difference between the formed top-layer 

which is basically responsible for the retention capability of a membrane. It seems that 0°C 

CB has effect on the membrane formation over only initial period of time before the CB 
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starts to warm up to room temperature which is 20°C. Low temperature of coagulation bath 

(0°C in particular) limits the growth of primary nucleuses in polymer rich phase leading to 

the formation of denser membrane structure, especially of top layer forming in the first order. 

After some period of time the temperature of coagulation begins to rise and the demixing 

process which identifies the structure of sublayer is going in approximately the same way as 

in the CBT 20°C resulting in formation of very similar sublayers. (Peng et al., 2010) 

 

6.4.3 Effect of casting thickness 

The effect of casting thickness was evaluated based on the permeability and PEG retention 

values which are summarized in Figure 29. 

 

Figure 29. Permeability values of pure water measured at four and two applied pressures before and after PEG 

filtration respectively, PEG permeability at 1 bar and PEG retention of membranes # 3 and #4 all 

measured by means of Amicon 1 ultrafiltration cell at 25°C and mixing rate approx. 300 rpm. 

 

According to the values presented in Figure 29, reduction of membrane casting thickness 

results into significant increase of membrane permeability and decline of PEG retention. The 

results can be attributed to the difference in demixing process rates. As the casting thickness 

increases the higher concentration gradient in casted film exists. This leads to the increment 

of the polymer concentration at the top layer and much slower speed of demixing point and 

thus decelerated solvent and nonsolvent diffusional exchange. As the duration of delay time 

increasing, the growth of the dense layer accelerates, which results into formation of smaller 

pores and therefore denser structure and higher membrane resistance and, as a consequence, 

the lower permeability.  
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The inversely proportional trend is found for the retention values, which increase when the 

casting thickness increases from 200 μm to 300 μm. This is most probably attributed to the 

fact that top layer, which is responsible for the retention performance of a membrane, is 

formed more developed at a higher casting thickness. This effect is a consequence of 

considerably lower speed of demixing point in top layer resulting from higher concentration 

gradient in higher casting thickness and leading to the formation of denser top layer 

performing better retention characteristics. The obtained results are in agreement with the 

previous studies (Ahmad et al., 2017; Madaeni et al., 2011; Alaei Shahmirzadi et al., 2015).  

 

6.4.4 Effect of casting solution concentration 

Effects of two different concentrations of casting solution at constant parameters of 

membrane preparation on membrane permeability and retention values are shown in Figure 

30. 

 

Figure 30. Permeability values of pure water measured at four and two applied pressures before and after PEG 

filtration respectively, PEG permeability at 1 bar and PEG retention of membranes # 3 and #5 all 

measured by means of Amicon 1 ultrafiltration cell at 25°C and mixing rate approx. 300 rpm. 

 

From the values presented in Figure 30 the increase in membrane retention of PEG and the 

decline in pure water permeability values of tested membranes can be observed with the 

increase of polymer concentration in casting solution from 5 to 6%. 

The higher concentration of polymer solution leads to the formation of smaller pores and 

thus denser membrane structure, which is related to intrinsic increase of the casting solution 
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viscosity. According to Sani et al. (2014) increase of the polymer concentration results into 

exponential increase in solution viscosity, which therefore causes the delay of the demixing 

process between the solvent and nonsolvent during the precipitation process. As the 

demixing is happening at lower speed the polymer concentration at the interface between the 

nonsolvent and casting solution becomes higher resulting in the formation of less porous 

layer. 

The reduction of permeability values of the membrane prepared from 6% polymer solution 

arises from the less porous morphology of formed membrane and consequently the increase 

of the overall membrane resistance which is resulted from thresholded mobility of polymer 

chains and increase in the resistance the water molecules movement during the phase 

inversion process. At the same time, the changes in the retention values show inversely 

proportional trend to pure water permeability mainly due to reduced pore size. 

 

6.4.5 Effect of the choice of nonsolvent 

To estimate the effect of the use of different nonsolvents on the membrane performance two 

different nonsovents (water and ethanol) were used to coagulate membranes prepared at the 

same conditions. The results of the membranes permeability and retention study are shown 

in Figure 31.  

 

Figure 31. Permeability values of pure water measured at four and two applied pressures before and after PEG 

filtration respectively, PEG permeability at 1 bar and PEG retention of membranes # 2 and #7 all 

measured by means of Amicon 1 ultrafiltration cell at 25°C and mixing rate approx. 300 rpm. 
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According to Aini Ali et al. (2007) the utilization of ethanol as a nonsolvent should result in 

formation of membrane with a less porous morphology and thus better retention 

characteristic. This effect is mostly resulted from the difference in miscibility of solvent and 

nonsolvent which is lower in the case of using IL-DMSO and ethanol system than for the 

IL-DMSO and water system. Lower miscibility leads to slower demixing rate during the 

precipitation and consequently the formation of membrane with denser structure and better 

retention and slightly lower permeability characteristics. (Aini Ali et al., 2007) 

The obtained permeability results are in agreement with abovementioned, showing moderate 

decrease in permeability values at 1 and 2 bars and even higher values at 3 and 4 bars. This 

might be explained with the formation of more stable membrane inner structure due to the 

lower exchange rate between solvent and nonsolvent. On the contrary, the retention values 

change trend differs from the one described in previous studies, decreasing with the change 

of water to ethanol. This might be attributed to the influence of affinity between the polymer 

on nonsolvent media. It is desirable that the affinity between the solvent and nonsolvent is 

at the maximum possible value, while the affinity between polymer and nonsolvent is as low 

as possible Thus, the decrease of retention value might be attributed to the higher affinity 

between treated biomass and ethanol than with pure water leading to partial dissolution of 

polymer within the nonsolvent and overall decrease of polymer concentration in casted 

membrane and thus formation of less dense polymer framework.  

 

6.4.6 Effect of PEG 6 000 used as an additive  

Effects of three different concentrations of PEG 6 000 used as an additive to the polymer 

solution on the permeability and retention of prepared membranes are shown in Figure 32. 
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Figure 32. Permeability values of pure water measured at four and two applied pressures before and after PEG 

filtration respectively, PEG permeability at 1 bar and PEG retention of membranes # 3, #8 and #11 

all measured by means of Amicon 1 ultrafiltration cell at 25°C and mixing rate approx. 300 rpm. 

As the concentration of PEG 6 000 in casting solutions increased the permeability of pure 

water across the formed membrane reduced both for the membrane with 0.5% of additive 

compared to the membrane made without additive as well as for the membrane containing 

2% of additive. It can also be seen that the membranes prepared from casting solution with 

0.5% and 2% of additive is less susceptible to the compaction with the application of higher 

pressure. The retention value changes without certain dependence on the concentration of 

additive showing decrease of PEG 35 kDa retention for the both membrane with 0.5% of 

additive and 2% additive concentration.  

Such confusing observations might be attributed to the complicated interactions between all 

the components in system. On the one hand, PEG as a compound with relatively high 

molecular weight tends to have slower diffusion rate which limits its transport during the 

precipitation process and leads to the accumulation of PEG molecules in the interface 

between casted solution and nonsolvent. This causes the formation of top layer with higher 

porosity and can be used as an explanation for decrease in retention values as the selective 

layer of membranes becomes slightly looser.  

On the other hand, according to Rekha Panda et al. (2013) the mechanism of absorption of 

water molecules by PEG molecules is dependent on its concentration and affects the porosity 

of sublayer. Referring to Gebru et al. (2017) at low concentrations of PEG the absorption of 

water results from the osmotic forces and leads to enhanced penetration of solvent into the 
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membrane matrix leading to the formation of looser structure. However, Rekha Panda et al. 

(2013) reported that at higher PEG concentrations interactions are arising from the matric 

forces resulting in the reduction of free energy in matric and thus decreasing the water influx 

into the casted solution and resulting in formation of denser structure which might explain 

the decrease of membrane permeability for both membranes casted from solutions with 

additive.  

 

6.4.7 Effect of PEG 6 000 used as an additive and membrane thickness 

Based on the results of effect of casting thickness and PEG 6000 concentration in the 

membrane performance it was decided to evaluate the effect of a combination of these 

parameters. The obtained results are presented in Figure 33. 

 

Figure 33. Permeability values of pure water measured at four and two applied pressures before and after PEG 

filtration respectively, PEG permeability at 1 bar and PEG retention of membranes # 3, #4, #11 and 

#13 all measured by means of Amicon 1 ultrafiltration cell at 25°C and mixing rate approx. 300 rpm. 

 

According to Figure 33 casting thickness has a dramatic impact on the membrane 

permeability. Although the membrane with 2% of PEG casted at 300 μm shows almost the 

same retention as the membrane prepared from casting solution without additive and casted 

at 300 μm, the latter has higher permeability. The reasons for both permeability and retention 

values of the membrane with 2% of PEG 6000 decrement are discussed above. Based on the 

comparison of both permeability and retention of tested in this section membrane it can be 

concluded that the use of PEG 6000 as an additive to current polymer – solvent – nonsolvent 

system is not effective. 
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6.4.8 Effect of PVP 40 000 used as an additive 

The other additive, PVP 40 000, was chosen due to its high hydrophilicity and it was tested 

at 0 and 2% concentrations. The results are shown in Figure 34. 

 

Figure 34. Permeability values of pure water measured at four and two applied pressures before and after PEG 

filtration respectively, PEG permeability at 1 bar and PEG retention of membranes # 3 and #12 all 

measured by means of Amicon 1 ultrafiltration cell at 25°C and mixing rate approx. 300 rpm. 

 

The obtained results follow the same trend as in Figure 32 showing the observable decrease 

of permeability comparing the membrane with 2% of PVP 40 000 with the membrane casted 

at the same parameters without additive and small decrease of retention value which is 

contradictory to the results obtained in previous studies (Gebru et al., 2017). 

The decline of permeability might be attributed to increased overall concentration of casting 

solution which might result in diminishing of the demixing process rate during the 

precipitation of membrane and therefore the instantaneous liquid – liquid demixing is 

hindered and the development of bigger pores in sublayer is suppressed. Considering the 

porosity of top layer, it might be suggested that decelerated diffusion rate of PVP 40 000 

(due to its high molecular weight) limits the transport of its molecules during the 

precipitation and results into temporary accumulation of PVP in top layer causing its higher 

porosity and consequently slightly lower retention of obtained membrane. However, 

comparing the membrane with 2% of PEG and 2% of PVP casted at the same thickness, the 

latter one shows better performance characteristic with slightly better permeability and 

retention values which might be explained by effect of higher molecular weight of PVP and 
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differences in their interactions with water but this hypothesis demands further 

investigations.  

 

6.4.9 Effect of PVP 40 000 used as an additive and membrane thickness 

To study the combined effect of PVP 40 000 concentration in casting solution and the casting 

thickness Figure 35 and the values in it are used. 

 

Figure 35. Permeability values of pure water measured at four and two applied pressures before and after PEG 

filtration respectively, PEG permeability at 1 bar and PEG retention of membranes # 3, #4, #12 and 

#14 all measured by means of Amicon 1 ultrafiltration cell at 25°C and mixing rate approx. 300 rpm. 

 

The same trend in permeability and retention values as in Figure 33 is observed in Figure 35 

for membranes casted from the solutions containing 2% of PVP 40 000. A slightly lower 

permeability was measured when additive was used. In addition, it can be concluded that the 

casting thickness has dominant effect on the permeability compared to the effect of additives. 

The membrane casted from the solution with additive at 200 μm shows higher retention 

compared to one prepared in the same conditions from casting solution without additive and 

the opposite dependence is observed in case of comparison of two membranes with 0 and 

2% of PVP casted at 300 μm which makes possible the assumption that interaction between 

the additive and the polymer – solvent – nonsolvent system are functionally dependent not 

only on the concentration of additive in casting solution but also on the casting thickness 

which affects the concentration gradient and diffusivity aspects of demixing process 

(Arahman et al., 2017).  
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6.4.10 Effect of PVP 15 000 used as an additive 

To evaluate effect of presence of PVP 15 000 and its concentration on membrane 

performance the values from Figure 36 will be used.  

 

Figure 36. Permeability values of pure water measured at four and two applied pressures before and after PEG 

filtration respectively, PEG permeability at 1 bar and PEG retention of membranes # 3, #15 and #17 

all measured by means of Amicon 1 ultrafiltration cell at 25°C and mixing rate approx. 300 rpm. 

 

The changes in the values presented in Figure 36 show that both permeability and retention 

of the tested membranes follow the same trend. Increase of additive concentration in the 

casting solution from 0 to 0.5% leads to decrease of both permeability and retention values. 

However, further increase of additive concentration to 2% results in increase of both 

permeability and PEG 35 000 retention. It is important to emphasize that both permeability 

and retention of the membrane casted with 2% of additive are slightly lower than for the 

membrane with 0% of additive.  

These changes can be attributed to the increased viscosity of the casting solution containing 

additive compared to one without them resulting into predomination of delayed demixing 

and formation of membrane with denser structure. This effect is diminishing its influence in 

the case of membrane preparation from the solution with 2% of additive making the effect 

of additive concentration over the demixing process clear but leaving the mechanism 

unexplainable in this context. (Saljoughi et al., 2009) 
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6.4.11 Effect of vanillin used as an additive 

Effect of presence and concentration of vanillin as an additive in casting solution on 

membrane permeability and rejection was evaluated based on the values shown in Figure 

37. 

 

Figure 37. Permeability values of pure water measured at four and two applied pressures before and after PEG 

filtration respectively, PEG permeability at 1 bar and PEG retention of membranes # 3, #16 and #19 

all measured by means of Amicon 1 ultrafiltration cell at 25°C and mixing rate approx. 300 rpm. 

 

Figure 37 shows that the changes in permeability values follow the trend which is 

surprisingly different from the one described in previous studies for polyethersulfone (PES) 

membranes (Sathish Kumar et al., 2017). It is generally acknowledged though, that presence 

of vanillin as a typical hydrophilic compound will reduce the viscosity and increase the 

hydrodynamic instability in the coagulation bath and lead to more rapid demixing process 

which usually results in the formation of looser membrane structure. 

However, from the obtained results it can be concluded that addition of vanillin at two tested 

concentration results into drastic decrease of membrane permeability as well as the retention. 

The possible explanation of this undesirable effect might result from high affinity between 

the solvent and additive, which can suppress or slow down the removal of additive from the 

casted membrane and thus lead to the formation of overall denser membrane structure with 

absence of developed selective layer which could benefit the retention value.  
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6.4.12 Effect of LiCl used as an additive 

For the evaluation of the presence of LiCl as an additive and its concentration in casting 

solutions two membranes with LiCl concentration of 0.5 and 2% were prepared. The 

obtained permeability and retention tests results are presented in Figure 38. 

 

 

Figure 38. Permeability values of pure water measured at four and two applied pressures before and after PEG 

filtration respectively, PEG permeability at 1 bar and PEG retention of membranes # 3, #17 and #20 

all measured by means of Amicon 1 ultrafiltration cell at 25°C and mixing rate approx. 300 rpm. 

 

In accordance with Ma et al. (2011) the addition of LiCl into casting solution at low 

concentrations (less than 2.5%) should result into formation of finger-like macrovoids in the 

membrane sublayer and subsequently increase its permeability. However, according to the 

results in Figure 38 the higher amount (2%) of LiCl used as an additive decreased the 

permeability more than the lower amount (0.5%). Interestingly, the retention of three 

compared membranes remains almost stable showing only small decrease for the membrane 

with different concentrations of additive. 

It was also reported by Ma et al. (2011) that further increase of LiCl concentration in dope 

solution leads to the increase of solution’s viscosity and therefore hindered macrovoids 

formation and development of a structure with fine pores. These effects can be explained on 

the basis of the changes occurring to the polymer dope system thermodynamic and kinetic 

properties. At lower LiCl concentrations the membrane formation mechanism is driven 

mostly by increased thermodynamic instability of the system which results into formation of 
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macrovoids due to facilitation of rapid demixing. At the same time, the further increase of 

LiCl concentration leads to increase of casting solution viscosity and strong interactions 

between LiCl and other components of the system, which tend to diminish the 

thermodynamic effect and to slow down demixing process resulting into delayed 

precipitation mechanism. (Ma et al., 2011) Although in previous studies the certain 

percentage range for each case whether thermodynamic or kinetic effects has predominant 

impact on the morphology and performance of the membrane was stated, it can be assumed 

that the percentage will be different as the polymer in the casting solution changes. That 

would explain the observed decrease in membranes permeability at both used concentrations 

assumed that kinetic effects had larger impact over the membrane formation.  

 

6.4.13 Effect of polymer chemical composition 

The effect of difference in polymer chemical composition on the membrane performance 

was evaluated based on the results from two membranes prepared and tested exactly at the 

same conditions but with use of two different polymers. One membrane was prepared from 

DES treated and bleached birch and the other one was prepared from α (alpha) cellulose 

which was donated by Ikenna Anugwom (postdoctoral researcher, LUT) and prepared the 

same way as described in Godavari Biorefineries Limited (2016). The results are shown in 

Figure 39. 

 

Figure 39. Permeability values of pure water measured at four and two applied pressures before and after PEG 

filtration respectively, PEG permeability at 1 bar and PEG retention of membranes # 3 and #10 all 

measured by means of Amicon 1 ultrafiltration cell at 25°C and mixing rate approx. 300 rpm. 
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Based on the results from Figure 39 it can be seen that the membrane casted from solution 

with α cellulose as a polymer shows intermediate values of permeability in comparison with 

all the prepared membranes (as the lowest permeability was 4.5 L/(m2*h*bar) and the 

highest retention of PEG 35 kDa (86%) among all of them. 

As all of the membrane preparation procedure was kept the same, it can be concluded that 

the polymer chemical composition has a significant impact on the membrane performance 

characteristics. α cellulose is described as one of the classes of cellulose having the highest 

degree of polymerization (DP) among the others (β and γ celluloses), which means that the 

polymer chains have more monomeric units and thus are longer. The presence of such 

molecules in the casting solution results into more viscous polymer solution and thus 

hindered diffusion between the solvent and nonsolvent in the coagulation bath leading to 

delayed demixing and therefore denser selective layer and sublayer of a membrane.  

 

6.4.14 Effect of solvent choice 

The mixture of IL and DMSO was prepared and used according to the reasons stated in 

(Anokhina et al., 2017), which concern both economical and chemical aspects of preparation 

of casting solutions. To check the influence of solvent media on the membrane 

characteristics it was decided to dissolve DES treated and bleached birch not in the mixture 

of IL with DMSO but pure IL. The results obtained for this case are presented in Figure 40. 

 

Figure 40. Permeability values of pure water measured at four and two applied pressures before and after PEG 

filtration respectively, PEG permeability at 1 bar and PEG retention of membranes # 3 and #9 all 

measured by means of Amicon 1 ultrafiltration cell at 25°C and mixing rate approx. 300 rpm. 
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It is clearly seen from Figure 40 that membrane prepared from the casting solution, which 

was made utilizing pure IL, shows a decrease of both permeability and retention in 

comparison with the membrane casted from the solution containing both IL and DMSO.  

This trend is easily explainable on the basis of different viscosity of these two casting 

solutions. The addition of aprotic organic cosolvent to IL significantly lowers the viscosity 

of the latter and due to increased solvation of IL’s cation creates higher number of “free” 

anions accessible for hydrogen bonding interactions with cellulose and thus its faster 

dissolution at milder conditions.  

The increase of viscosity of solvent medium leads to development of membrane structure 

with smaller pores due to delayed demixing and explains the decrease of permeability for 

the membrane prepared from casting solution with only IL. For the decrease in retention of 

the same membrane one of the possible explanations might be use of rougher conditions 

during the preparation of casting solution such as higher temperature (150°C instead of 

100°C used for other membranes) and longer exposure of the solution to this temperature, 

which might lead to partial decomposition of polymeric material and therefore obstructivity 

of formation of developed selective layer.  

 

6.5 Further characterization of selected membranes 

For more detailed characterization several membranes were chosen due to foremost 

difference in their permeability and retention values (membrane # 3 and # 6), best rejection 

result (membrane # 10), relatively good combination of permeability and retention 

(membrane # 14) and for the estimation of additives impact on the membrane properties and 

morphology (membranes # 19 and # 20 were chosen due to higher concentration and thus 

assumed more clearly observable influence).  

 

6.5.1 FTIR characterization of selected membranes 

According to Livazovic et al. (2015) IL is completely removed from the polymer film as 

well as all the additives during the membrane washing with DI water. This is proved also 

with the TOC results of membrane leakages collected during the membranes compaction. It 

was decided to perform also FTIR analysis to compare the membranes’ chemical 

composition (all shifted to start at 0 absorbance a.u.) with the one of the initial polymer 
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(shifted to start at 1 absorbance a.u.) which was used for preparation of casting solutions 

(DES treated and bleached birch) and the results are presented in Figure 41. 

According to the presented in Figure 41 spectra the main changes appeared to polymer 

material after being dissolved in IL – DMSO mixture are located in 1900 – 1700 cm-1 where 

the characteristic peak for hemicelluloses related to the vibrations of carboxylic ester groups 

disappears transforming into broad peak at 1950 – 1500 cm-1 which can be attributed to the 

increased number of C=C bonds during the dissolution process. The other significant change 

is disappearance of peaks at 1380 and 1311 cm-1 which might originate from CH2 rocking 

vibrations at C6. The observable decrease of 1999 cm-1 peak might be related to the vibration 

of the β – O – 4 and methoxy groups might result from the partial rupturing of cellulose 

chains into smaller units which is proved also with the results presented in Figure 24.  

Other peaks are only differing at their intensity, showing the reduction of the number of OH 

groups in cellulose molecules with the decrease in intensity of 3500 – 3000 cm-1 and 700 – 

400 cm-1 broad peaks. There are several peaks formed at 2913, 1881 and 2851 cm-1 but all 

of them are in the range typical for symmetrical vibrations of C – H stretches. The increased 

peak at 2383, 2345 cm-1 and 2114 cm-1 might be related to the C ≡ X and C ≡ N respectively 

and can hardly be explained as none of the compounds utilized in the membrane preparation 

didn’t contain triple bonds, so these peaks might be concerned as spectral artefacts. 
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Figure 41. FTIR spectra of birch after DES treatment followed with bleaching and membranes # 3, 6, 10, 14, 19 and 20 via using the Perkin Elmer Frontier spectrometer 

with universal ATR module of diamond crystal at a resolution of 4 cm-1 in the absorbance mode.
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6.5.2 Membrane characterization based on the contact angle and surface charge 

measurements 

To evaluate the effects of several parameters (CBT, casting thickness, polymer chemical 

composition and presence of different additives) variations on the membrane hydrophilicity 

and surface charge the results summarized in Table 10 are used.  

Table 10. Contact angle and isoelectric point values for tested membranes.  

# Chemical composition 

difference from 5% bleached 

DES treated biomass 

CBT, 

°C 

Casting 

thickness, 

μm 

Permeability 

at 1 bar, 

L/(m2·h·bar) 

Retention 

of PEG 35 

kDa, % 

CA, ° IEP 

3 - 0 300 13.3 76.9 11.4±2.2 3.65 

6 - 50 300 100.8 3.5 21.1±1.7 3.62 

10 α cellulose 0 300 9.5 86.1 24.1±2.5 3.44 

14 PVP 40 000 0 200 31.7 54.0 19.1±1.9 3.58 

19 vanillin 0 300 4.5 63.1 14.4±3.2 3.92 

20 LiCl 0 300 6.6 75.2 13.6±2.5 3.08 

 

The average contact angle values for all the tested membranes lie within a range of 11.4 – 

24.1° and thus prove the high hydrophilicity of all tested membranes. Interestingly, the 

presence of additives decreases the hydrophilicity of membranes in each case of addition of 

PVP 40 000, vanillin or LiCl. The lowest contact angle and hence the highest hydrophilicity 

is demonstrated by the membrane # 3 and the highest contact angle is obtained for membrane 

# 10. It can be assumed that CBT has some impact on the hydrophilicity of membrane as the 

contact angle of the membrane coagulated at 50°C is significantly higher compared to the 

contact angle of the membrane casted from the similar casting solution but coagulated at 

0°C. As the composition of these two membranes is identical, the higher contact angle of the 

membrane # 6 might be attributed to its rougher surface structure  

The trends of changes of contact angles of samples containing additives are contradictory to 

ones shown in previous studies by Saljoughi et al. (2009) evidencing the biggest drop of 

hydrophilicity for membrane with addition of PVP 40 000, followed by membrane with 

vanillin and the smallest decrease was found for the membrane with addition of LiCl. The 

highest contact angle is shown by membrane prepared from α cellulose, which might mean 

that presence of a portion of hemicelluloses in the casting solution leads to the increase of 

both membrane hydrophilicity and permeability while no certain correlation between the 

membrane hydrophilicity and its permeability can be stated from obtained results. 
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From the Figures provide in Appendix 3 it can be seen that all tested membranes possess 

negatively charged surface over the wide range of pH and isoelectric points (IEP) lie in the 

strongly acidic medium. These results show that all the membranes can be effectively 

utilized for the water treatment as the retention of natural organic matter (NOM) will be 

supported due to charge repellence and the rapid fouling of membrane surface will be 

prevented (Breite et al., 2015).  

On the basis of small shift of IEP values of membranes # 3 and # 6 it can be assumed that 

the temperature of coagulation bath exerts small influence on the charge of membrane 

surface. Addition of PVP appears to have the minimal effect on the shift of IEP among other 

additives. The membrane # 19 casted from polymer solution with 2% of vanillin shows the 

highest offset of IEP closer to neutral pH while IEP of membrane # 20 casted from solution 

with 2% of LiCl was recorded at the lowest pH.  

It is hard to reveal the certain effect of the use of additives on the surface charge values due 

to the lack of theory about it. Usually for changing the surface charge additives are not added 

to the dope solution but the surface of already prepared membrane is modified with additives 

(Manawi et al., 2017). According to the results from TOC measurement of membrane 

leakages there is none or negligibly small amount of additives in the membrane structure 

and the difference in values cannot be attributed to their presence. On the other hand, the 

presence of hydrophilic additives in the casting solution might have led to different 

orientation of polymer molecules and chains in the casted membrane and more (or less) 

hydrophilic groups were restrained in the top layer causing the difference in the surface 

charge values.  

 

6.5.3 Membrane morphology characterization with SEM analysis 

The effect of CBT, presence of additives, chemical composition of polymer and casting 

thickness variations over the morphology of membrane was evaluated based on the SEM 

images of membranes’ cross-sections, which were taken at two magnifications (300 and 

1000). These magnifications were chosen as the aim was to see changes in the membranes 

thickness and check the presence of macrovoids, which can be done without use of stronger 

magnifications. Moreover, the use of higher magnifications was impeded due to partial 

destruction of membrane material during the focus adjustment as there was no gold layer on 
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the samples. All images were gathered together and presented in Figure 42 for membranes 

# 3, 6 and 10 and in Figure 43 for membranes # 14, 19 and 20.  

  

  

  
Figure 42. SEM images of the membranes: (A) membrane # 3 (5% DES treated and bleached birch PE 300 

microns 100/0), (B) membrane # 6 (5% DES treated and bleached birch PE 300 microns 100/50), 

(C) membrane # 10 (5% α cellulose PE 300 microns 100/0). 

 

  

A 

B 
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It can be seen from Figure 42 A that the membrane # 3 which was precipitated in the 

coagulation bath at 0°C thickness is significantly smaller (45 μm) than for the membrane # 

6 coagulated at 50°C (186 μm) which is completely in agreement with concept of delayed 

demixing and formation of denser membrane. Also, well developed top (3.57 μm) and 

bottom (2.5 μm) dense layers of this membrane are easily observable and explain quite good 

retention property (76.94% retention of PEG 35 kDa). 

The SEM images for membrane # 6 shown in Figure 42 B which was coagulated in 

coagulation bath at 50°C is much thicker (186 μm) which can be explained with rapid 

demixing and thus formation of membrane is terminated faster as more water goes inside. 

As the result looser polymer chains network was formed resulting into higher thickness. 

Though membrane cross section was partially smoothed during the preparation step, in the 

central part of Figure 42 B the true structure of a membrane can be observed. Higher porosity 

and macrovoids formation is obvious and in accordance with higher permeability and much 

lower retention results. The top layer of this membrane is quite thin (2.33 μm) and the bottom 

layer cannot be observed properly but seems to have large nodules due to fast formation and 

growth of nucleuses during the precipitation process. The absence of developed both top and 

bottom layers with high probability explains extremely low retention (3.52 %) of this 

membrane. 

Shown in Figure 42 C membrane # 10 made from alpha cellulose is a bit thicker (71.43 μm) 

than the membrane # 3 made from DES treated and bleached birch (45 μm) which can be 

attributed to larger size of polymer molecules as α cellulose has higher degree of 

polymerization. Also, membrane # 10 shows well developed bottom layer (4.29 μm which 

is more developed than for membrane #3) but very thin top layer (0.29 μm) and overall 

denser structure which can be understood as an explanation for the decrease of permeability 

and the increase of retention. 

Shown in Figure 43 A cross section of membrane # 14 possess with the lowest thickness 

(17.86 μm) as it was casted at 200 μm while all the others at 300 μm. Several nodular 

structures are observed in the bottom layer which might explain the increase of membrane 

permeability in comparison with membrane casted at 200 μm as well but without addition 

of PVP 40 000. However, this assumption demands further check as no SEM image was 

taken for the membrane casted at 200 μm without additive The membrane # 14 also 
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demonstrates well developed top layer (2.14 μm) responding to the intermediate retention 

value of the membrane (54%). 

Figure 43 B shows the cross section of membrane # 19 casted from the polymer solution 

with 2% of vanillin as an additive. Membrane shows lower thickness (38.93 μm) than the 

membrane # 3 casted at the same conditions but with no additive (45 μm) which might be 

attributed to the increased viscosity of initial casting solution. As the viscosity is higher, the 

delay time is longer so vanillin will stay more in the structure and the thickness decreases as 

it takes more time for final formation of membrane structure. Membrane also shows well 

developed and dense bottom layer (2.86 μm) and thin top layer (0.64 μm). The porosity of 

the membrane is uneven over its cross section, showing less dense structure closer to the 

bottom layer. It might be assumed that ununiform porosity together with thin selective layer 

and presumable bigger surface pore size distribution lead to both decrease of permeability 

and retention in comparison with membrane # 3.  

According to Figure 43 C the thickest membrane (242.86 μm) among all the tested is the 

membrane # 20 casted from the solution with 2% LiCl. Only this membrane shows clear 

formation of finger-like macrovoids which is in accordance with (Ma et al., 2011). This 

membrane shows much looser structure than the others which might be attributed to 

instantaneous demixing resulting from the presence of LiCl. The top (8.13 μm) layer of the 

membrane is well developed correlating with quite high retention (75.24 %) shown by this 

membrane, while bottom (1.16 μm) layer is not. According to porosity of the membrane it 

should have high permeability, however, it does not (6.61 L/(m2·h·bar) at 1 bar) which is 

with high probability caused by overall higher resistance of membrane to water permeability 

due to its higher thickness. 
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Figure 43. SEM images of the membranes: (A) membrane # 14 (5% birch 2% PVP 40000 PE 200 microns 

100/0), (B) membrane # 19 (5% birch 2% vanillin PE 300 microns 100/0), (C) membrane # 20 (5% 

birch 2% LiCl PE 300 microns 100/0). 
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7 CONCLUSIONS 

This thesis set out the possibility of preparation of ultrafiltration membranes for water 

treatment based on the wood biomass treated with deep eutectic solvent (DES) and 

consequently bleached with sodium chlorite and acetic acid. Further dissolution of obtained 

cellulose rich biomass in mixture of ionic liquid 1-ethyl-3-methyl imidazolium acetate and 

dimethyl sulfoxide at 2:8 mass ratio and characterization of prepared membranes 

performance and properties was performed. Previous researches on this subject covered 

either the treatment of wood biomass or preparation of membranes from purified cellulose 

utilizing the abovementioned solvents but the overall preparation technique has never been 

reported before. Also, the effect of different preparation parameters such as polymer 

concentration, casting thickness, presence and nature of several additives over the 

membranes properties was investigated.  

The experimental part of the thesis considered estimation of DES treatment and bleaching 

efficiency over removal of lignin from wood biomass and characterization of membranes 

prepared at different parameters to evaluate their single and combined effects on the 

permeability of pure water and retention of model compound PEG 35 000. The detailed 

characterization of most prospective according to both permeability and retention values 

membranes was done with FT-IR, contact angle, surface charge and SEM analysis. 

According to the results of conducted experiments following conclusions can be done: 

1. The utilization of proposed sequence of DES treatment and bleaching is efficient for 

lignin removal out of birch wood biomass resulting in final lignin concentration in 

treated biomass less than 0.5% and containing only acid soluble lignin. 

2. Obtained ultra-low lignin content biomass can be utilized for the preparation of 

ultrafiltration membranes. 

3. The best conditions for membrane preparation were found to be the preparation of 

dope solution using the mixture of ionic liquid and dimethyl sulfoxide at as a solvent 

with 5% ultra-low lignin content biomass concentration at 100°C which was casted 

at 300 μm on polyester support and immersed into coagulation bath containing water 

at 0°C giving the membrane having the pure water permeability of 13.3 L/(m2·h·bar) 

at 1 bar and the PEG 35 000 retention of 76.9%. 

4. Membrane prepared at the same abovementioned conditions but with α cellulose 

instead of ultra-low lignin content biomass was tested out of curiosity for estimation 
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of polymer composition effect on membrane properties. It showed the highest 

retention of PEG 35 000 (86.1 %) and slightly lower permeability (9.5 L/(m2·h·bar) 

at 1 bar) than the membrane discussed above. 

5. The utilization of different additives (PEG 6 000, PVP 40 000 and 15 000, vanillin 

and LiCl) which were chosen according to their hydrophilicity and ability to increase 

membrane permeability according to different researches found to be ineffective in 

regard to used polymer – solvent – nonsolvent system decreasing either permeability 

or retention of obtained membranes. 

Several membranes were chosen based on their best or intriguing combinations of 

permeability and retention values for further analysis of hydrophilicity, surface charge and 

morphology. All the tested membranes showed high hydrophilicity and IEP values at acidic 

pH. The only additive, which led to the formation of finger-like macrovoids in membrane 

structure showed with SEM cross section analysis was found to be LiCl. 

The main intricacy related to all the membranes independently from their composition and 

preparation parameters is their tendency to shrink while drying and thus they had to be kept 

in wet state all the time. This might be contributing to great amount of water absorbed in 

membrane structure and therefore retraction of membrane during the drying. This tendency 

should be considered as causing a lot of difficulties attributed to membrane storage and 

should be studied thoroughly to be overcome in future.  
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8 SUGGESTIONS FOR FURTHER STUDIES 

Even though the results showed that obtained membranes satisfy the basic requirements for 

ultrafiltration membranes, the development of methods and techniques should be studied 

more to improve both retention and permeability of the prepared membranes in order to be 

at the same level or better than with commercial membranes. The effect of more preparation 

parameters on membrane properties should be investigated, for example, exposure of 

membranes to evaporation before immersion to obtain denser selective layer, addition of 

solvent into coagulation bath to change the pathway of polymer precipitation, employment 

of other additives and dual coagulation bath system.  
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APPENDICES 

Appendix 1. Photographs of DES treated biomass from two separate batches 

 

Figure 44. Visual appearance of the DES treated biomass from the first batch washed without manual 

squeezing. 

 

 

Figure 45. Visual appearance of the DES treated biomass from the second batch washed with manual 

squeezing. 
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Appendix 2. Photographs of bleached DES treated biomass from two separate batches 

 

Figure 46. Visual appearance of the bleached DES treated biomass from the first batch washed without manual 

squeezing.  

 

 

Figure 47.Visual appearance of the bleached DES treated biomass from the second batch washed with manual 

squeezing.  
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Appendix 3. Streaming potentials plotted against pH for all tested membranes 

  

  

  

Figure 48. Isoelectric point localization and streaming potential values of tested membranes plotted against 

pH: (A) – membrane # 3, (B) – membrane # 6, (C) – membrane # 10, (D) – membrane # 14, (E) – 

membrane # 19, (F) – membrane # 20. 
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