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The process streams in the wood-based biorefineries contain a propitious source of novel 

renewable raw material, such as hemicellulose and lignin. The utilization of UF membranes 

has been drawn considerable interest in the isolation of hemicellulose from the other 

dissolved wood components before any further uses. However, membrane filtration 

processes have been mostly restricted to limited filtration capacities and severe fouling 

caused by aromatic compounds, such as lignin and extractives. Hence, from an economic 

point of view, the preparation of competent membranes which can minimize the fouling and 

life-time shortening of the membranes during filtration are highly demanded.  

 

In this study, vanillin as antifouling agent has been utilized in surface modification of 

commercial ultrafiltration membrane (UH004 P) and in preparation of a novel 

polyethersulfone ultrafiltration membrane to improve the performance of membrane. The 

parameters involved in surface modification of UH004 P membrane (e.g. vanillin 

concentration) and in preparation of PES membrane (e.g. vanillin and water content, and 

coagulation bath temperature) were investigated. In general, the PEG solution permeability 

of modified commercial membranes improved as the degree of vanillin adsorption on the 

surface of the membrane increased while PEG rejection remained almost the same. In 

addition, better antifouling characteristics of modified membrane compared to virgin UH004 

P membrane has been observed; approximately 12 % lower water flux reduction. Based on 

membrane flux, TOC rejection and UV rejection of lignin, the following conditions for lab-

made membrane modification were found to be appropriate: 3 wt.% vanillin content, 1 wt.% 

water content and coagulation bath temperature of 10 °C.  

 



 

 

ACKNOWLEDGEMENTS 

This Master of Science thesis has been accomplished between the 1st of December 2016 and 

30th of May 2016 in the Laboratory of Membrane Technology and Technical Polymer 

Chemistry at Lappeenranta University of Technology. First and foremost, I wish to express 

my sincere gratitude to my supervisors, Associate Professor Mari Kallioinen, M.Sc. (Tech) 

Jussi Lahti and M.Sc. Tiina Virtanen for inspiring support, guidance and discussions during 

my master thesis. Without your endless motivation and support, this thesis might not be 

completed. Special thanks to you for all enthusiasm, trust and constructive comments and 

wonderful thesis topic. 

 

I would like to express my great appreciation to the head of laboratory, Professor Mika 

Mänttäri for providing us an equipped laboratory and friendly environment and for his 

informative discussions during my thesis. 

 

I am deeply grateful to all the people who have supported me and helped me in my thesis 

specifically, I would like to express my gratitude to Docent Arto Pihlajamäki for his supports 

during my experimental work and his great consolation in different aspects of my project 

and also M.Sc. (Tech) Hamed Aziz Namaghi and M.Sc. (Tech) Nnaemeka Celestine 

Ezeanowi, your knowledge and scientific experience are the basis of the results that I 

achieved in my thesis. Thank you for your enormous support and constructive advises.  

  

The Academy of Finland (Grant no.292253) is also appreciatively acknowledged for the 

financial support. I would like to thank Mr. Toni Väkiparta (laboratory technician, LUT 

School of Engineering Science) and Mrs. Liisa Puro (analysis engineer, LUT School of 

Engineering Science) for helping with SEM and FTIR analyses. 

 

I am highly indebted to my lovely Mom who has sacrificed her life to make her children 

happy all the time and for her endless love and supports in all stages of my life. I should also 

express my brother and sisters for their continuous support throughout my life. I wish also 

thank all of my friends which created great moments and memories in my life. 

 

Lappeenranta, Finland 16.06.2017 

Mohammadamin Esmaeili 



 

 

TABLE OF CONTENTS 

ABSTRACT 

ACKNOWLEDGEMENTS 

LIST OF FIGURES 

LIST OF TABLES 

LIST OF SYMBOLS 

LIST OF ABBREVIATIONS 

1 INTRODUCTION ........................................................................... 6 

1.1 Research background ................................................................................................... 6 

1.2 Objectives and scope of the research ........................................................................... 7 

1.3 Structure of research .................................................................................................... 9 

2 FOULING IN ULTRAFILTRATION .......................................... 10 

2.1 Parameters affecting fouling ...................................................................................... 11 

2.1.1 Membrane properties .......................................................................................... 11 

2.1.2 Solute (solution) properties ................................................................................. 14 

2.1.3 Operating parameters .......................................................................................... 15 

2.2 Forms of fouling ........................................................................................................ 16 

2.2.1 Adsorption........................................................................................................... 16 

2.2.2 Pore blockage ...................................................................................................... 17 

2.2.3 Gel formation ...................................................................................................... 17 

2.2.4 Cake formation.................................................................................................... 17 

2.3 Foulants in ultrafiltration ........................................................................................... 18 

2.4 Fouling control in ultrafiltration ................................................................................ 19 

2.5 Biofouling .................................................................................................................. 21 

2.5.1 Control of biofouling .......................................................................................... 23 

2.5.2 Quorum sensing mechanism ............................................................................... 24 

2.5.3 Quorum sensing and biofouling .......................................................................... 27 

2.5.4 Quorum quenching (QQ) and biofouling control ............................................... 28 

Vanillin as quorum sensing inhibitory agent ........................................................... 30 

3 MEMBRANE SURFACE MODIFICATION METHODS .......... 34 

3.1 Physical modification ................................................................................................ 35 

3.1.1 Polishing and grinding ........................................................................................ 35 



 

 

3.1.2 Solvent post-treatment ........................................................................................ 35 

3.1.3 Thermal treatment ............................................................................................... 36 

3.1.4 Blending .............................................................................................................. 36 

3.1.5 Physical adsorption coating on the membrane surface ....................................... 36 

3.2 Polyethersulfone membrane modification methods .................................................. 38 

3.2.1 Adsorption of vanillin on the PES membrane .................................................... 39 

4 MEMBRANE CHARACTERIZATION METHODS .................. 41 

4.1 Characterization of membrane hydrophilicity ........................................................... 41 

4.1.1 Contact angle measurements............................................................................... 42 

Sessile drop method ................................................................................................. 43 

Captive bubble method ............................................................................................ 45 

Wilhelmy rod method .............................................................................................. 46 

Capillary bridge method .......................................................................................... 47 

4.2 Characterization of permeability and selectivity ....................................................... 47 

4.3 Characterization of antifouling properties ................................................................. 48 

5 MATERIALS AND METHODS .................................................. 49 

5.1 Materials .................................................................................................................... 49 

5.1.1 Preparation of pressurized hot water extract ....................................................... 49 

5.2 Methods ..................................................................................................................... 50 

5.2.1 Physical adsorption modification ........................................................................ 50 

5.2.2 Blending modification ........................................................................................ 53 

5.2.3 Membrane preparations ...................................................................................... 53 

5.2.4 Fouling tests of the modified membranes with hydrolysate ............................... 54 

5.3 Membrane characterization ........................................................................................ 57 

5.3.1 Fourier transform infrared spectroscopy ............................................................. 57 

5.3.2 Scanning electron microscopy ............................................................................ 57 

5.3.3 Casting solution viscosity measurement ............................................................. 57 

5.3.4 Contact angle measurements............................................................................... 57 

5.3.5 Membrane surface charge analysis ..................................................................... 58 

5.3.6 Extraction and UV/Vis analysis .......................................................................... 58 

6 RESULTS AND DISCUSSION ................................................... 59 

6.1 Characterization of membranes by the means of FT-IR spectroscopy ...................... 59 

6.1.1 Characterization and spectral analysis of virgin membranes .............................. 59 



 

 

6.1.2 Characterization and spectral analysis of the commercial membrane modified by 

vanillin ......................................................................................................................... 60 

6.1.3 Characterization and spectral analysis of the lab-made membrane modified by 

vanillin ......................................................................................................................... 61 

6.2 The effect of vanillin and water content on viscosity of polymer solution ............... 63 

6.3 Polyethylene glycol rejection study ........................................................................... 65 

6.4 Morphological studies and transport properties of lab-made membranes ................. 70 

6.4.1 Membrane thickness ........................................................................................... 70 

6.4.2 Contact Angle ..................................................................................................... 72 

6.4.3 SEM characterization .......................................................................................... 74 

Effects of water as non-solvent additive on membrane morphology ...................... 75 

Effects of vanillin as non-solvent additive on membrane morphology ................... 77 

Effects of coagulation temperature bath on membrane morphology ....................... 79 

6.5 Effect of additives on the wood extract permeance and rejection ............................. 82 

6.5.1 Effect of vanillin on the hydrolysate permeance and rejection ........................... 82 

6.5.2 Effect of water on the hydrolysate permeance and rejection .............................. 84 

6.5.3 Effect of coagulation bath temperature on the hydrolysate permeance and 

rejection........................................................................................................................ 85 

6.6 Hydrolysate permeance and rejection study of UH004 P membrane ........................ 87 

7 CONCLUSIONS ........................................................................... 91 

8 SUGGESTIONS FOR FUTURE STUDIES ................................. 93 

REFERENCES ................................................................................. 94 

APPENDICES 

Appendix 1: The molar absorption coefficient of vanillin in water at 308 nm and pH 5.6.  

Appendix 2: wood extract permeance behavior of all lab-made membranes 

Appendix 3: TOC rejection, lignin rejection, final collected permeate mass, RSPF and 

permeate flux (at 30 % VRF) of all used membranes in hydrolysate performance. 

  

LIST OF FIGURES  

Figure 1:  Structure of the thesis. ..................................................................................... 9 
Figure 2:  Reduction of flux as a function of time due to fouling and concentration 

polarization (Mulder, 1996). ................................................................................................ 10 
Figure 3: The role of cell density in changing the Vibrio fischeri communication behavior 

(Online.kitp.ucsb.edu, 2011). ............................................................................................... 25 

Figure 4:  Inhibition of QS in gram negative bacteria by different approaches (Lade et 

al., 2014).  ....................................................................................................................... 29 



 

 

Figure 5:  Structure of vanillin (Walton et al., 2003). .................................................... 31 
Figure 6:  Schematic diagram of surface modification methods (Sathish Kumar et al., 

2015).  ....................................................................................................................... 37 

Figure 7:  Static contact angle at the boundary of solid-liquid-air. ................................ 42 
Figure 8:  The formation of sessile drop in dry atmosphere during the measurement of 

static angle (Law and Zhao, 2016). ...................................................................................... 44 
Figure 9:  Schematic drawing of captivate bubble technique for measuring CA 

measurement (Law and Zhao, 2016). .................................................................................. 46 

Figure 10:  Schematic drawing of equipment for measuring CA measurement based on 

Wilhelmy method (Palacio et al., 1999). ............................................................................. 47 
Figure 11:  A schematic diagram of cross-flow laboratory-scale filtration system. ........ 50 
Figure 12:  A schematic drawing of physical surface modification of membranes. ........ 52 

Figure 13:  (A) SEM photo of non-woven polyester structure (B) taken with Olympus 

SZX9 microscope (Olympus SZX9, Tokyo, Japan) to show the porosity of PET. ............. 54 
Figure 14:  Schematic configuration of dead-end filtration system. ................................ 55 

Figure 15:  The UV–Vis absorption spectra of hydrolysate in wavelength of 190–800 nm.

  ....................................................................................................................... 56 

Figure 16:  The effect of rinsing on the ATR-FTIR spectra of UH004 P membrane. ..... 58 
Figure 17:  The presence of carbonyl group at 1680 cm-1 as a result of residual NMP in 

the FTIR spectrum of lab-made PES membrane. ................................................................ 60 
Figure 18:  FT-IR spectra of virgin and vanillin modified UH004 P membranes for various 

concentrations in the region of 400–2000 cm-1. The peaks corresponding to the presence of 

vanillin can be distinguished at 1510, 1267, 1030 and 781 cm-1. ........................................ 61 
Figure 19:  ATR-FTIR spectra of modified lab-made membranes (see Tab. 14 for legend 

information).  ....................................................................................................................... 62 

Figure 20:  The effect of vanillin and water content on the viscosity of PES polymer 

solution.  ....................................................................................................................... 64 
Figure 21:  PEG solution permeabilities before and after modification with vanillin. 

Polyethersulfone membranes (UH004 P) were modified by different concentration of 

vanillin (0.3 g/L, 0.8 g/L and 1.3 g/L) and each experiment was repeated thrice. .............. 65 
Figure 22: PEG solution permeabilities before and after modification with vanillin. 

Polyethersulfone membranes (UH004 P) were modified by different concentration of 

vanillin (1.8 g/L, 2.3 g/L and 2.8 g/L) and each experiment was repeated twice. ............... 66 

Figure 23: Zeta potential versus pH for UH004 P membrane without preservative agent. 

  ....................................................................................................................... 68 
Figure 24: The remained vanillin on the surface and structure of UH004 P membrane after 

tests.  ....................................................................................................................... 69 
Figure 25: Contact angle (captive bubble) of lab-made PES membrane arranged based on 

CBT. (Water wt.%, vanillin wt.%). ..................................................................................... 73 
Figure 26:  SEM images of the PES membranes prepared by varying the water content in 

20 wt.% PES/NMP solution: (A) 0 wt.% at CBT of 10 °C, (B) 1 wt.% at CBT of 20 °C, (C) 

2 wt.% at CBT of 10 °C. The cross-sections are on the right and the zoom sections of marked 

top layers are shown on the left. .......................................................................................... 76 
Figure 27:  SEM images of the PES membranes prepared by varying the vanillin content 

in 20 wt.% PES/NMP solution at CBT of 10 °C: (A) 0 wt.%, (B) 3 wt.% & 1 wt.% water 

content, (C) 6 wt.%. The cross-sections are on the right and the zoom section of marked top 

layers are shown on the left. ................................................................................................ 78 

Figure 28:  SEM images of the PES membranes prepared by varying the CBT at 3 wt.% 

vanillin content without water in 20 wt.% PES/NMP solution: (A) At CBT of 0 °C, (B) At 



 

 

CBT of 20 °C. The cross-sections are on the right and the zoom section of marked top layers 

are shown on the left. ........................................................................................................... 80 
Figure 29:  SEM images of the PES membranes prepared by varying the CBT at 6 wt.% 

vanillin content and 1 wt.% water content in 20 wt.% PES/NMP solution: (A) At CBT of 0 

°C, (B) At CBT of 20 °C. The cross-sections are on the right and the zoom section of marked 

top layers are shown on the left. .......................................................................................... 81 
Figure 30:  The effect of vanillin on the hydrolysate permeance at constant CBT of 10 °C.

  ....................................................................................................................... 82 

Figure 31:  Effect of vanillin on TOC rejection, lignin rejection and permeate flux 

(30%VRF) at constant CBT of 10 °C. ................................................................................. 84 
Figure 32:  The effect of water on the hydrolysate permeance of the lab-made membrane 

without vanillin (0% and 2 wt.% water at CBT of 10 °C and 1 wt.% water at CBT of 20 °C).

  ....................................................................................................................... 85 
Figure 33:  Effect of water on TOC rejection, lignin rejection and permeate flux 

(30%VRF) of the lab-made membrane without vanillin (0% and 2 wt.% water at CBT of 10 

°C and 1 wt.% water at CBT of 20 °C) ................................................................................ 85 
Figure 34:  Effect of CBT on the hydrolysate permeance: (A) 3 wt.% vanillin (B) 6 wt.% 

vanillin and 1% water. ......................................................................................................... 86 
Figure 35:  Effect of CBT on TOC rejection, lignin rejection and permeate flux (at 30% 

VRF): (A) 3 wt.% vanillin (B) 6 wt.% vanillin and 1% water. ........................................... 87 
Figure 36:  Hydrolysate permeance of: (A) virgin membrane, (B) modified membrane 

with 2.8 g/L vanillin concentration. ..................................................................................... 88 

Figure 37:  Hydrolysate flux behavior over 90 minutes filtration for commercial 

membrane modified with: (A) 1.3 g/L vanillin concentration, (B) 4.8 g/L vanillin 

concentration. ....................................................................................................................... 89 

Figure 38:  The UV-Vis absorption of vanillin in different concentrations at wavelength 

of 308 nm and pH 5.6. ....................................................................................................... 108 
Figure 39:  Wood extract permeance behavior over 90 minute’s filtration for all lab-made 

membranes and unmodified commercial membrane. ........................................................ 109 
 

LIST OF TABLES  

Table 1: The effect of surface roughness on PES membrane fouling. ................................ 12 

Table 2: Effect of surface charge treatment on PES membrane fouling. ............................ 13 
Table 3: Different categories of humic acid based on the solubility in acid solution. ......... 18 
Table 4: Hydrodynamic approaches in order to minimize the membrane fouling (Cheryan, 

1998). ................................................................................................................................... 20 
Table 5: Three main categories of autoinducers produced by gram-positive and gram- 

negative bacteria (Lade et al., 2014; Kalia, 2013): .............................................................. 26 
Table 6: Natural components with the potential of quorum sensing inhibition to prevent 

biofilm formation. ................................................................................................................ 30 
Table 7: Overall comparison of different physical modification techniques (Fang et al., 

2013). ................................................................................................................................... 38 
Table 8: Improvement of antifouling properties of PES membranes by increasing 

hydrophilicity. ...................................................................................................................... 39 

Table 9: Different approaches to assess the solid surface tension. ...................................... 41 
Table 10: Advantages and disadvantages of captivate bubble method (Law and Zhao, 2016).

 ............................................................................................................................................. 46 
Table 11: Factors and levels for BBD model design. .......................................................... 53 



 

 

Table 12: The FT-IR peaks of glycerin as UH004 P preservative agent. ............................ 59 
Table 13: Main functional groups in commercial membrane UH004 P. ............................. 59 
Table 14: Standard array of experimental runs and the measured viscosity of each polymer 

solution. ................................................................................................................................ 64 
Table 15: Improvement [%] of PEG solution permeabilities after exposure of membranes to 

different vanillin concentrations at the pH 3.8 (errors are based on 95% CI). .................... 66 
Table 16: The effect of precleaning with Ultrasil 110 and vanillin adsorption on the contact 

angle of UH004 P membranes (error are based on 95% CI). .............................................. 67 

Table 17: PEG rejection before and after exposure of membranes to different vanillin 

concentrations at the pH 3.8. ............................................................................................... 69 
Table 18: Thickness and contact angle of lab-made membranes (errors are based on 95% 

CI). ....................................................................................................................................... 71 

Table 19: TOC rejection, lignin, final collected permeate mass, and RSPF of virgin and 

modified commercial membranes (UH004 P) with various vanillin concentrations. .......... 90 
Table 20: Pure water flux before and after hydrolysate filtration for unmodified/modified 

UH004 P membranes. .......................................................................................................... 90 
Table 21: TOC rejection, lignin rejection, final collected permeate mass, RSPF and permeate 

flux (at 30 % VRF) of all used membranes in hydrolysate performance. ......................... 110 

 

LIST OF SYMBOLS 

𝛾𝐿𝑉 Liquid surface tension 

𝛾𝑆𝐿 Solid-liquid surface tension 

𝛾𝑆𝑉 Solid surface tension  

cf Concentration of solute in feed, mg/L 

cp Concentration of solute in permeate, mg/L 

cr Concentration of solute in retentate, mg/L 

FR Flux reduction of pure water flux before and after filtration, % 

R Rejection, % 

RSPF Relatively steady permeate flux, kg/m2h 

t  Time, min. 

T Temperature, °C 

ε  Molar absorption coefficient, cm-1.M-1 

λ Wavelength, nm 

𝜃 Contact angle at thermodynamic equilibrium state 

  



 

 

LIST OF ABBREVIATIONS 

A136  Agrobacterium tumefaciens 136 

Abs  Absorbance 

AHLs   Acyle homoserine lactones 

AIP   Autoinducing peptides 

AIs  Autoinducers  

AOC   Assimilable organic carbon  

BBD  Box-Behnken design 

CA   Contact Angle 

CBT  coagulation temperature bath 

CCD  Charge-coupled device 

CI   Confidence interval 

CP  Concentration polarization  

CV026  Chromobacterium violaceum026 

DI  Deionized water 

DMF  N, N’-dimethylformamide 

EDL   Electrostatic double layer 

EPS   Extracellular polymeric substances  

FA   Fluvic acid  

FT-IR  Fourier transform infrared spectroscopy 

HA   Humic acid 

HCl  Hydrochloric acid 

HPLC  High performance liquid chromatography 

IEP   Isoelectric point 

MBR   Membrane bioreactor 

MC  Methyl cellulose 

MF   Microfiltration  

NF  Nanofiltration  

NMP  N-Methyl-2-Pyrrolidone 

NOM   Natural organic matter 

NSA  Non-solvent additive 

PEG  Polyethylene glycol 



 

 

PES  Polyethersulfone 

PET  Polyester 

PFA   Perfluoroalkoxy alkanes 

PHWE  Pressurized Hot Water Extract 

PS   Polysulfide  

PVA  Poly (vinyl alcohol) 

PVDF   Polyvinylidene fluoride 

PVP   Polyvinylpyrrolidone 

QQ   Quorum quenching 

QS   Quorum sensing mechanism 

QSI   Quorum sensing inhibition 

RO   Reverse osmosis  

RSM  Response surface methodology 

SEM  Scanning electron microscopy 

TMP  Transmembrane pressure 

TOC  Total organic carbon 

UF  Ultrafiltration  

UV-Vis  Ultraviolet–Visible spectroscopy 

VRF  Volume reduction factor 

 

 

 

 



6 

 

1 INTRODUCTION 

1.1 Research background 

Fouling is an undesirable phenomenon in membrane technology resulting from inorganic 

precipitation or attachment of microorganism, such as bacteria, on the surface of the 

membrane which results in biofilm formation (biofouling). Fouling can also be caused by 

pore blockage, accumulation of solutes, accumulation of particulates on the surface of the 

membrane, adsorption inside the pores or on the surface of the membrane, and adhesion of 

organic molecules on the surface of the membrane (Cui & Choo, 2014; Nguyen et al., 2012; 

Van der Bruggen, 2009; KOH et al., 2005). The operational and cleaning chemicals expenses 

might rise as a consequence of the fouling. In addition, fouling can lead to decline in the 

productivity and operational lifetime of membrane, and it can alter the separation 

performance in an unexpected way (Van der Bruggen, 2009; Agenson & Urase, 2007).  

 

One of the most substantial polymeric materials which is extensively exploited in the field 

of membrane separation technology is polyethersulfone (PES). A considerable attention has 

focused on the PES–based membranes due to their appropriate mechanical properties, 

superior thermal strength and excellent oxidative and hydrolytic stability. PES membranes 

are typically prepared by phase inversion technique. The ultimate structure of these 

membranes is asymmetric and it is affected by various key parameters such as the 

temperature and the concentration of the PES solution, the solvent and additives which are 

used in PES solution, the coagulation bath temperature as well as the thickness of the cast 

PES film (Barth et al., 2000). Relatively low hydrophilic nature is the most prominent 

drawback of PES membranes. It has been identified as major contributing factor effecting 

directly on membrane fouling as scrutinized by Khulbe et al. (2010) and Van der Bruggen 

(2009). 

 

Due to its stability in water and its inert characteristic, the PES membrane is just acting as a 

barrier and is thus not a competent choice in the developed separation fields, for instance, 

intelligent separation membranes which could be induced by pH, electric field, temperature 

(temperature-sensitive membranes), and magnetic field (Zhao et al., 2013; Wan et al., 2009). 

Therefore, the development of structures and advanced materials in order to decrease the 

impact of fouling and biocompatibility have been in focus in the resent researches in the 
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field of membrane technology. The state-of-art membrane materials are relatively high-

priced. Thus modification of commercial membranes could be an appropriate alternate 

method in order to develop membranes with improved biocompatibility and better 

antifouling characteristic and functionality. 

 

Membrane biofouling is generally approved as the most common adverse phenomenon in 

wastewater treatment systems because it results in substantial loss of treatment efficiency 

and economy (Lade et al., 2014). Various strategies comprising physical cleaning and use of 

antimicrobial chemicals or antibiotics have been applied to minimize and control membrane 

biofouling. The aim of such conventional practices are eradication of biofilms or killing the 

bacteria involved, but the greater effectiveness in membrane performance would be 

succeeded by preventing biofouling without interfering bacterial growth. As a result, the 

search for environmental friendly non-antibiotic antifouling strategies has received 

increasing attention among scientific community. The use of quorum quenching natural 

compounds such as vanillin and enzymes is a potential approach for control of membrane 

biofouling (Lade et al., 2014). 

 

Modification of membranes with natural components which have quorum sensing inhibitory 

characteristics can be considered as novel physical modification paradigm which can inhibit 

the biofilm formation which in turn declines membrane biofouling. Using hydrophilic 

additives in preparation and modification of membrane can also improve the hydrophilicity 

of the membrane and the interconnectivity of the pores structure and also suppress the 

formation of macrovoids during the formation of membrane. Vanillin, a potential 

hydrophilic additive, has both polar and non-polar structural characteristics which can be 

exploited in the modification of membranes. Therefore, vanillin can potentially enhance the 

membrane performance during the filtration processes. 

 

1.2 Objectives and scope of the research 

The main aim of this study is to find out the membrane modification approach needed to 

improve the purification of hemicellulose from wood extract, produced by Pressurized Hot 

Water Extract (PHWE) process. The research also seeks to study the effect of surface 

adsorption of vanillin on the commercial PES ultrafiltration membranes. More so, this study 
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is targeted at comparing the performance and morphology of virgin and modified 

membranes. 

 

Controlled adsorption of vanillin on the membrane surface and fabrication of the membrane 

with vanillin and water as additives were the approaches used for physical and blending 

modification respectively. Commercial (UH004 P, Microdyn-Nadir GmbH, Germany) 

ultrafiltration membrane was used as control in performance and morphology comparison 

with physically modified membranes, whereas, lab-made membranes without non-solvent 

additives (NSA) were compared with blended modified membranes. Due to the dominant 

role of viscosity on thermodynamic stability of polymer solution, the effect of different 

additives and coagulation bath temperatures on the lab-made membrane with respect to its 

final morphology and formation mechanism were evaluated from the cross-section of the 

membranes obtained from the scanning electron microscope (SEM).  

 

The hydrophilicity of all membranes were determined through contact angle measurement 

to give a clearer view on the membrane performance. Vanillin adsorption verification and 

vanillin intensity in the modified membranes were assessed using the Fourier transform 

infrared spectroscopy (FT-IR). The total organic carbon (TOC) was considered as a detection 

index used to study wood extract permeance and rejection. The remained vanillin within the 

pores of membrane structure in modified commercial membranes and lignin rejection were 

evaluated by Ultraviolet–Visible (UV-VIS) spectroscopy. 
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1.3 Structure of research 

The research is organized in a way to aid better understanding and achieve the necessary 

goals as shown in Fig. 1. Theoretical and Experimental parts are the two main parts which 

this research has been divided into. In the theoretical part involving literature, the research 

topic, background and objectives are introduced. The literature also covers several reviews 

and principles that governs fouling mechanism in ultrafiltration, parameters affecting fouling 

in ultrafiltration, Quorum sensing mechanism in bacteria and its relation to biofouling, 

physical surface modification and membrane modification characterization methods. The 

experimental part describes the techniques employed in achieving the experimental goals of 

this research. Discussions on the results lead to brief conclusions and suggestions for 

continual research. 

 

 
Figure 1:  Structure of the thesis.  

• Introduction

• Fouling mechanisms in UF

• Quorum sensing mechanisms

• Surface modification methods

• Membrane modification characterization methods

Theoretical part

• Experimentation

• Results and discussions

• Conclusions

• Suggestion for future work

Experimental part
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2 FOULING IN ULTRAFILTRATION 

In membrane separation processes, the flux diminution during the operation is an inevitable 

nature. A typical flux-time behavior is schematically illustrated in Fig. 2. Concentration 

polarization and fouling are considered as the two crucial phenomena resulting in flux 

decline. 

 

 
Figure 2:  Reduction of flux as a function of time due to fouling and concentration polarization 

(Mulder, 1996). 

 

Concentration polarization (CP) is the buildup of solutes or particles which are separated 

from solvent as a consequence of the selectivity of the membrane, adjacent to the surface of 

the membrane (Field, 2010; Bacchin et al., 2006; Hughes et al., 2007). The solutes in the 

bulk solution get carried out towards the surface of the membrane and get rejected and 

accumulate on the surface of the membrane. A concentration profile is developed in the 

boundary layer near the surface of the membrane due to the slower diffusive back flow of 

the rejected solutes to the bulk solution. In some cases, the concentration might be 20–50 

times higher than the concentration of the solute in the bulk solution (Baker, 2004) which 

can diminish the flow of the solvent through the membrane (Field, 2010). Furthermore, the 

transmembrane pressure (TMP) is declined since the CP produces an osmotic back pressure. 

Concentration polarization phenomenon is reversible and can be totally recovered by 

reversing the direction of the feed with the pure solvent stream. However, it might result in 

a phenomenon called fouling particularly when the concentration of solutes near the surface 

of the membrane reaches to the threshold. 
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The second unfavorable phenomenon which might occur either on the surface of the 

membrane or inside the pores of the membrane structure is fouling. It can be reversible or 

irreversible (D'souza and Mawson, 2005). Reversibility is a significant parameter for a 

membrane because it defines whether or not the cleaning processes can remove the effects 

of the fouling. When the foulants resist against the hydraulic methods, it is named 

hydraulically irreversible fouling and if they cannot be eliminated by chemical cleaning 

processes then it is entitled chemically irreversible fouling (Tu et al., 2005; Kimura et al., 

2004). 

 

2.1 Parameters affecting fouling 

Fouling is considered as an intricate process stemming from solute-membrane interactions 

and solute-solute interactions in the feed stream. Cheryan (1998) classified the factors that 

impact on the fouling into three types: Solution properties, membrane properties and 

operating parameters. The complexity of fouling mechanism studies arises when the 

mentioned parameters interact with each other. 

 

2.1.1 Membrane properties 

The structure and size of the pores, surface topology, hydrophilicity, and surface charge are 

of particular membrane properties influencing the fouling phenomenon in the membrane 

processes. In most of the cases with aqueous solutions, it is expected that the membrane 

fouling would decline as the hydrophilicity of the membrane increases (Rana and Matsuura, 

2010). On the other hand, some studies have demonstrated that antifouling is improved by 

the hydrophobic surface. As an example, Zhang et al. (2003) modified the PES membrane 

with the hydrophobic additives. They showed that the fouling of humid acid in a modified 

membrane is less severe when compared to unmodified one (Zhang et al., 2003). The 

contamination of membrane surface can be reduced when the hydrophilicity of the 

membrane increases due to the fact that the hydrophilic organic substances have less 

tendency toward the surface of the membrane. Generally, hydrophobic molecules have a 

higher propensity to hydrophobic surfaces and vice versa. It should be noticed that the 

hydrophilicity of the surface of the membrane cannot be directly linked to membrane 

fouling. 
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In Tab. 1 studies regarding to the influence of surface roughness on the reduction of the 

membrane fouling for polyethersulfone membrane are presented.  

 

Table 1: The effect of surface roughness on PES membrane fouling. 

Type of membrane Function of membrane Reference 

PES Rough surface 

MF, apple juice clarification, in smooth surface 

the fouling was more severe compared to rough 

surface. 

(Riedl et al., 1998) 

PES even surface 

Treatment of spent sulphite liquor (SSL) with 

ultrafiltration membrane. Larger flux drop 

(almost 50%) was observed as the surface 

roughness increased (greater available surface 

area). 

(Weis et al., 2005) 

PES even surface 

Filtration of bovine serum albumin, by 

increasing the surface roughness, the flux 

remarkably decreased. 

(Bowen et al., 2003) 

PES even surface 

UF, the adhesion of cellobiose and cellulose in 

Pulp and paper industry, less fouling for 

smoother surface. 

(Richard et al., 2003) 

 

It is usually assumed that the membranes having a more even surface foul more slowly when 

compared to the membrane with greater surface roughness. However, the higher the surface 

roughness is, the more the membrane flux will be as consequence of greater available 

effective area for membrane transport (Hirose et al., 1996). However, the influence of 

surface roughness on fouling is one of the controversial subjects. In 1997, Elimelech et al. 

compared the colloidal fouling of two commercial membranes, thin-film composite 

membrane and cellulose acetate. The thin-film composite membrane had higher fouling 

tendency due to it’s higher surface roughness compared to cellulose acetate (Elimelech et al, 

1997). Similarly, Bowen et al. (1999) also noted the reduction of adhesive force of protein 

bovine serum albumin (BSA) for the polymeric ultrafiltration membrane (XP 117) compared 

to the another polymeric UF membrane (ES 404) as a consequence of having lower surface 

roughness. By contrast, Vrijenhoek et al. (2001) noted that a rise in surface roughness can 

develop the interaction between colloidal particles which can give rise to fouling. The 

membrane with rougher surface is more susceptible to attachment of colloidal particles 

tending to plug the valleys of this kind of surface (Vrijenhoek et al., 2001), while different 

point of views about the relation between organic substances fouling and surface roughness 

have been stated (Yan et al., 2006; Riedl et al., 1998). 
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In ultrafiltration, adhesion forces, i.e. the interaction between the surface of the membrane 

and organic molecules existing in the feed stream, play a crucial role in membrane fouling 

(Huisman et al, 2000). For instance, the interaction between protein and surface of the 

membrane controls the deposition of protein particles at the preliminary step of fouling 

phenomenon whereas the protein-protein interaction becomes more consequential after the 

formation of gel-layer. In view of all that has been mentioned so far, it can be stated that the 

influence of surface roughness on the performance of the membrane is a questionable issue 

which has not been solved so far.  

 

Several studies related to surface charge treatment to reduce the membrane fouling are 

presented in Tab. 2. The repulsive forces have a substantial influence on the reduction of 

fouling particularly when co-ions exist in the feed solution. The deposition of solutes 

possessing similar charge with the surface of the membrane declines due to the minimization 

of the electrostatic attraction forces (Van der Bruggen et al., 2008; Al-Amoudi, A.S. and 

Lovitt, 2007). Due to the fact that most of the colloid particles, for instance, natural organic 

molecules carry a negative charge, the high effort is put into producing a negatively charged 

membrane (Hong and Elimelech, 1997). Because at the pH around seven most of the protein 

carry a negative charge, the separation of them is easier when the surface of the membrane 

is negatively charged (Ulbricht, 2006). However, several positively charged membranes 

have been developed in order to reduce the repulsive forces between surface of membrane 

and positively charged proteins similar to negatively charged membrane (Kato et al., 2003). 

In general, if the feed contains a mixture of different kind of compounds with different 

charges it would be beneficial to have a membrane with less surface charge. 

 

Table 2: Effect of surface charge treatment on PES membrane fouling. 

Type of 

membrane Treatment Function of the membrane Reference 

PES 
Negatively charged 

surface 

The higher retention of 

salts such as sodium 

chloride, magnesium 

sulfate and sodium sulfate 

improved Substantial 

improvement of the 

antifouling in BSA 

filtration. 

(Vatanpour et al., 

2014) 

Phenolphthalein 

PES 

Negatively charged 

surface 

The fouling decreased in 

the filtration of BSA. 
(Wang et al., 2006) 
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PES 

Negatively charged 

surface (sulfonation 

reaction) 

Sulfonation by 

chlorosulfonic acid, led to 

better selectivity and 

reduction of fouling. 

(Klaysom et al., 

2011) 

PES/SPES 

Negatively charged 

surface (sulfonation 

reaction) 

Lower protein rejection, 

increase of pure water flux 

and milk water 

permeation.  

(Rahimpour et al., 

2010) 

PES 
Negatively charged 

surface (Carboxylation) 

Decrease in the amount of 

adsorbed BSA, better 

water flux, improvement 

of protein antifouling 

property. 

(Wang et al., 2011) 

  

The pore-solute size ratio is a determining parameter in fouling processes. At the beginning 

of filtration process, the higher flux can be achieved by the membranes with larger pores 

when compared with membranes having smaller pore size (Marshall et al, 1993). However, 

it should be also considered that the risk of pore plugging and consequently the reduction of 

flux is more severe when the size of the pores are large (Belfort et al., 1994; Marshall, Munro 

and Trägårdh, 1993). On the other hand, fouling by cake formation might occur when the 

size of pores is much smaller than the size of solutes aiming to be separated. Separation of 

particles with the same size compared to pores size might lead to pore blocking as well as 

porosity decline. Cheryan (1998) states that the one-tenth ratio between pore size and solute 

particles size can be considered as an appropriate selection in the initial stage of testing. In 

1999, Ho et al. reported that the fouling processes might be also affected by the structure of 

pores (e.g. porosity) and the membrane morphology. 

  

2.1.2 Solute (solution) properties 

The solute properties may be classified into physical structure, charge, the functional group 

content, and hydrophilicity of the solute. These solute characteristics influence on solution 

features such as pH, amount of cations and the ionic strength of solution which also impact 

on the intensity and the mechanism of membrane fouling.  

 

Minerals salts with low solubility can easily precipitate on the surface of the membrane or 

attach to the membrane because of the charge interaction (Cheryan, 1998). Moreover, the 

presence of salts can increase ionic strength which influences on the interactions between 

solute-solute and solute-membrane. The effect of the salt concentration on the membrane 

fouling has been exemplified by Babu and Gaikar (2001). They mentioned that the resistance 
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of protein layer will rise as the salt concentration increases. This view is supported by Jones 

and Melia (2000) who stated that the repulsive forces between materials with the same 

charge decline and also the propensity of materials with opposite charge reduces as the 

concentration of the salt increases. In 2003, Frank and Belfort showed that the ionic strength 

of aqueous solution plays a vital role in attachment between polymeric substrates, ionic 

extracellular polysaccharides and polymeric substrates. 

 

The influence of pH on the membrane fouling has been investigated in several studies 

(Koehler et al., 2000; Dong et al., 2006; Feng et al., 2016). Generally, at the isoelectric point 

(IEP), the hydrophobic interactions take place leading to lowest flux. At this point, since the 

electrostatic repulsion is minute and proteins are electrically neutral, protein aggregates 

resulting in fouling and flux reduction. Moving away from the pH of the IEP results in 

increase of the flux. Furthermore, the solubility of the solute in the feed can be altered by 

changing the pH. In general, the lowest solubility for protein occurs at the isoelectric point 

(Alberts, 2014). 

 

2.1.3 Operating parameters 

The key operating parameters which have significant effect on membrane fouling can be 

listed as follows: the equipment design, temperature, feed concentration, pressure and flow 

rate. In ultrafiltration, both reduction and increase of fouling as a result of increasing 

temperature are possible which relies on various factors such as diffusivity of solute, the 

solubility of feed components as well as the viscosity. In a study which is set out to determine 

the effect of temperature on fouling phenomenon, Babu and Gaikar (2001) found that the 

fouling of bovine serum albumin reduced as the temperature increased when the cellulose 

triacetate was used as a membrane material in ultrafiltration process. This was due to 

reduction of concentration polarization. In general, by increasing the temperature, the flux 

increases due to the reduction of viscosity which in turn assists the flow of solutions adjust 

to the surface of the membrane. In other words, the diffusivity of molecules in solutions 

improves as a result of increasing temperature and thus facilitates the dispersion of solute 

(e.g. proteins) in polarization layer from membrane surfaces. Therefore, the increase in 

desorption propensity of solute reduces the foulant accumulation on the surface of the 

membrane. (Babu and Gaikar, 2001) 
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The rejected particles which are accumulated on the surface of the membrane have a 

propensity to be removed from the surface of the membrane at the higher flow rate. As a 

result, it will reduce the formation of fouling substrate on the surface of the membrane. 

However, contradictory results are also reported by Kim et al. (1993) and Mackley and 

Sherman (1992) showing that the membrane is more susceptible to the fouling in higher flow 

rate. Normally, the TMP increases the membrane flux in ultrafiltration process. If the gel 

layer is formed on the surface of the membrane due to concentration polarization 

phenomenon, an increase in transmembrane has no effect on the membrane flux and it can 

also reduce the flux in special cases (Zeman and Zydney, 1996).  

 

2.2 Forms of fouling  

In general, the mechanism of fouling in ultrafiltration can be divided into four main 

categories as follows: gel layer formation, pore blocking, adsorption, and cake formation. 

However, in real operation, particularly in separation of mixture feeds, a combination of 

those mechanisms occur at the same time (Bacchin et al., 2006). 

 

2.2.1 Adsorption 

The existence of solutes-membrane interactions may cause fouling which is known as 

adsorption. Surface energy is considered as a main factor resulting in adsorption 

phenomenon. Based on the involved functional groups, hydrophobic OR π-π interactions, 

hydrogen bonding, weak von der Waals forces and attractive forces are considered as the 

main types of solute-membrane interactions. (Shi, 2014)  

 

The formation of a monolayer on the surface of the membrane can occur even if we do not 

have any permeation flux. For instance, humic acid and protein tend to attach to the surface 

of the membrane due to the heterogeneity of their molecular components. As a result, the 

separation of such macromolecules aggravate the membrane fouling and the fouling in this 

case is usually irreversible (Hughes et al., 2007; Jones and O’Melia, 2000). The surface 

characteristics, such as surface charge and hydrophilicity of the membrane can be changed 

as a result of materials which are adsorbed on the surface of the membrane (Schäfer et al., 

2005). In 1996, Childress and Elimelech used streaming potential method to measure the 

surface charge of several commercial polymeric nanofiltration (NF) and reverse osmosis 

(RO) membranes. They observed that negatively charged humic acid substances can easily 
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attach to the surface of the membrane and increase the negativity of the streaming potential 

of those membranes (Childress and Elimelech, 1996; Childress and Deshmukh, 1998). Due 

to the fact that the size of macromolecules is usually similar to the pore-sizes of ultrafiltration 

membranes, the adsorption inside the membrane pores might also occur which in turn can 

lead to a significant reduction in the membrane flux. 

 

2.2.2 Pore blockage 

In the preliminary stages of filtration processes, pore plugging is more plausible since there 

is no deposited particles on the surface of the membrane at this stage and the particles can 

pass through the pores and directly interact with them which can lead to partial or full pore 

blockage (Field and Wu, 2011; Hermia, 1982). Keeping a constant flow rate through the 

whole membrane may cause a higher mass transfer inside the unblocked pores, which in turn 

might increase the internal fouling. In addition, pore blockage can also rise the flux inside 

the unblocked pores. (Shi et al., 2014)  

 

2.2.3 Gel formation 

Due to the nature of ultrafiltration membranes, high flux and relatively low diffusivity of the 

macromolecules through the membrane, the concentration of solutes near the surface of the 

membrane might reach to a threshold level, the gel concentration, at which the maximum 

permeation flux, i.e. “limiting flux” can be obtained. Depending on the shape, size, chemical 

structure of solutes, degree of solvation, solute-membrane and solute-solute interactions, this 

state can lead to the formation of a monolayer of solutes on the surface of the membrane as 

a results of concentration polarization phenomenon. (Field, 2010; Schäfer et al., 2005; Baker, 

2004; Mulder, 1996)  

 

2.2.4 Cake formation 

A multi-layer deposition of particles on the external surface of the membrane is known as 

cake formation process in which an extra resistance is produced against the permeate flow. 

Various foulants which can be chemically inert or active such as colloid might exist in 

different layers of the cake. If an inert primary layer forms adjacent to the surface of the 

membrane, it can act as a “filter-aid” (Hughes and Field, 2006) which is able to avoid 

contacting of the future active foulants to the surface of the membrane. Therefore, it can 

reduce the potential of fouling originating from those kind of foulants (Güell et al., 1999). 
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However, a cake which is more adhesive will be formed if the initial layer is formed by 

active foulants, and therefore create more irreversible fouling (Jermann et al., 2008a; 2008b). 

In 2008, Jermann et al. published a paper in which they mentioned that flux reduction is 

determined by the morphology of the cake. Furthermore, they ascribed the irreversibility or 

reversibility of membrane fouling to the interaction between the surface of the membrane 

and cake layer (Jermann et al., 2008b). 

 

2.3 Foulants in ultrafiltration 

In 2006, Amy classified common foulants in ultrafiltration into four broad types: 

particulates, biological substances, ions and macromolecules. The size of particulates varies 

between approximately 1 nm to 10 µm. The shape of particulates are usually rigid. The ratio 

between particle size and the size of membrane pores can strongly effect the membrane 

fouling as mentioned in section “2.2 Forms of fouling”. The second category is 

macromolecules with the molecular weight from 103 to 106 daltons. The functional groups 

in the molecular structure of macromolecules have a determining role in membrane fouling 

since the interaction between this kind of foulants and the surface of the membrane can be 

altered in presence of various functional groups. Amy (2006) stated that the natural organic 

matters (NOMs) are the main challenging foulants in water treatment due to their complex 

structure. Natural organic matters are comprised of a heterogeneous mixture of 

macromolecules with broad size ranges, sub-structures and functional groups. The main 

fraction of NOMs is humic substances which can be subgrouped into three divisions based 

on their solubility in acidic solution which is presented in Tab. 3.  

 

Table 3: Different categories of humic acid based on the solubility in acid solution. 

Humic acid HA Soluble at pH > 2 

Humin  Insoluble  

Fluvic acid FA Soluble in whole pH range  

 

Proteins, polysaccharides, amino acids and carbohydrates can also be considered as NOM. 

In food industry, a considerable attention has focused on proteins fouling due to their 

complicated fouling mechanism, high tendency to attach to the surface of the membranes 

and the high risk of irreversibility of these foulants. The intermolecular interactions and ionic 

strength are of significant important factors in determination of the ultimate size of proteins. 

(Shi et al., 2014) 
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The salt or metal ions may precipitate on the surface of the ultrafiltration membranes (e.g. 

precipitation of calcium salt in cheese/whey processing). However, scaling in UF compared 

to NF or RO is less severe. The role of cations as a fouling assistance is of particular 

importance. A bridge between NOM which carries a negative charge and a negatively 

charged membrane can be established by divalent cations, whereas the ionic strength can be 

increased in the presence of monovalent cations. The substances which are biologically 

active such as bacteria can lead to biofilm formation which is known as membrane 

biofouling. The attachment of microorganism on the surface of the membrane is the primary 

stage which follows to form a biofilm on the surface of the membrane exerting extra 

resistance to permeate flow through the membrane. (Shi et al., 2014) 

 

2.4 Fouling control in ultrafiltration 

Several physical and chemical methods can be utilized to reduce the membrane fouling. 

However, considering the complexity of the fouling phenomenon, every separation process 

needs a certain treatment in which the combination of physical and chemical techniques 

might be applied to succeed against fouling problem. In ultrafiltration, the fouling control 

can be commonly classified into three main approaches as follows: hydrodynamic, physical 

and chemical techniques. One thing which should keep in mind is that the nature of the 

fouling process determines the effectiveness of an approach which aims to minimize the 

fouling. 

 

Hydrodynamic approaches are considered as the most common techniques in order to 

diminish and control the fouling. Fundamentally, alternating the velocity of flow and 

pressure over the operation condition are the most common hydrodynamic ways. Moreover, 

the improvement of membrane module design in order to facilitate the mass transfer at the 

membrane surface and control the deposition of particles by removing them from the 

membrane surface, can be a part of hydrodynamic method. Cheryan (1998) categorized some 

methods which are presented in Tab. 4 whereby the mass transfer and antifouling properties 

of the membrane can be improved. 
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Table 4: Hydrodynamic approaches in order to minimize the membrane fouling (Cheryan, 1998). 

Methods   Result 

Turbulence 

promoters/inserts/baffles 

By putting baffles, glass beads, rods, 

moving balls, spacers and kinetics 

mixers in the feed channels of 

membrane modules. 

 

Both wall shear stress and 

velocity increases and the 

hold up in feed channel 

declines also. 

Back flushing, pulsing, 

shocking, and washing 

Switching the direction of filtrate flow 

from the permeate side to the feed side. 

Using diaphragm to reduce the time 

intervals of this switching to 0.1 second 

(back-shock). 

The adsorbed particles 

inside the pores or on the 

surface of membrane can 

be removed.  

Uniform transmembrane 

pressure/co-current 

permeate flow 

Simultaneous operation of a retentate 

pumping loop and a permeate pumping 

loop (adjustment of two parallel flows) 

Pressure drop in both 

sides of filtrate and 

permeate can be kept the 

same. 

Intermittent jets 

Using a nozzle which is located 

coaxially in a membrane tube. 

 

Unsteady flows and large 

vortices 

Pulsatile flow 

Using piston, valve or solenoids 

(producing negative transmembrane 

pressure pulsation), rotating disc. 

Flux improvement, 

enhance the transport of 

protein  

Electrical methods 

Applying electric field (e.g. using two 

electrodes, one of them is placed in the 

center of the membrane tube in the 

liquid and one being cast on the 

membrane) 

Concentration polarization 

can be reduced and as a 

result reducing fouling 

phenomenon 

 

Winzeler and Belfort (1993) indicate that the centrifugal instabilities, surface roughness and 

pulsation of the feed stream can cause instabilities on the feed stream which can remarkably 

improve the permeation flux. In (1993), Stamatakis and Tian developed a simple model 

which relies on the adhesion of the particles which are concentrated on the surface of the 

membrane. Their model is able to compute the accumulation of retentate on the membrane 

and also can estimate the time-dependent behavior of flux. Bruijn et al. (2003) stated that 

low TMP and high velocity of the feed can give rise to high permeate flux (low fouling). In 

the same vein, depending on the feed stream content, working in high temperature and in 

turbulent regime can give the same consequences (Baros et al., 2003)  

 

Physical approaches with the aim of minimizing the membrane fouling are based on 

electrical fields and introducing particles (e.g. surfactants, antiscalant and antifoulants) to 

the feed solution. Electric field is applied to drag the charged particles away from the surface 

to the feed solution, whilst the particles are added to the feed to attract the molecules which 

are not dissolved and prevent the precipitation of them on the surface of the membrane. Both 
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methods try to reduce the concentration polarization and thereby decline the membrane 

fouling and increase the permeate flux (Jagannadh and Muralidhara, 1996). Robinson et al. 

(1993) showed that if the electric field is applied in a certain interval, the results are more 

effective on the flux when compared to the application of the constant electric field during 

the operation. A comprehensive review of using electric based method with the aim of 

controlling the membrane fouling has been carried out by Bowen (1991).  

 

Chemical methods: The surface chemistry modification of the membrane is a chemical 

method which is able to diminish the fouling phenomenon. In this approach, the reduction 

of the attractive forces and increase of repulsive forces are the main targets. As an example, 

Steuck (1989) modified the surface of the PVDF membrane by adding a cross-linked 

polymer coating layer. Introducing the hydrophilic polymer that is considered as physical 

pretreatment approach can also be utilized to modify the surface of the membrane (e.g. Kim 

et al., 1992). Membrane modification will be described in more details in chapter 3. 

Moreover, controlling the feed solution chemistry, specifically pH and ionic strength, is 

another chemical method which can minimize the fouling process. Several studies on 

ultrafiltration membrane reveal that the severity of fouling phenomenon is more at higher 

ionic strength and lower pH. The deprotonation of acidic functional group in proteins and 

humic acids can be declined at the low pH. Therefore, the attractive forces between such 

macromolecules increase and consequently result in gel-layer formation and fouling. High 

ionic strength considerably increases the diffusion of molecules (e.g. HA) into the membrane 

pores stemming from compressing of the hydrodynamic radius of such molecules. It can also 

reduce the repulsive forces between molecules and result in fouling. (Shi et al., 2014) 

 

2.5 Biofouling 

Biofouling is considered as crucial subject in the purification of water and in wastewater 

treatment since it can strongly influence on the effectiveness and performance of the 

treatment process due to the formation of a biofilm on the surface of the membrane. It is 

relevant to highlight that of the whole membrane fouling in water and wastewater treatment, 

at least 45% are linked to a consequential factor named biofouling stemming from the 

biofilm formation (Komlenic, 2010). The physical and chemical characteristics of the 

surface of the membrane can be considerably influenced if the biofilm forms on the surface 

of the membrane. Among the pressure-driven membrane processes, RO is more susceptible 
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to biofouling due to the spiral wound design of membrane elements which provides an ideal 

milieu for the growth of microorganisms that ultimately leads to the formation of biofilm on 

the surface of the membrane and on the spacing material in the narrow feed channels and 

also the presence of relatively large populations of bacteria in the source waters that may be 

used in this system (Al-Ahmad et al., 2000). Therefore, the control of biofilm is one of the 

most prominent challenges which RO membranes are encountered with (Al-Ahmad et al., 

2000). Similarly, Vrouwenvelder and van der Kooij (2003) stated that the biofouling can 

cause serious problems in NF and RO membranes. The term “Achilles heel” was coined by 

Flemming et al. in 1997 for the significant role of biofouling in the membrane processes 

since the proliferation of microorganisms in the water is very fast even if only a small amount 

of them (e.g. 1%) remains in the feed water. 

 

Bacteria use the nutrients which exist in their surrounding environment until the size of the 

bacteria reaches the double initial size and then the cell is divided into two parts from the 

middle resulting the creation of two cells comprising same characteristics of the preliminary 

cell. Each of the multiplied reproduced cell continues the same process of division. This 

proliferate process of bacteria is named binary fission. (Winans and Bassler, 2008) 

 

Biofouling may be commenced through two stages, preliminary attachment of 

microorganisms to the surface of the membrane and afterwards the formation of biofilm by 

multiplication of adherent cell (Ponnusamy et al., 2013). Various physical, chemical and 

biological characteristics of feed solution (e.g. pH, viscosity, flux, temperature, dissolved 

organic or inorganic substances and so on) and the properties of the surface of the membrane 

such as hydrophilicity, surface roughness and surface charge might influence on the initial 

biofouling stage (Ponnusamy et al., 2013). 

 

In 2010, Lee et al. investigated the effect of some surface characteristics, i.e. hydrophilicity, 

the smoothness and surface charge, of several commercial polymeric RO membranes on the 

preliminary attachment of bacteria (Pseudomonas aeruginosa) on the surface of the 

membrane. Their experiments have been accomplished under no pressure condition and it 

was observed that the adhesion of bacteria to the surface of the membrane is more sensitive 

to the hydrophilicity than to the other mentioned factors. In addition, it was noticed that the 

attachment of bacteria to the surface of the membrane declines as the hydrophilicity 
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increases. The effect of those factors on the biofilm formation in different commercialized 

RO membranes were scarcely perceptible (Lee et al., 2010). A part of Lee et al. (2010) 

investigations which is related to the effect of hydrophilicity on the initial microbial adhesion 

(Pseudomonas aeruginosa), is also accepted by Myint et al. (2010) who studied the effect 

of surface morphology on the four various nanofiltration membranes. However, Myint et al. 

have noticed that the surface roughness also plays a crucial role in the initial attachment of 

bacterial cells. Moreover, they figured out that the surface morphology of the membrane has 

a significant impact on the growth of biofilm (Myint et al., 2010). 

 

Kang et al. (2004) discovered that EDl (electrostatic double layer) as well as permeation 

drag forces are controlling factors of the preliminary attachment of microbial cells (in this 

study Saccharomyces cerevisiae, Burkholderia cepacia G4, and carboxyl-modified latex 

particles were used as model biological foulants). Furthermore, it has been noticed that the 

more the cross-flow velocity is, the more the rate of microbial adsorption will be. It has been 

also observed that this rate can be significantly declined by a minute rise of particle and 

membrane zeta potential and also by increasing ionic strength or decreasing pH from 8 to 2 

(Kang et al.; 2004). A number of studies have been reported that the pH either has no effect 

on the initial adhesion of bacterial cells to the surface of the membrane or a perceptible effect 

(Ridgway, 1985; Kang et al., 2004). In 1986, Mc Eldowney and Fletcher found that an 

increase in the concentration of electrolyte can rise the adhesion of microbial cells (the 

bacteria used in this study were Pseudomonas fluorescens, Enterobacter cloacae, 

Chromobacterium sp. and Flexibacter sp.). However, contradictory results are also reported 

which shows that there is no considerable correspondence between electrolyte solution and 

microbial cell adhesion (Ridgway, 1985; Donlan and Pipes, 1988). 

 

2.5.1 Control of biofouling  

The control of biofouling is challenging and considerable financial resources have been 

devoted to improve the biofouling monitoring and to evolve more effective control 

approaches. Most commonly strategies are composed of physical improvement of 

antifouling resistant properties of membrane material, development of effectual cleaning 

approaches, use of chemicals possessing antimicrobial characteristics or antibiotics and 

extensive pretreatment of feed solution (Lade et al., 2014; Ponnusamy, 2013; Lehi, Akbari 

and Soleimani, 2015).  
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A range of antimicrobial substances or biocides such as chlorine, chlorine dioxide, 

chloramines, oxidizing biocides (e.g. hydrogen peroxide, ozone and iodine), non-oxidizing 

biocides (e.g. formaldehyde), silver salts and antibacterial peptides have been applied to 

minimize and control biofouling (Nguen et al., 2012). However, there are some 

disadvantages which limits their applications such as their effects on the polymeric 

membrane materials, relatively high production of assimilable organic carbon (AOC) which 

leads to the bacterial growth (in case of chlorine and ozonation process) (Nguen et al., 2012), 

production of some waste by-product resulting to environmental, ecological and 

toxicological problems, reducing lifespan of the membrane, high operation cost and being 

toxic to non-target organisms. Extermination of biofilms or killing the involved bacteria is 

considered as the main purpose of such conventional approaches. On the other hand, the 

efficiency of membrane performance would be much more if the biofouling could be 

inhibited without getting involved in bacterial growth (Nguen et al., 2012). 

 

Seeking to find non-antibiotic and sustainable approaches which are more environmentally 

friendly to control biofouling has recently gained more attention in the scientific community. 

One of the most recent state-of-the-art biological strategies in order to control biofouling is 

based on quorum sensing mechanism (QS). For a very long time, the scientists thought that 

bacteria have an asocial exclusive lifestyle, i.e. each specific bacteria living it’s own life 

without any communication whether interspecies or intraspecies. In other words, they were 

accepted as self-supporting critters which have unicellular life-style (Li and Tian, 2012). 

 

2.5.2 Quorum sensing mechanism 

Bacteria can communicate together via small diffusible chemical signals named 

autoinducers (AIs) in order to identify their cell density. The cooperative activities and 

physiological processes of bacteria such as biofilm formation, bioluminescence, motility, 

virulence factor expression and production of extracellular polymeric substances can be 

regulated with QS mechanism which proves bacteria as multi-cellular organisms.  

 

This mechanism was first observed in a harmless, bioluminescent marine bacterium called 

Vibrio fischeri which leaves symbiotically in the photophores, i.e. light-emitting organs, of 

Hawaiian bobtail squid. It was figured out that when the cell density of these bacteria is high 
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enough, they produce the light via the presence of high concentration of secreted AHLs 

autoinducers. When their cell density is low they are not able to emit the light. This 

phenomenon leads to the advent of QS mechanism. The bioluminescence as a result of cell 

density of Vibrio fischeri bacterium has been shown in Fig. 3. 

 

 
Figure 3: The role of cell density in changing the Vibrio fischeri communication behavior 

(Online.kitp.ucsb.edu, 2011). 

 

The multicellular behavior of bacteria stems from the high level of population cell density. 

Bacteria secrete small chemical molecules into the surrounding environment which are 

called auto-inducers. The high population cell density leads to the high concentration of the 

auto-inducers in the environment. When the concentration of autoinducers (AIs) hits a 

threshold level, the production of AIs is terminated by the bacteria. Each bacterium releases 

a particular AIs which can be identified by their siblings. A receptor protein is located on 

the surface of each bacterium which enables them to detect the AIs and respond to AIs 

through its signal response regulator. At the specific concentration, the AI binds to a receptor 

protein which turns on a transcription of target genes to synchronize group behavior such as 

colonization of microorganisms. (Nam et al., 2015) 

 

Bacteria can be classified according to their cell walls structure into gram positive and gram-

negative bacteria. Gram’s method invented by Hans Christian Gram is usually applied to 

distinguish gram-positive and gram-negative bacteria. In staining process, gram-negative 

bacteria don’t maintain the violet color and are stained red since they do not have 

peptidoglycan in their cell walls.  The gram-positive bacteria can keep the violet dye in this 

staining process. (Nazzaro et al., 2013)   

 

The AIs can be divided on the basis of the type bacteria into three main categories which are 

presented in the Tab. 5. 
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Table 5: Three main categories of autoinducers produced by gram-positive and gram-negative 

bacteria (Lade et al., 2014; Kalia, 2013): 

Producing bacteria Autoinducers (AIs) 

Gram negative bacteria N-acyle homoserine lactones (AHLs) 

Gram positive bacteria Autoinducing peptides (AIP) 

Gram positive & gram-negative bacteria Autoinducer-2 (AI-2) 

 

Acyle homoserine lactone based quorum sensing in gram negative bacteria 

The QS system in gram negative bacteria is well scrutinized. In general, the QS mechanism 

relies on the following essential parts: synthesis of autoinducers, release of AIs, detection of 

AIs by signal receptor, regulation of the response signal (the signal response regulator) and 

the regulated genes (Nazzaro et al., 2013). 

 

In the quorum sensing system which relies on the AHL autoinducers, the transcription of 

specific genes can be carried out via a single synthase-regulator complex. N-acyle 

homoserine lactones are the most commonly known autoinducers. At the low concentration 

of cell density, LuxI synthase enzyme is responsible to synthesizing the AHLs which are 

essentially secreted inside the bacteria cells and also in surrounding medium.  As long as the 

cell density is too low, the level of transcription of the lux operon is not adequate in order to 

activate the detector protein LuxR. When the concentration of AHLs reaches the threshold 

level, the (AHLs) bind to the LuxR receptors. The AI - LuxR complexes attach to the 

regulatory DNA and provoke the expression of genes which are controlled by quorum 

sensing system. (Nazzaro et al., 2013)   

 

Peptide based quorum sensing in gram positive bacteria 

Most of gram-positive bacteria secrete oligopeptides (a modified peptides) in the 

environment and use those as their autoinducers (AIP) in order to synchronize various social 

behaviors and to regulate various phenotypes such as virulence and biofilm formation. 

Autoinducing peptides are generated by division from a larger precursor peptide. Afterwards 

they produce lactones and thiolactone rings by replacing of isoprenyle groups. Generally, at 

high extracellular concentration of autoinducing peptides, they can be detected by 

membrane-bound two-component histidine kinase receptors which further leads into 

induction of receptor’s kinase activity and the transcription of genes in the QS regulon.  
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Autoinducer-2 (AI-2) is identified as a universal communication language which can be 

recognized by both gram-positive and gram-negative bacteria. It means that the 

communication of bacteria is not limited to intraspecies and it can also cover the interspecies. 

(Nazzaro et al., 2013)   

 

2.5.3 Quorum sensing and biofouling  

QS and biofouling are of prominent interrelated characteristics of bacterial social life. 

Bacteria have a great potential to change their lifestyles from acting as unicellular organism 

to behave as group in order to coordinate their social activities. The attachment of bacteria 

to each other or on the surface can lead to the formation of a matrix of encompassed bacterial 

cells which is called biofilm. Biofilm formation stems from bacteria’s ability to 

communicate with each other via QS mechanism. The communities of bacteria can live in 

an immobile and secured environment with the assistance of their intricate multilayer 

structure which is well architected. Several cooperating processes which are composed of 

synthesis of secreted AI molecules, the interaction between one cell to another or between 

bacteria cell and solute, surface adhesion and solute diffusion, production of extracellular 

polymeric substances matrix, formation of colonies and maturation are connected to the 

biofilm formation. (Lade et al., 2014)  

 

It can be said that biofilms are present everywhere in the nature and their habitation on 

different surfaces in wastewater treatment system might have some useful and prejudicial 

roles in human beings’ life (Lade et al., 2014; Dobretsov et al, 2009). For instance, Adav et 

al. (2008) stated that granular sludge, tricking filters and bed biofilm reactors require a robust 

biofilm in order to succeed in treatment of wastewater. On the other hand, biofilm formation 

as well as the deposition of related EPS on the surface of the membrane results in the 

reduction of flux and permeability. In membrane filtration, the biofilm formation on the 

surface of the membrane is a vastly common issue which can negatively impact on the 

effectiveness of the process. Despite the fact that in recent decades, MBRs as a novel 

filtration technology have substituted conventional techniques due to the complete retention 

of sludge solids, small foot print, high quality of effluent, and also feasibility of automated, 

their applications are limited because of the biofilm formation which causes an extreme flux 

reduction during membrane operation. (Lade et al., 2014) 
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A considerable amount of studies have been published on the relation of biofilm formation 

and bacteria species (e.g. Aeromonas and Pseudomonas spp.) quorum sensing systems which 

demonstrates the direct link between them (O'Toole et al., 2000; Davies, 1998; He and 

Zhang, 2008; Toyofuku et al., 2008; Lynch et al., 2002). In 2009, Kim et.al analyzed a fouled 

reverse osmosis membrane in order to find relation between the extent of biofilm formation 

produced by bacteria and the role of QS. It was noticed that 60 % of the foulant bacteria 

produced the AI molecules (Kim et.al, 2009). A numerous study in water treatment system 

demonstrate the strong effect of AHLs-mediated phenotype on the biofilm formation. Lade 

et al. (2014) used two indicator strains CV026 and A136 in order to detect the AHLs 

molecules among MBR activated sludges. The presence of different gram-negative bacteria 

such as Aeromonas which are able to produce AHLs and form a biofilm has been confirmed 

in their investigation (Lade et al., 2014). Furthermore, a number of researches have 

demonstrated the membrane biofouling in MBRs as a consequence of AHLs resulting 

biofilm formation (Kim et al., 2012; Kim et al., 2012b; Lim et al., 2012).  

 

The HPLC technique is another technique which can be applied to detect the presence of 

AHLs in the activated sludge (Lade et al., 2014; Kim et al., 2013; Nam et al., 2015). In view 

of all that has been mentioned so far in this section, there seems to be sufficient evidence to 

indicate that AHLs play a consequential role in biofouling and biofilm formation. Moreover, 

a vast majority of aquatic bacteria use AHLs-meditated QS as their communication language 

to synchronize their social population behavior (Dobretsov et al., 2011; Dobretsov et al., 

2009).  

  

2.5.4 Quorum quenching (QQ) and biofouling control  

Considering the fact that the QS mechanism works at high concentration of AHLs, three 

main strategies can be applied to control their concentration; obstruction of AHL synthesis 

(Geske et al., 2008; Parveen and Cornell, 2010), degradation of the AHL signals before 

binding to receptors, and intervention with the signal receptors (Koch et al., 2005; Chen et 

al., 2011). For example, AHL-acylase can demolish the structure of acyl chain in the AHL 

molecules. This molecule has been utilized to decline the membrane biofouling in RO, NF 

and MBR membranes (Paul et al., 2009; Yeon et al., 2009; Kim et al., 2011). A schematic 

of those three main mechanism is presented in Fig. 4. 

 



29 

 

 
Figure 4:  Inhibition of QS in gram negative bacteria by different approaches (Lade et al., 2014). 

 

In the past decades, the bacterial QS systems have been remarkably studied and a lot of 

information in the way of their communications have been obtained. The term “quorum 

quenching” can be defined as the interruption in the QS mechanism. In the traditional 

approaches, antibiotics are usually applied to eradicate bacteria or impede the bacterial 

growth, while QQ strategies operate by interfering with bacterial QS systems, thus they limit 

the infection potential of bacteria without interfering their growth. This approach permits the 

disarmed bacterium or any kind of microorganism to be removed by the host’s own defense 

mechanisms (Winans and Bassler, 2008). 

 

Using natural components instead of synthetic chemicals as a QS inhibitor is drawing more 

attention among scientists. A number of natural components which are able to inhibit or 

reduce the biofilm formation have been listed in Tab. 6. 
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Table 6: Natural components with the potential of quorum sensing inhibition to prevent biofilm 

formation. 

Natural Compound Source  
Effective against 

bacteria 
Reference 

2(5H)-furanon Macroalgae Aer. hydrophilia 
(Ponnusamy et al., 

2010) 

Naringin Citrus extract Y. enterocolitica 
(Truchado et al., 

2012) 

Patulin/calavacin Penicillium spp. P. aeruginosa 
(Rasmussen et al., 

2005) 

Rosmarinic acid Ocimum basilicum P. aeruginosa (Walker et al., 2004) 

Ursolic acid Sambucus chinesis E. coli (Ren et al., 2005) 

Ellagic acid (benzoaric 

acid) 

Fruit extract of 

Terminalia chebula Retz. 
B. cepacia (Huber et al., 2003) 

Epigallocatechol Green tea 
B. cepacia & Sta. 

aureus 
(Zhao et al., 2001) 

Cinnamon oil - 

Cinnamaldehyde 
Cinnamomum zeylanicum P. aeruginosa 

(Niu, Afre and 

Gilbert, 2006; 

Katebian et al. 2016) 

Furocoumarins 
Grapefruit juice and 

extract 
E. coli 

(Girennavar et al., 

2008) 

Curcumin From Curuma longa P. aeruginosa 
(Rudrappa and Bais, 

2008) 

Musa paradiciaca Musaceae extract 
P. aeruginosa 

PAO1 
(Musthafa et al,2010) 

Piper betle Piper betle leaves extract P. aeruginosa (Siddiqui et al., 2012) 

Ocimum sanctum  P. aeruginosa 

PAO1 
(Musthafa et al,2010) 

Allium sativum Garlic extract P. aeruginosa 
(Bjarnsholt et 

al.,2005) 

Cranberry polyphenol    

Manilkara zapota   
P. aeruginosa 

PAO1 
(Musthafa et al,2010) 

 

Vanillin as quorum sensing inhibitory agent  

Vanillin (4-hydroxy-3-methoxybenzaldehyde) is the key component of natural vanilla, 

which is one of the most widely used flavoring matter in the foods such as chocolate, gelatin 

desserts, coffee drinks and ice cream. In addition, it has a preservative potential which can 

be utilized in food industry since it has the antioxidant and antimicrobial characteristics 

similar to the most of the phenolic compounds (Walton et al., 2003; Burri et al., 1989). 

Chemical structure of vanillin is shown in the Fig. 5. 
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Figure 5:  Structure of vanillin (Walton et al., 2003). 

 

In 2006, Choo et al. reported the inhibitory potential of vanillin against bacterial quorum 

sensing using violacein production by CV026 which is deficient in AHLs production. The 

quorum sensing inhibitory of vanillin against different AHL autoinducers on RO membrane 

has been investigated by Ponnusamy et al. (2009). The model organism used in their study 

was Aeromonas hydrophilia. Their final results demonstrated the reduction of biofilm 

formation by almost 47 % in the presence of vanillin. The substantial QS inhibition potential 

of vanillin against C4, C6, and C8-HSL has been also observed. The minimum inhibitory 

concentration of vanillin in this research was reported from 0.63 to 0.25 mg ml-1 (Ponnusamy 

et al., 2009).  

 

In 2010, the consequential role of vanillin in reduction of biofilm formation on the surface 

of the polyamide thin film composite reverse osmosis membrane (FILMTECH TM SW30HR-

380) has been proved by Kappachery et al.; 97 % reduction in biofilm surface coverage. 

Compared to the absence of vanillin in medium, a substantial incline in the thickness, total 

biomass and total content of protein presenting in biofilm has been observed when vanillin 

has been applied (Kappachery et al., 2010). In another major study which set out to determine 

the antifouling characteristics of vanillin, Ponnusamy et al. (2013) studied MF, UF, and RO 

membranes with different membrane materials. Their results showed that the RO membrane 

is more susceptible to biofouling and the presence of vanillin proved the maximum decrease 

of biofouling in this case compared to the MF and UF membranes. Moreover, it was noticed 

that, the coverage of biofilm on the surface of the membrane as well as bacterial density in 

presence of vanillin were reduced compared to absence of vanillin after two days 

(Ponnusamy et al., 2013). Lehi et al. (2015) studied the effect of addition of vanillin as QQ 

agent in MBR. CV026 strain was utilized in order to determine the QQ characteristic of 

vanillin against bacterial QS mechanism. Less biofilm formation (biofouling) and low 

concentration of EPS were noticed at the end of MBR operation. Similarly, the QSI of 
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vanillin against Pseudomonas bacteria group at different concentrations (0.05 to 0.4 mg ml-

1) has been investigated by Pal et al. (2016) in which the authors found that vanillin has a 

great potential to act as QSI. Almost 90 % inhibition of AHLs production has been observed 

at 0.3 mg ml-1 using CV026 stain indicator. Moreover, a substantial biofilm reduction of 

isolated bacteria in presence of vanillin has been remarked (Pal et al., 2016). 

 

Almost every article that has been published on the inhibitory potential of vanillin against 

biofilm formation includes a single strain model (single bacterium) which delimitates the 

application of QSI substances due to the complication of microbial community in real 

treatment of wastewater. Katebian et al. (2016) examined the QSI of two natural 

components; vanillin and Cinnamaldehyde on four marine bacteria. The biofilm formation 

in presence of vanillin and Cinnamaldehyde remarkably decreased by almost 79 % and 70 

% at concentration of 1200 mg ml-1, respectively. This reduction was observed in a microtiter 

plate assay while they validated the QSI of vanillin and cinnamaldehyde in a RO membrane 

biomonitoring system using mixed bacterial cultures community in natural seawater 

(Katebian et al., 2016).  

 

In the most recent research, Si and Quan (2017) studied the effect of vanillin in biofilm 

formation of multi-species biofilm. Unlike the previous studies using only vanillin as QSI, 

they developed a new strategy by coupling vanillin with two EPS enzyme disruptors. The 

biofilm reduction by 52 % in a mixture culture has been observed in the present of only 

vanillin (0.3 mg ml-1). However, a more significant results was found when vanillin-EPS 

enzyme disruptors were applied; almost 8 % and 24 % higher reductions when compared to 

the reduction of biofilm formation in presence of only vanillin (Si and Quan, 2017). 

 

Direct interaction with AHL receptors is supposed to be a possible mechanism in which 

vanillin can interfere the signals and thus lead to biofouling reduction. Considering the fact 

that the inhibitory activity of vanillin changes with different AHLs autoinducers, it can be 

noticed that it might influence on the structure of those chemical signaling compounds 

(Kappachery, 2010; Ponnusamy et al., 2009). Lehi et al. (2015) also ascribe the reduction of 

biofilm formation due to EPS concentration reduction in presence of vanillin. 

Collectively, the studies presented thus far provide an evidence that seeking for the natural 

compounds which can disrupt the QS mechanism of bacteria without affecting the bacterial 
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growth is highly demanded. Besides, vanillin has been drawn the scientists’ attention to itself 

due to being nontoxic, cheap and due to having QS inhibitory activities against the majority 

of AHLs molecules and subsequent impedance in biofilm formation (Kappachery, 2010).  
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3 MEMBRANE SURFACE MODIFICATION METHODS 

Compared to inorganic materials such as glass and ceramics, many polymeric materials, for 

instance PES and PS which are extensively utilized as a membrane material for UF and MF, 

are more susceptible to adsorptive fouling (Fang et al., 2013). This negative point is ascribed 

to their relatively high hydrophobicity and low surface energy. However, some of them, such 

as PES have outstanding mechanical strength and chemical stability due to the presence of 

aromatic rings in their chemical structure (Fang et al., 2013). In order to take advantage of 

the utilization of polymeric membranes in filtration processes, a numerous studies have 

scrutinized the surface modification of these materials to optimize their polarity and 

hydrophilicity (Kochkodan et al., 2014). 

 

Basically, surface modification is a modifying process in which the surface capitalizes 

various biological, chemical and physical properties that differ from membrane matrix 

features. Wettability and biocompatibility characteristics of polymeric membranes can be 

remarkably improved by utilizing suitable surface modification approaches (Fang et al., 

2013; Hilal et al., 2012). Generally, surface modification methods can be classified to 

chemical and physical techniques on the basis of the accomplishment of chemical reactions 

which might occur during the modification process (Fang et al., 2013; Kato, 2003). The 

chemical composition of membrane surface is not usually altered during physical 

modification processes. Several surface properties such as grain size, grain boundaries and 

smoothness might be changed during physical modification processes. Physical techniques 

exploit benefits of e.g., physical adsorption, polishing, grinding surface segregation and 

radiation of electromagnetic waves to modify the surface of the membrane, while chemical 

modifications utilize wet treatment, blending, coating and metallization. (Fang et al., 2013) 

 

The two most frequently used chemical surface modification techniques which alter the 

chemical composition of membrane surface are coating and blending. Radiation, plasma, 

ozone, enzymatic, photochemical and chemical treatments are important chemical surface 

modification techniques which are as well frequently applied to alter the ultimate chemical 

composition of the surface of the membrane. By modifying the surface of the membrane, the 

two main aspects are targeted to be improved. Firstly, reducing the unfavorable reactions 

such as adsorption which effects on the membrane performance through membrane fouling. 

Secondly, improving selectivity by introducing functionalities, for instance, affinity 
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characteristics and responsive properties which might lead to development of completely 

new separation features (Ulbricht, 2006). In this section, the discussion is focused on the 

physical surface modification methods, specifically physical adsorption approaches, which 

improve the antifouling properties of PES membranes. 

 

3.1 Physical modification  

The term “physical” is selected for this modification processes since no chemical reaction 

occurs during modification processes. Among the modification processes, physical 

modification is an economical, environmentally friendly, and uncomplicated process, 

although the range of its application is mainly restricted for flat membranes. The 

applicability of physical modification processes has been extended as technology is 

developing which enables such processes to take advantage of ion beam, plasma and laser 

beam radiation. Those advantages might be applied for extra surface modification of the 

membrane, which in turn alters the chemical composition of membrane surface. Such surface 

modifications can be exemplified in cross-linking in plasma treatment. (Fang et al., 2013) 

 

3.1.1 Polishing and grinding  

Polishing and grinding are simple, cheap and some of the most traditional physical surface 

modification techniques. In addition, no chemicals or organic solvents are required for 

modification. However, the applicability of the techniques is limited to inorganic (e.g. 

ceramic and metal) and to flat membranes (Hasebe et al., 2007). The surface roughness of 

the membrane can be changed by utilizing an abrasive material such as sandpaper and 

diamond powder (Fang et al., 2013). 

 

3.1.2 Solvent post-treatment 

Due to the cost-effectiveness and simplicity, solvent post-treatment is a widespread physical 

method for modifying the membrane surface. Membrane is submerged into a suitable solvent 

such as ethyl and isopropyl alcohol which makes pores to swell or shrink. In contrast to 

polishing and grinding methods, this technique can be applied for both flat and hollow fiber 

membranes. It should be noted that the effective time of this modification method will not 

last for so long time. (Fang et al., 2013) 
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3.1.3 Thermal treatment 

 During thermal treatment, the membrane is subjected to the heat over specific period. The 

physical structure of the membrane i.e. the size and the number of pores as a consequence 

of thermal treatment will be altered. Finally, separation properties can be improved for gas 

permeation, ideal selectivity, and pervaporation performance. This process is not only 

simple, economical and green (no organic chemicals and residual compounds) but is also 

applicable for the modification of hollow fiber membranes. (Fang et al., 2013) 

 

3.1.4 Blending  

From industrial application point of view, it is worth noting that blending process is the most 

practical approach for the modification of membrane surface and simultaneously preparation 

of membrane with desirable features. In order to get a favorable characteristic, two or more 

polymers are physically blended together in this process. Mixing some additives in the 

course of the formation of membrane can lead to the preparation of polymeric membranes 

with better hydrophilicity and appropriate properties without using any pre- or post-

treatment. Inorganic particles, amphiphilic copolymers, and hydrophilic polymers are main 

well-known categories of additives which can be applied for the modification of polymer 

membranes. One of the significant features of this technique when compared to grafting 

method (chemical approach) is that it is not restricted to flat sheet membranes and can be 

also applicable for modifying hollow fiber membranes. (Fang et al., 2013) 

 

3.1.5 Physical adsorption coating on the membrane surface 

Among the surface modification techniques, coating is a simple, cheap and flexible method 

which is generally used for the three main reasons: 1) need to increase hydrophilicity, 2) 

need to reduce surface roughness and 3) need to optimize the surface charge of the 

membrane. Modification of both hollow fiber and flat sheet membranes can be accomplished 

by this method (Fang et al., 2013). Using physical adsorption, a thin selective layer which 

can be water-soluble polymers or surfactants is formed on the surface of the membrane (Ba 

et al., 2010). Surface modification technique by adsorption of water-soluble polymers on the 

surface of the UF membranes was first studied by Kim et al. (1988) in order to decline their 

fouling with protein. They investigated the effect of adsorption pretreatment with various 

polymers such as PVP, PVA, and MC on the ultrafiltration membranes to control the protein 
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fouling. It was noticed that the reduction of UF flux was lower after the adsorption 

pretreatment with MC (30–40 % improvement for first usage) (Kim et al., 1988). 

 

In 1990, Brink and Romijn modified the surface of PS ultrafiltration membrane with various 

ionic, nonionic, and hydrophilic polymers to investigate the extent of protein deposition on 

the surface of the membrane. The results of their study show that the membranes modified 

with nonionic and hydrophilic polymers had the greater potential in reducing the adsorption 

of protein and decreasing the membrane resistance during UF. Schematic diagram of surface 

modification method is shown in Fig. 6. 

 

Coating approach possesses two main weaknesses. The first one is the high possibility of the 

blockage of the membrane pores with polymers and surfactants which are made up of 

coating. For instance, Kim et al. (1988) highlighted that coating approach can reduce the 

initial water flux for modified membrane by nearly 10% compared to unmodified one. As a 

consequence, the maximum utter throughput which can be obtained after several hours of 

filtration was 40 % better when compared to the same unmodified membrane. Secondly, 

desorption of surfactants and polymers from the surface of the membrane in the course of 

subjection to the water or chemical cleanings might take place. These shortcomings limit the 

application of this method for an appropriate control of membrane selectivity due to the fact 

that the pore size distribution might be unexpectedly altered over time as a result of 

adsorption and following desorption of modifying agents. 

 

 
Figure 6:  Schematic diagram of surface modification methods (Sathish Kumar et al., 2015). 

 

A comparison between various physical modification processes based on different aspects 

is presented in Tab. 7. 
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Table 7: Overall comparison of different physical modification techniques (Fang et al., 2013). 

Technique 
"green” 

aspects 

Simplicity 

 and 

versatility 

Functionalization 
Pore size 

 adjustment 

Chemical 

resistance 

Cost 

effectiveness 

Fouling 

remediation 

Polishing 

and 

grinding 

excellent excellent low low low excellent low 

Thermal 

treatment 
excellent excellent low excellent high excellent low 

Solvent 

treatment 
high excellent low high low excellent low 

Blending high excellent excellent high excellent high excellent 

Coating high high excellent low low high high 

 

3.2 Polyethersulfone membrane modification methods  

There are three basic strategies currently being adopted in research into modification of 

polyethersulfone-based membrane. The first method is the bulk modification of 

polyethersulfone membrane and subsequent manufacturing of modified membrane. Surface 

modification of PES membrane which has been prepared before (commercial PES 

membranes) is the second method and finally, the blending approach the third one. (Zhao et 

al., 2013) 

 

Hydrophilicity of the membrane can be increased by applying various physical and chemical 

techniques. Some examples are graft polymerization wherein different monomers with 

hydrophilic groups can be chemically coupled with the surface of the membrane and plasma 

treatment method in which different functional groups are introduced to the surface of the 

membrane (Zhao et al., 2013). Chemical and photochemical modification of PES NF 

membranes in view of improvement of hydrophilicity has been reviewed by Van der 

Bruggen (2009). Sathish Kumar et al. (2015) and Zhao et al., (2013) have been extensively 

reviewed all the presented modification approaches which can be applied for modification 

of PES membrane. Different examples of studies which have been used adsorption and 

coating methods for modifying the surface of PES with the aim of the reduction of fouling 

by increasing hydrophilicity of surface have been listed in Tab. 8. The main focus of this 

thesis is on approach wherein vanillin as a hydrophilic phenolic compound is physically 

preadsorbed on the surface of the membrane to improve the membrane hydrophilicity and 
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the other possible membrane properties such as surface charge which in turn reduces the 

membrane fouling. 

 

Table 8: Improvement of antifouling properties of PES membranes by increasing hydrophilicity.  

Base material Treatment Function of the membrane 

Adsorption technique 

 

Sulfonated PES anionic SDS and cationic TTAB surfactant 

NOM filtration; this enhanced NOM rejection 

but was accompanied by significant flux 

decline (Lee et al., 2001). 

PES PSSS surfactant 

UF, flux reduction in PEGs and dextrans 

solutions; surface-modified membranes show 

better antifouling properties 

when compared to unmodified membranes 

(Reddy et al., 2003). 

PES PVA and borax solution 

UF, flux reduction in BSA solution; 

membrane surface modification by an 

adsorption-cross-linking process was 

dependent upon the adsorption-cross-linking 

cycles (Ma et al., 2007). 

Coating   

PES polyurea/PU 

UF, flux reduction in BSA, PEG, dextran, and 

surfactant solutions; flux improvements are 

possible with the modifications (Hvid et al., 

1990). 

Sulfonated PS and PES quaternized poly (vinyl imidazole) 

UF, flux reduction in BSA, and lysozyme 

solutions; significant improvement in protein 

adsorption was observed for modified 

membranes at low ionic strength (Millesime 

et al., 1994). 

PES 
hydrophilic triblock copolymer, 

PEO-b-PPO-b-PEO, surfactant 

Pulp and paper effluent filtration; increasing 

the hydrophilic characteristics of the 

membrane before filtration could reduce the 

amount of organic foulants adsorbed to the 

membrane (Maartens et al., 2002). 

PES 

bentonite, diatomite, iron oxide, 

kaolinite, titanium dioxide, zeolite, 

etc. 

UF, treatment of surface water from Twente 

canal, lake, and reservoir (Delft, Netherlands); 

precoating results initially in higher fouling 

rate, which stabilized after several filtration 

cycles (Galjaard et al., 2001). 

PES 

PEGDA and trimethylolpropane 

trimethylacrylate via a 

thermal-induced surface 

cross-linking process 

BSA filtration; modified membranes were less 

susceptible to fouling and had greater flux 

recoveries after cleaning when compared to 

control membrane (Mu and Zhao, 2009). 

 

3.2.1 Adsorption of vanillin on the PES membrane 

Mänttäri et al. (2000) investigated the fouling effects of different foulants which can be 

found in pulp and paper mill water such as humic acid and vanillin on the two different PES 

membranes (NTR-7450 and Desal-5 DK). It was noticed that the adsorption of vanillin on 

the surface of the membrane did not lead to noticeable CP and also the blockage of the 

membrane pores was not observed, thus resulting in a better permeability. This view is 
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supported by Nyström et al. (1995) who mentioned that the formation of a complex between 

vanillin and membrane can be considered as reason for improvement of the pure water flux. 

 

Preliminary systematic study of adsorption of vanillin on the PES membrane surface was 

reported by Virtanen et al. (2017) wherein the normal Raman spectroscopy was utilized for 

the first time for real-time monitoring of fouling process. In order to investigate the effect of 

adsorbed vanillin on the membrane performance, the pure water permeability before and 

after adsorption treatment were tested. They reported that the water permeability can be 

improved as a consequence of an increase in the amount of adsorbed vanillin on the surface 

of the membrane. They also validate the results of real-time monitoring system by analyzing 

the spectra with FTIR (Virtanen et al., 2017). However, a much more systematic approach 

would identify how vanillin interacts with other membrane surface characteristics such as 

hydrophilicity, surface charge, and surface roughness that are believed to be linked to 

membrane fouling and biofilm formation. 
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4 MEMBRANE CHARACTERIZATION METHODS 

4.1 Characterization of membrane hydrophilicity  

Surface energy measurements and the other features which are associated with that, for 

instance hydrophilicity of the membrane, are of particularly interesting properties in 

membrane technology. Numerus studies have been carried out to present the impact of 

surface free energy on the membrane fouling which indicates the prominent role of surface 

free energy in membrane fouling remarkably in presence of biologically active substances 

as well as proteins in the aqueous solution aimed to be filtered. The effect of surface energy 

on the adherence (attachment) of bacteria (Fletcher and Pringle, 1985; Garrett, Bhakoo and 

Zhang, 2008), and on the adsorption of protein on the surface of the membrane (Van Oss, 

Good and Chaudhury, 1986; Addesso and Lund, 1997; Sethuraman et al., 2004) have been 

proved. Elwing et al. (1987) demonstrated the influence of surface energy on the adsorption 

of protein and the utilized detergents on the attached protein. In the same vein, the impact of 

wettability on the protein and detergent adsorption has been shown by Sigal et al. (1998).  

 

Taking consideration the fact that the currently available methods for measuring surface 

tension are dependent on the surface deformation, the direct surface tension measurement is 

not feasible. Several studies have addressed a number of independent methods in order to 

approximate solid phase tension which are summarized in Tab. 9. 

 

Table 9: Different approaches to assess the solid surface tension. 

Surface Tension Assessment 

Approaches Ref. 

Gradient theory 

Moy and Neumann,1996; 

Carey, Scriven and Davis, 1980; 

Guermeur, Biquard and Jacolin, 1985 

Direct force measurements 

Fogden and White, 1990;  

McGuiggan and Pashley, 1987; 

Pashley et al., 1988; Claesson et al., 1986; 

 Muller, Yushchenko and Derjaguin, 1983 

Sedimentation of particles 

Li and Neumann, 1996; 

VARGHA-BUTLER et al., 1985a; 

Vargha-Butler et al., 1985b; 

Vargha-Butler and Moy A.W. Neumann, 1987 

Lifshitz theory of van der Waals forces 
van Giessen, Bukman and Widom, 1997; 

Israelachvili, 1972 

Film flotation 

Fuerstenau, Diao and Hanson, 1990; 

Fuerstenau et al., 1988; 

Fuerstenau and Williams, 1987 

Contact angles Law and Zhao, 2015; Huber et al., 2016; 
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Good and van Oss, 1992; Maartens et al., 2002 

Solidification front interaction with 

particles 

Chen and Wilcox, 1977; Zubko et al., 1973; 

Cissé and Bolling, 1971; 

 Li and Neumann, 1996; Omenyi and Neumann, 1976 

Molecular interaction theory 
Matyushov and Schmid, 1996; Sullivan, 1981; Fender 

and Halsey, 1962 

Capillary penetration into columns of 

particle powder 

Grundke et al., 1996; Cheever and Ulicny, 1983; 

Bruil and van Aartsen, 1974; 

Kilau and Pahlman, 1987 

 

4.1.1 Contact angle measurements 

In surface tension and hydrophilicity evaluation, the most widespread method is contact 

angle measurements owing to their simplicity and diversity (Li et al., 2008). The 

performance of membrane can be affected by the noteworthy role of hydrophilicity mainly 

in separation of organic molecules, for instance, in the effluent of pulp and paper industry 

(Maartens et al., 2002), and in wastewater treatment of food industry (Charcosset, 2009). 

 

In 1805, Young expressed the concept of wettability for the first time. A liquid droplet profile 

can quantitatively explain a solid surface which is wetted by a liquid. An edge between the 

solid, air and droplet is formed when a droplet is placed on a solid surface under the air as 

presented in Fig. 7. The tangential angle at the boundary of solid-liquid-air when an 

equilibrium state is reached can describe contact angle which is dependent on the interfacial 

tensions at solid-liquid-air interface. (Law and Zhao, 2016)  

 

 
Figure 7:  Static contact angle at the boundary of solid-liquid-air. 

 

The illustrated contact angle θ which is known as static angle is stated as the following 

equation (2) by Young: 

 

 𝛾𝑆𝑉 = 𝛾𝐿𝑉. 𝑐𝑜𝑠𝜃 + 𝛾𝑆𝐿 (1) 

 

Where,  𝛾𝑆𝑉 Solid surface tension  
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  𝛾𝐿𝑉 Liquid surface tension 

  𝛾𝑆𝐿 Solid-liquid surface tension 

  𝜃 Contact angle at thermodynamic equilibrium state 

 

In addition to static angle, there are also two different angles which are more commonly used 

namely, the advancing and receding angles. These angles were perceived for the first time 

by Pease (1945) and can be determined at very slow rate. The existence of some assumptions 

in equation 1, for instance, homogeneity, inflexibility and smoothness of the membrane 

surface are the origin of the difference between receding angle and advancing angle which 

is so-called hysteresis. In the literature, the term “contact angle hysteresis” tends to be used 

to refer to the difference between the receding and advancing angles that stems from 

nonideality of membrane surface. Whereas advancing angle is more sensitive to the low 

energy groups (i.e. hydrophobic groups), high energy groups (i.e. hydrophilic groups) have 

higher effect on the receding angle (Li et al., 2008). Due to the great pliability of polymers, 

their surface energy relies on the neighboring medium and can be altered (Andrade, 1985). 

Hysteresis between advancing and receding angle can be elucidated due to this feature of 

polymer. Surface roughness and changes in the conformation of membrane are key 

parameter which can lead to hysteresis.  

 

A water droplet tends to spread on the surface of the membrane and wet it, if we have a very 

hydrophilic surface. In this situation the contact angle in solid-liquid-air interface is minute. 

On the other hand, a hydrophobic surface has a propensity for possessing a large contact 

angle showing a small common surface with the water droplet (Li et al., 2008). 

 

Sessile drop method 

Among the existing techniques for determining the contact angle between the surface of the 

membrane and water droplet, the sessile drop method is the simplest one and it is usually 

used to measure advancing angle (Li et al., 2008; Yi et al., 2010; Mansourpanah et al., 2010; 

Law and Zhao, 2016). In the new contact angle instruments, the sessile drop formation is 

based on a motorized liquid injecting mechanism in which, a specific amount of analyzing 

liquid is gently distributed on the surface of membrane. The droplet is deposited on the 

surface of the membrane by using a micropipette or a microsyringe. A schematic of wetting 

process with sessile drop method under dry atmosphere is presented in Fig. 8. A microscope 
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and a goniometer are used for monitoring droplet formation and measuring contact angle, 

respectively. Usually a goniometer includes a horizontal mount for the solid sample which 

is placed between a charge-coupled device and light source. However, in the case of older 

goniometers, the contact angle is determined using an eye-piece microscope and protractor. 

The camera software is complemented the state-of-the-art CA instruments in which drop 

shape can be captured and scrutinized. The utilization of a camera with sufficient speed and 

resolution can provide dynamic analysis of wetting process (Law and Zhao, 2016). Besides 

that, nowadays, they are designed so that the amelioration of them can be readily done by 

the accommodation of supplementary facilities such as vacuum chamber. 

 

 
Figure 8:  The formation of sessile drop in dry atmosphere during the measurement of static 

angle (Law and Zhao, 2016). 

  

The determination of CA is usually conducted at different locations on the surface of the 

membrane when the droplet is stabilized. Usually CA measurement is replicated 5–10 times 

(Law and Zhao, 2016) to achieve adequate precision and reliability of the measurement. In 

case of PES membrane, the measurement of CA should be carried out less than 10 second 

due to evaporation effect (Bolong et al., 2009) which can explain why several researchers 

detected the change of CA during the measurement process. However, all of them confirmed 

the reduction of CA when hydrophilic components were introduced to polyethersulfone 

membrane (Zhao et al., 2013). The decrease of CA is observed to be time dependent. This 

view is supported by Mu and Zhao (2009) who reported that the water contact angle during 

185 second decreases about 230. They ascribe their observation to penetration of water drop 

in the membrane pores. 
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Effect of sessile drop size 

There is an accepted consumption in Young’s equation (2) stating that the gravity force 

might distort the shape of drop if the large volume of test liquid is used. This view was 

investigated by Extrand and Moon (2010) who studied the effect of the drop volume on the 

shape and CA of three various solvents on the surface of a Teflon PFA. They found that in 

the small volume of sessile drop (approximately less than 10 µl), the diameter of drop 

increases linearly as the height of drop increase. Furthermore, they showed that the height 

of drop inclines to be constant when the large volume is used (more than 1000 µl). In the 

same vein, Kranias (2004) demonstrated that the drop volume of less than 10 µl has no effect 

on the contact angle of both hydrophilic and hydrophobic surface. He also pointed out that 

hydrophilic surface prefers smaller drops compared to hydrophobic one. The selection of 

drop size, surface roughness, and gravity should be taken into account in analysis of CA 

measurements (Law and Zhao, 2016). 

 

Captive bubble method  

An alternative common technique which is more reliable under operational condition of 

membrane (wet state) is captivate bubble method since the sessile method is typically used 

in dry state (Law and Zhao, 2016; Tur et al., 2011). The captive bubble method is usually 

applied when resending angle (minimum angle) should be determined while the maximum 

angle (advancing angle) can also be determined if the volume of bubble declines. An air 

bubble of specific volume is introduced to a tank possessing test liquid. The test surface is 

located almost three millimeters above the place to which the air bubble is injected, and 

immersed in the test liquid. The formation of a captive bubble occurs when the air bubble 

moves toward the surface and is captured by the test surface. The CA can be measured with 

the same way as sessile drop method by equation (2). A schematic of this method is 

illustrated in Fig. 9. (Law and Zhao, 2016) 
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Figure 9:  Schematic drawing of captivate bubble technique for measuring CA measurement 

(Law and Zhao, 2016). 

 

Some advantages and drawbacks of captivate bubble method compared to sessile drop 

method are presented in Tab. 10. 

 

Table 10: Advantages and disadvantages of captivate bubble method (Law and Zhao, 2016). 

Advantages Disadvantages 

Drop height and noodle do not effect on the CA 

measurement Large consumption of liquid  

Easier control of temperature through liquid 

phase 

Swelling might occur due to the long period 

contact of solid and test liquids 

Measuring contact angle in the real state of using 

membrane (wet state)   

No drying process is needed which reduces the 

risk of morphological structure damage of 

membrane   

 

Wilhelmy rod method 

The Wilhelmy rod method (an alteration of Wilhelmy plate method in which a rod with 

diameters of at least 20 mm is used) can be employed to measure the contact angle. It is 

accomplished immersing (plunging) a vertical rod in a liquid partially, around which a piece 

of membrane is attached. The static contact angle is recorded when the rod is still whereas 

dynamic contact angle is gained when the rod is in motion. Measuring the advancing and 

receding angles is possible by immersing and withdrawing the rod. Contact angle measured 

with wet membrane samples in Wilhelmy method, makes this method favorable to apply in 

fouling studies (Alghunaim et al., 2016; Hui and Jagota, 2016; Palacio et al., 1999). Fig. 10 

shows the equipment utilized to measure the contact angle of membrane samples in 

Wilhelmy method. 
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Figure 10:  Schematic drawing of equipment for measuring CA measurement based on Wilhelmy 

method (Palacio et al., 1999). 

 

Capillary bridge method 

Restagno et al. (2009) suggests a new modern technique to measure the dynamic contact 

angles wherein a spherical solid surface (e.g. watch glass) is placed in order to touch a large 

bath containing liquid. The contact line, describing the wetted area on the watch glass, is 

surrounded by a meniscus which is formed as a result of capillary effect. As the watch glass 

slowly fluctuates on the surface of the liquid leading to a regular fluctuation of the wetted 

area, the meniscus’ shape between the watch glass and the liquid surfaces change. The 

meniscus can also be referred to as the “capillary bridge”. The dynamic contact angles can 

be measured using Young-Laplace equation, which has been numerically simplified, by 

observing the moving distance of solid surface which changes the wetted area. 

 

4.2 Characterization of permeability and selectivity 

Water or gas flux measurement can be applied to characterize the permeability of modified 

membranes similar to the majority of porous membranes (Susanto and Ulbricht, 2007; Saha 

et al., 2009; Mansourpanah et al., 2010; Zhao et al.; 2011). The alternation and recovery of 

the water flux are usually taken into account under different operational conditions, such as 

pH value, temperature and pressure. The necessity of pre-pressing the membrane with water 

for specific time to complete the water immersion into the membrane before defining the 

permeability is recommended (Zhao et al.; 2011). Pressurization treatment should stabilize 

the flux. The selectivity of membrane can be directly observed by electronic microscopes 

such as SEM (Mu and Zhao, 2009). Moreover, an alternate common method to characterize 
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the selectivity is determination of permeability of marker molecules such as BSA and PEGs 

with different molecular weights (Mu and Zhao, 2009; Yi et al., 2010; Huang et al., 2011). 

 

4.3 Characterization of antifouling properties  

Fouling is one of the major concerns in membrane technology and is usually more sever in 

microfiltration and ultrafiltration due to their intrinsic nature, high flux and low mass transfer 

coefficient (Mulder, 1996). In modified PES membranes, the decrease of both permeability 

of water flux and certain filtrates which imply the intensity of antifouling, can be considered 

as indicators for antifouling properties (Mu and Zhao, 2009; Yi et al., 2010; Huang et al., 

2011). In 2010, Yi et al. assessed the improvement of antifouling feature of modified 

polyethersulfone membrane with static adsorption of bovine serum albumin.   
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5 MATERIALS AND METHODS 

5.1 Materials  

Hydrophilic commercial PES UF membrane UH004 P with nominal molecular weight cut-

off (NMWCO) of 4 kDa obtained from Microdyn-Nadir GmbH, Germany has been utilized 

as a base membrane for both membrane surface modification and fouling experiment studies. 

Polyethylene glycol (PEG, approx. Mw. 4000 g/mol, CAS: 25322-68-3) was purchased from 

Fluka AG (Switzerland) and was used as a model compound for the rejection study. Vanillin 

with a purity of 99 % (Mw. 152.15 g/mol, CAS: 121-33-5) and hydrochloric acid (for pH 

adjustment) with European Pharmacopoeia quality standard (HCl, 37.0%, CAS: 7647-01-0) 

were provided by Acros Organics (Geel, Belgium) and VWR chemicals, respectively. 

Methanol (J. T. Baker, Holland, CAS: 67-56-1) was used as the solvent for extraction of 

vanillin from the surface of membrane. 

 

The non-woven polyester (PET) as a support material in the preparation of lab-made 

membranes (grade 3329, basic weight 96.5 g.m-2, thickness 0.135 mm, air permeability 41 

L.m-2.sec-1) was provided by Ahlstrom Filtration LLC. The following chemicals were used 

for preparation of casting solution: Polyethersulfone (58,000 g/mol, Goodfellow Cambridge 

Ltd, UK), N-Methyl-2-Pyrrolidone (NMP, CAS: 872-50-4) as the basic polymer and solvent 

provided by Merck Co. (Germany) and N, N’-dimethylformamide (DMF) (Fluka Chemie 

AG, Buchs, Switzerland, ≥ 99 %). Ultra-pure deionized water (DI, 15 MΩ) was obtained 

from CENTRA-R 60/120 system (Elga purification system, Veolia Water, UK) and was used 

for all experiments and membrane preparation stages. 

 

5.1.1 Preparation of pressurized hot water extract 

The autohydrolysis process was performed in a batch extractor set up. The pine wood 

sawdust with the particle size distribution below 2.8 mm was used to prepare wood extract 

(hydrolysate). A 5.6 : 1 weight ratio of water to wood was applied into 15 L stainless steel 

reactor and then heated to 160 °C and processed for 90 min at pressure of 5–6 bar. The 

extract was cooled down to 25 °C followed by 30 min centrifugation at 3000 rpm (Sorvall 

RC-28S centrifuge, RCF= 920G GSA fixed angle rotor, Du Pont, USA). The supernatant 

was meticulously separated from insoluble sediment for fouling study. The pH and 

conductivity of the PHWE in this study was 3.8 and approximately 600 µS/cm at 25 °C.  
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5.2 Methods 

5.2.1 Physical adsorption modification  

Commercial polyethersulfone membrane was utilized in order to study adsorptive surface 

modification of membrane, rejection of PEG and fouling caused by hydrolysate. All the 

membranes were initially precleaned with Ultrasil 110 (Ecolab, 0.2 %, pH 13.6) for 30 min 

prior to use for experiment in order to eliminate both the preservative agent and also any 

impurities existing on the surface of the membrane. Following this treatment, the membrane 

coupons were soaked in DI water and stored in refrigerator overnight at 4 °C. The rejection 

study of PEG has been conducted by using a 4 parallel rectangular cross-flow flat-sheet 

modules which were made of stainless steel (AISI 316). The schematic configuration of the 

filtration system unit combined with heat exchanger is depicted in Fig. 11. The dimensions 

used to construct the channel height, length, and width of each module were 1 mm, 100 mm, 

and 40 mm, respectively. The effective surface area of the membrane was 40 cm-1. In every 

experiment, the temperature was monitored using an inline thermometer probe and it was 

adjusted at 25 ± 1°C by using a heat exchanger (Lauda Proline RP 855 thermostat, Lauda-

Κönigshofen, Germany).  

 

 
Figure 11:  A schematic diagram of cross-flow laboratory-scale filtration system. 

 

To begin the rejection studies, in all experiments, the membrane coupons were mounted in 

the module and the filtration system was flushed with DI water without applying pressure 

until the conductivity of the DI water was less than 3 µS/cm. Afterwards, the pressure was 
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increased to 3 bar by using a needle valve and both membrane and the system were flushed 

at 25 °C with the same criteria of the previous step. During the flushing process, the cross-

flow velocity was measured by rotameter and adjusted to 0.65–0.7 m/s for each membrane 

cell using pump (Hydra-cell model M-03, Wanner Engineering, Inc.) equipped with Vacon 

frequency converter which was used to control the flow with the pump. Once the membranes 

and system were appropriately washed, the membranes were pressurized at 5 bar for 45 min 

to minimize the effect of compaction phenomenon and also to remove any possibility of 

leftover preservative agent. Thereafter, the pressure was reduced to 3 bar and membrane flux 

was stabilized for 15 min with DI water before measuring the PEG rejection and 

permeability. Then, the flux of 1 g/L PEG solution (10 liter) for each membrane was 

measured under 3 bar with the interval of 2 min until the relative steady flux was obtained 

(three successive recorded values gave the same result with the standard deviation of 0.1). 

Once the steady flux was achieved, the permeate of each membrane as well as feed solution 

were collected to calculate the apparent PEG rejection using equation 2: 

 

 
𝑅 (%) = (1 −

𝐶𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒

𝐶𝑓𝑒𝑒𝑑
) × 100 (2) 

 

Where,  𝐶𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 Concentration of PEG in downstream (permeate)  

  𝐶𝑓𝑒𝑒𝑑 Concentration of PEG in upstream (feed) 

 

The total organic carbon was considered as a detection index to measure the concentration 

of PEG. For this purpose, TOC analyzer (Shimadzu TOC-L series, Japan) equipped with a 

non-dispersive infrared (NDIR) detector was utilized. Prior to commencing the surface 

modification of membrane with vanillin, both system and membrane were flushed with the 

aforementioned procedure. The surface modification of membrane was accomplished with 

six vanillin concentrations at pH 3.8: 0.3 g/L, 0.8 g/L, 1.3 g/L, 1.8 g/L, 2.3 g/L, and 2.8 g/L. 

DI water at pH 3.8 was considered as a reference to evaluate the effect of pH on the 

permeability of PEG.  

 

Vanillin solutions were recirculated over the surface of membrane without applying pressure 

for 80 min using a peristaltic pump (Masterflex® L/S® Model: 7519-05 Cartridge Pump 

heads, Cole-Parmer International, USA) at 25 °C. The peristaltic pump was equipped with 
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four identical cartridges and it was programmed to supply 300 ± 10 g/min at 25 °C to each 

membrane modules through separated flow lines from each of reservoirs (solutions A, B, C, 

and D). A schematic design of the vanillin adsorption on the surface of the membrane is 

presented in Fig. 12. 

 

The membranes were subsequently flushed with DI water to remove any unattached vanillin 

from the surface of membranes. Then, after 15 min stabilization at 3 bar, the flux of PEG 

solution with the same abovementioned procedure was measured for all membranes. Finally, 

the membranes and filtration system were flushed with DI water and the membrane coupons 

were taken out from the modules and dried at room temperature for 24 h for further UV-Vis 

and IR analysis. The experiments with vanillin concentration of 0.3, 0.8 and 1.3 g/L was 

repeated thrice in order to check the reproducibility of the obtained results. The experiments 

with vanillin concentration of 1.8, 2.3 and 2.8 g/L was repeated twice in order to check the 

reproducibility of the obtained results. 

 

 
Figure 12:  A schematic drawing of physical surface modification of membranes. 

 

The PEG rejection data was rectified by measuring the concentration of vanillin in permeate. 

The value of 9108.4 cm-1.M-1 for the molar adsorption coefficient (ε) of vanillin in water at 

maximum wavelength 308 nm and pH 5.6 was obtained (Appendix 1: The molar absorption 

coefficient of vanillin in water at 308 nm) and used to calculate the concentration of vanillin 

in permeate. 
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To assess whether and how vanillin can effect on the hydrophilicity of the membrane and 

also to evaluate the amount of adsorbed vanillin on the surface of the membrane, another 

test set was also designed. In this experiment set, after flushing the system and membrane 

with the same aforesaid criteria and conditions, the membrane coupons were pressurized at 

5 bar for 45 min at 25 °C and then with the same procedure vanillin solutions were adsorbed 

on the surface of the membrane. Finally, modified membrane coupons were directly taken 

out from the modules and dried overnight at room temperature for further IR and contact 

angle analyses.  

 

5.2.2 Blending modification 

Response surface methodology (RSM) based on Box-Behnken design (BBD) has been 

applied to find out the suitable combination of parameters in membrane preparation. This 

design and the related modeling regarding to permeate flux and rejection was carried out 

with the aid of Design Expert Statistical Software package 8.0.7.1 (Stat Ease Inc., 

Minneapolis, USA). The influence of three independent design variables, namely water 

content (wt.%), vanillin content (wt.%), and coagulation temperature bath (CBT) (°C), on 

the morphology and performance of membrane were investigated. Tab. 11 shows an 

overview of these three design variables. A more detailed account of the experimental design 

is given in the following section (6.1.3 Characterization and spectral analysis of the lab-

made membrane modified by vanillin) in Tab. 14. 

 

Table 11: Factors and levels for BBD model design. 

 Levels 

Factors Unit -1 0 1 

Water content wt.% 0 1 2 

Vanillin content wt.% 0 3 6 

CBT °C 0 10 20 

 

5.2.3 Membrane preparations 

Asymmetric PES based and vanillin modified membranes were fabricated via wet phase 

inversion technique according to the procedure described in details by Mulder (1996). The 

preparation of dope solution was initiated by dissolving desired amount of DI water (0–2 

wt.% based on the weight ratio of DI water to PES solution) and vanillin (0–6 wt.% based 

on the weight ratio of vanillin to PES solution) into N-Methyl-2-Pyrrolidone (NMP) solvent 

under constant agitation at room temperature. Once the dissolution of additives were 
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completely obtained, an adequate amount of dry PES beads were gradually added to above 

mixture to attain desired polymer concentration (20 wt.%). After being fully mixed, the 

homogenous dope solution was laid aside to degas overnight in order to eliminate any air 

bubbles which might be present in the dope solution. In addition, the polymer solution was 

kept in dark place in order to avoid the aging process (Idris et. al, 2005).  

 

It is worth noting that a pretreatment of PET is required before casting process because of 

its high porosity which is shown in Fig. 13. High porosity of polyester might increase the 

risk of dope solution penetration through the PET which can result in formation of PES layer 

underneath the PET fabric. In order to avoid this unfavorable event, the PET was initially 

immersed into the solution of water and N, N’-dimethylformamide (DMF) solvent 

(containing 60–65 vol. % water) for 1 min (Azizi Namaghi et al., 2015). Afterwards, the 

excess solution on the surface of PET was drained and then the PET was attached to a 

spotless glass plate using paper clips. The PES dope solutions were then hand-casted via a 

film applicator with a thickness of 200 µm on (i) non-woven pretreated PET for permeation 

tests and (ii) on a glass plate for characterization tests. Thereafter, the casted film was 

instantaneously immersed into the coagulation bath containing DI water. 

 
Figure 13:  (A) SEM photo of non-woven polyester structure (B) taken with Olympus SZX9 

microscope (Olympus SZX9, Tokyo, Japan) to show the porosity of PET. 

 

5.2.4 Fouling tests of the modified membranes with hydrolysate 

The fouling behavior and permeance of hydrolysate for both commercial PES/modified 

vanillin membrane and PES lab-made membranes was investigated in a batch mode with a 

dead-end filtration system using the Amicon solvent-resistance stirred cell (Millipore, USA, 

Cat No.: XFUF07611, diameter of mixer: 60 mm). The schematic drawing of dead-end 

filtration unit is presented in Fig. 14.  
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Figure 14:  Schematic configuration of dead-end filtration system. 

 

Commercial membranes with a diameter of 76 mm (active diameter of 70 mm) were initially 

prepared and then precleaned with the same procedure which has been explained in previous 

part (5.2.1 Physical adsorption modification). As a preliminary step, the compaction of 

membranes at 5 bar for 20 min and subsequent 15 min stabilization at 3 bar with 300 ml DI 

water was conducted. Then, the pure water flux at 3 bar and 25 °C was measured before 

static adsorption of vanillin on the surface of the membrane. 

 

The UV absorption spectrum (Abs) of hydrolysate over the wavelength region of 190–

800 nm using UV–Vis spectrophotometer has been recorded (Fig. 15) in order to find the 

maximum wavelength (λmax) at which the lignin concentration should be evaluated. The 

lignin rejection was calculated at λmax=280 nm (Lin, 1992) due to the presence of other 

components existing in hydrolysate such as hemicellulose and cellulose at wavelength of 

198 nm. The lignin and TOC rejections have been calculated based on the following 

equation; 

 

 
𝑅 (%) = (1 −

2 × 𝐶𝑝

𝐶𝑓 + 𝐶𝑟
) × 100 (3) 
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where 𝐶𝑝, 𝐶𝑓 and 𝐶𝑟 are the concentration of lignin or TOC in permeate, initial feed (i.e. t = 

0) and retentate (at the end of filtration process), respectively. The adsorption coefficient (ε, 

i.e. absorptivity) of 25 L. g-1.cm-1 (Lin, 1992; Fengel and Wegener, 1984) at 280 nm has 

been considered in the calculations.  

 
Figure 15:  The UV–Vis absorption spectra of hydrolysate in wavelength of 190–800 nm. 

 

Afterwards, 300 ml of vanillin solution with concentration of 2.8 g/L was added into the 

Amicon cell and the outer surface of the membrane was exposed for 80 min without any 

applied pressure at a stirring rate of 500 rpm. Thereafter, 300 g of centrifuged hydrolysate 

was filtered for 130 min and the filtrate weight was recorded every one minute. At the end 

of filtration test, the final weights of permeate and concentrate were recorded in order to 

evaluate the mass balance. Then, the membrane coupon was taken out and the surface of the 

membrane was rinsed six times by dipping it on the DI water. Finally, the pure water flux 

was measured with the same conditions which was performed before static adsorption step. 

The pure water flux measurement was conducted until three sequentially recorded weights 

remained constant. The same procedure without vanillin adsorption step has been carried out 

for lab-made membranes. 
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5.3 Membrane characterization 

5.3.1 Fourier transform infrared spectroscopy 

To characterize the presence of vanillin in modified membranes, FTIR spectra of both 

vanillin modified commercial and lab-made PES based membranes were measured using the 

Perkin Elmer Frontier spectrometer with universal ATR module (Diamond crystal). In 

addition, the effect of precleaning with Ultrasil 110 and overnight washing on removing 

preservative agent of commercial membrane were also investigated. FTIR spectra of six 

random spots from each membrane sample were measured in the 4000–400 cm−1 

wavenumber range with the resolution of 4 cm-1. All the spectra were the acquisition of 20 

scans with the data interval of 1 cm-1 at the absorbance mode. At the final step, the co-added 

spectra were processed with ATR correction, baseline correction, and normalization. 

 

5.3.2 Scanning electron microscopy  

The cross sectional morphology of lab-made membranes were qualitatively investigated 

using scanning electron microscope (Hitachi SU 3500, Japan) at an acceleration voltage of 

15 kV in high vacuum conditions. Narrow strips of membranes were prepared and soaked in 

the DI water overnight and then snapped under liquid nitrogen with the aid of two pairs of 

forceps to obtain clean cut. Prior to sputtering process, samples were dried in air to eliminate 

excess ice and water (Ferlita et al., 2008). The membrane samples were subsequently coated 

with a thin layer of gold using Edwards Scancoat six Pirani 501 sputter coating system 

(Edwards High Vacuum International, Crawley, UK). Finally, the cleaved edge was 

examined perpendicular to cut plane by SEM. 

 

5.3.3 Casting solution viscosity measurement  

Regarding the considerable role of casting solution viscosity on pore formation and the final 

structure of the membrane, the dynamic viscosities of dope solutions were measured using 

Modular Compact Rheometer MCR 302 (Anton-Paar, Austria, PP50/P2 spindle) at 20 °C. 

 

5.3.4 Contact angle measurements 

Static contact angles of both commercial and lab-made membranes before and after 

modification were measured based on captive bubble and sessile drop methods. Roughly 5 

µL of DI water and 3–4 µL of air bubble volume were placed on the surface of the membrane 
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samples with the aid of micro syringe (sessile drop) and U-shaped needle (captive bubble) 

at room temperature, respectively. To increase the reliability of measurements, the contact 

angles of six independent points for each samples were tested and the average of recorded 

data was considered as final CA. The CA was measured using KSV CAM 101 instrument 

(KSV Instruments Ltd., Finland) connected to a CCD camera (DMK 21F04, The Imaging 

Source Europe GmbH, Bremen, Germany). The captured images were treated by curve 

fitting analysis with CAM 2008 software in order to determine the CA. 

 

5.3.5 Membrane surface charge analysis 

The zeta potential of the UH004 P membrane without preservative agent has been measured 

with a SurPASS electrokinetic analyzer (Anton Paar GmbH, Graz, Austria) with an 

adjustable gap cell and using 1 mM KCl as background electrolyte solution. The membrane 

pieces were stored in DI water in a fridge (about 5 °C) prior to use. The solution pH was first 

shifted to about 8 by dilute KOH solution and then automatically titrated from 8 to 2 using 

0.05 M HCl solution during the analysis. Finally, the zeta potential was calculated from 

streaming current measurement according to the classic Helmholtz-Smoluchowski equation. 

 

5.3.6 Extraction and UV/Vis analysis 

UV/Vis spectrophotometer (Jasco V-670 spectrophotometer, Japan) was utilized to measure 

the concentration of lignin in feed, permeate, and concentrate samples of PHWE by UV 

absorption at wavelength of 280 nm and also to determine the amount of adsorbed vanillin 

on the surface of commercial membranes after physical modification test. The amount of 

adsorbed vanillin on the surface of the commercial membranes was determined according to 

the extraction procedure that was presented in details by Virtanen et al. (2017). Due to the 

possible presence of vanillin in permeate in PEG rejection experiments, six different 

concentrations of vanillin were prepared at pH 5.6 (the pH of permeates in PEG experiments) 

and at 25 °C in order to determine the molar adsorption coefficient (ε) of vanillin in water. 

This coefficient was used in correction of PEG rejection calculations which might be 

affected by the presence of vanillin in permeate. 
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6 RESULTS AND DISCUSSION 

6.1 Characterization of membranes by the means of FT-IR spectroscopy 

6.1.1 Characterization and spectral analysis of virgin membranes  

According to the acquired spectra presented in Fig. 16, the presence of preservative agent on 

the surface of UH004 P membrane before any precleaning can be clearly observed, due to a 

very strong adsorption band at 3313 cm-1, and three bands at 1655, 1039, 923 cm-1. These 

peaks are consistent with the data obtained in earlier studies (Belfer et al., 2000; Liu et al., 

2008). Peaks disappear completely after precleaning the membrane samples with Ultrasil 

110 and water (overnight rinsing). Glycerin (glycerol) which is widely used as preservative 

agent in membrane fabrication process was found to be the preservative agent in the UH004 

P membrane. This outcome is in agreement with those of previous studies (Persson et al., 

1995; Evans and Bird, 2006; Antón et al., 2015) and supported with the main functional 

groups of glycerol which are presented in Tab. 12. 

 

Table 12: The FT-IR peaks of glycerin as UH004 P preservative agent.  

This study [cm-1]  FTIR-Peaks [cm-1]  Peak assignments 

923 920 (b)–923 (a) O–H bending 

1039 1037 (a) alcoholic C–O asymmetric stretching vibration  

1104–1443 1100–450 (b) 
C–O stretching from secondary alcohol to primary 

alcohol 

1655 1650 (b)–647(a) H2O bending 

1400–1462 1400–460 (b) C–O–H bending  

2879 & 2931 2880 & 2930 (b) C–H stretching 

3313 3313(a) O–H stretching  

*a (Liu et al., 2008)  
*b (Kongjao et al., 2010)  

 

As can be seen from Fig. 16, the same results with no perceptible difference are obtained 

with overnight rinsing with DI water as precleaning technique when compared to washing 

with Ultrasil 110. The reason for this similarity can be attributed to the presence of three 

hydroxyl groups in glycerin for hydrogen bonding with water resulting in higher solubility 

of this compound in water. 

 

A comparison of the UH004 P membrane spectra after precleaning with the spectrum of 

unmodified lab-made PES reveals some unique peaks demonstrating the fact that the 

commercial membrane has been modified with additive(s). To the author's knowledge, 
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Figure 16:  The effect of rinsing on the ATR-FTIR spectra of UH004 P membrane. 
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The UH004 P membrane might be modified with polyvinyl pyrrolidone (PVP). Comparing 

the additional peaks which are highlighted as PVP bands in Tab. 13 with references (Susanto 

and Ulbricht, 2009; Vatsha et al., 2014; Lukka Thuyavan et al., 2014) reinforces this 

hypothesis.  

 

Table 13: Main functional groups in commercial membrane UH004 P. 

FTIR-Peaks [cm-1]  Peak assignments 

1103 C–O band 

1146 Symmetric stretches SO2 of sulfone group 

1235  Aromatic ether band  

1289 C–N stretch (PVP) 

1321 Asymmetric SO2 of sulfone group 

1423 CH2 bending (PVP) 

1486 & 1578 Aromatic bands which are characteristics for PES 

1671 C=O carbonyl group (PVP) 

2850–2856 γa CH2 asymmetric aliphatic stretch (PVP) 

2876 γs CH3 asymmetric aliphatic stretch (PVP) 

2925 γa CH2 asymmetric aliphatic stretch (PVP) 

2952 γa CH3 asymmetric aliphatic stretch (PVP) 

3096 and 3069 C–H–aromatic stretch 

Broad band 3200–3600 Hydrogen bonded OH band (PVP) 

 

Two signals at 1486 and 1578 cm-1 are identical peaks for spectrum of PES membranes 

(Belfer et al., 2000; Susanto and Ulbricht, 2009). One unanticipated peak at 1680 cm-1 in 

unmodified lab-made PES is associated with carbonyl group of residual NMP solvent in 

membrane (Bolong et al., 2009). In order to assure that this peak is related to NMP, the FTIR 

of unmodified lab-made PES was analyzed after drying in oven for 2 h (Fig. 17). This 

spectrum confirms the association between the peak with carbonyl group of NMP since the 

peak disappeared as result of complete evaporation of NMP solvent.  
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Figure 17:  The presence of carbonyl group at 1680 cm-1 as a result of residual NMP in the FTIR 

spectrum of lab-made PES membrane. 

 

Considering the fact that there is always a little amount of inevitable trapped water inside 

the porous membranes fabricated via phase inversion techniques, the presence of two peaks 

at 3553 and 3636 cm-1 in both commercial and lab-made membrane can be attributed to O–

H stretching vibration of water molecules. These peaks match those observed in earlier 

studies performed by Belfer et al. (2000). 

 

6.1.2 Characterization and spectral analysis of the commercial membrane modified 

by vanillin 

The results obtained from the FT-IR analysis of the virgin UH004 P and modified ones at 

different vanillin concentrations are presented in Fig. 18 over the range of 2000 to 400 cm-

1. From the spectrum given in Fig. 18, it can be seen that most of the vanillin peaks overlap 

with the peaks of UH004 P membrane due to similarities in their functional groups. Closer 

inspection of the figure shows a clear trend of increase in intensity of vanillin peaks as 

function of vanillin concentration at 1510, 1267, 1030 and 781 cm-1. It is worth of 

emphasizing that the intensity of mentioned peaks increases as the concentration of adsorbed 

vanillin rises which is consistent with findings obtained by Virtanen et al. (2017). In 

addition, it can be noticed that the intensity of some UH004 P membrane peaks rise as the 

concentration of adsorbed vanillin increases (e.g. peaks at 1577, 1464, 1288 and 1267 cm-

1). 
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Figure 18:  FT-IR spectra of virgin and vanillin modified UH004 P membranes for various 

concentrations in the region of 400–2000 cm-1. The peaks corresponding to the 

presence of vanillin can be distinguished at 1510, 1267, 1030 and 781 cm-1. 

 

The unique bands for vanillin at 781, 1030, 1509 cm-1 are associated with aromatic native 

structure of vanillin, in–plane C–H deformation, and the coupled skeletal vibrations of the 

aromatic ring of vanillin respectively (Balachandran and Parimala, 2012). From the spectra, 

it can be clearly seen that the O–H stretching peak become apparently wide and strong over 

the range of 3200–3700 cm-1 region which indicates the formation of hydrogen bonds 

between OH groups of vanillin and oxygen atoms in ether and sulfone groups of PES. The 

area of CH–aromatic stretching vibration (3100–3000 cm-1) and aliphatic stretching 

vibration (2922–2875 cm-1) becomes also more intense as the vanillin concentration 

increases. 

 

6.1.3 Characterization and spectral analysis of the lab-made membrane modified by 

vanillin 

Spectra of lab-made polyethersulfone membranes fabricated based on the factors in Tab. 11, 

are presented in Fig. 19 over a range of 4000–400 cm-1. To confirm the presence of vanillin, 

the highest wavenumber in region 1520–1500 cm-1 was investigated. A similar peak at 1510 

cm-1 which is assigned to the coupled skeletal vibrations of the aromatic ring of vanillin was 

observed which confirms the fact that this peak is the characteristic of vanillin.  
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Figure 19:  ATR-FTIR spectra of modified lab-made membranes (see Tab. 14 for legend 

information). 

 

The observed increase in intensity of this peak can be explained based on four prominent 

factors, vanillin concentration, temperature of coagulation bath (CBT), viscosity of casting 

solution, and water content. Overall, the intensity at 1510 cm-1 increases as the concentration 

of vanillin in dope solution increases from 0–6 wt.%. The most striking result to emerge 

from the FT-IR spectra is that the intensity of this peak among the dope solutions with the 

same viscosity (the same water and vanillin content) is significantly dependent on the CBT. 

Comparing the spectrum of std10 and std12 or std6 and std8 clearly reveals that the intensity 

decreased as the CBT increases. This result may be explained by the fact that the miscibility 

of vanillin in coagulation bath declines as the temperature decreases. As a result, the amount 

of vanillin which is remained inside the membrane structure increases during the immersion 

precipitation process. 

 

Viscosity of polymer solution effects significantly on the membrane morphology and 

performance. The thickness of membrane and interdiffusion of solvent and non-solvent 

during the phase-inversion process can be affected as the viscosity of polymer solution 

changes (Yeow, Liu and Li, 2003). The Tab. 14 epitomizes the standard array of 

experimental design implemented in fabrication of lab-made PES membranes and the 

measured viscosity of casting solutions. In the same CBT conditions, the intensity of vanillin 
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peak at 1510 cm-1 increases as the viscosity of dope solution increases since the exchange 

rate between solvent and non-solvent in coagulation bath during the precipitation process is 

decreased. A comparison of the results of viscosity of polymer solution and the related 

spectrum for std4 and std13-14 demonstrate the effect of viscosity on the intensity of this 

peak when the CBT and water content are constant.  

 

From the graph above (Fig. 19) and Tab. 14, it should be also noticed that in the same CBT 

and vanillin content (wt.%), the increase in water content decreases the intensity of the 

mentioned peak even though it increases the viscosity of polymer solution. In such condition 

(constant CBT and vanillin content), water as non-solvent reduces the effect of viscosity 

factor due to the formation of macrovoids in the casted film and also reduces the 

thermodynamic miscibility of casting solution (Yunos et al., 2012). Consequently, the more 

non-solvent (water) will diffuse into the film and it can wash out the vanillin from the casted 

film. The FT-IR spectra of std7 and std8 or std5 and std6 show the effect of water content in 

reducing the impact of polymer viscosity in increasing the intensity of vanillin peak at 1510 

cm-1. 

 

6.2 The effect of vanillin and water content on viscosity of polymer solution 

The results obtained from the viscosity measurements of dope solutions as a function of 

vanillin and water content are summarized in Tab. 14 and depicted in Fig. 20. As shown in 

Fig. 19, the viscosity of polymer solution increases with increasing the vanillin and water 

content in the solution. In the case of vanillin, the results can be ascribed to two reasons: (i) 

vanillin (152.15 g/mol) as hydrophilic additive has a higher molecular weight compared to 

NMP (99.13 g/mol), (ii) the entanglements of polymer chains or intermolecular aggregations 

stemming from adding vanillin which has a non-solvent character for PES when compared 

to NMP. Increasing the viscosity of casting solution as a consequence of organic additives 

has been reported in many studies (Kim and Lee, 1998; Torrestiana-Sanchez, 1999; 

Amirilargani et al., 2009). 
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Figure 20:  The effect of vanillin and water content on the viscosity of PES polymer solution. 

 

Complex formation between water and NMP can be considered as a possible explanation for 

the influence of water on the viscosity of polymer solution. In other words, this can be 

attributed to the growth of a 2D hydrogen network which links several molecules together 

as demonstrated by Wang et al. (2000). Another possible elucidation for the increase of 

viscosity in this case can be ascribed to the role of water as non-solvent in accelerating the 

polymer chain precipitation process and reducing the thermodynamic miscibility of casting 

solution. In fact, the dope solution system is tended to a state close to the cloud point in 

presence of water wherein the viscosity increases. These results are consistent with Yunos 

et al. (2012) and Wang et al. (2000) findings which showed the increase of viscosity of dope 

solution with increasing water content. 

 

Table 14: Standard array of experimental runs and the measured viscosity of each polymer solution.  

Std. Water content [wt.%] Vanillin content [wt.%] CBT [°C] Viscosity [Pa·s] 

1 0 0 10 1.28 
2 2 0 10 1.63 
3 0 6 10 1.96 
4 2 6 10 2.63 
5 0 3 0 1.6 
6 2 3 0 2.03 
7 0 3 20 1.6 
8 2 3 20 2.03 
9 1 0 0 1.43 

10 1 6 0 2.22 
11 1 0 20 1.43 
12 1 6 20 2.22 
13 1 3 10 1.73 
14 1 3 10 1.73 
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6.3 Polyethylene glycol rejection study  

The permeabilities of PEG solution as a function of time before and after physical adsorption 

of vanillin on the surface of UH004 P membrane are plotted in Fig. 21 and Fig. 22. Since 

the heterogeneity of commercial membranes is not always the same, specifically in 

experiments with small membrane area, the averaged increase of permeabilities are 

presented in Tab. 15. It is apparent that the permeability increases as the vanillin 

concentration in the solution raises from 0.5 to 1.3 g/L. Then no significant changes were 

observed after 1.3 g/L which can be explained based on the hydrophilicity of membrane 

evaluated with respect to contact angle. However, a 35–38 % increase in permeability was 

perceived at the highest exposure concentration (2.8 g/L). The contact angle of precleaned 

membrane with Ultrasil 110 and modified membranes with various concentration of vanillin 

were measured based on captive bubble and are presented in Tab. 16. 

 

 
Figure 21:  PEG solution permeabilities before and after modification with vanillin. 

Polyethersulfone membranes (UH004 P) were modified by different concentration of 

vanillin (0.3 g/L, 0.8 g/L and 1.3 g/L) and each experiment was repeated thrice. 
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Table 15: Improvement [%] of PEG solution permeabilities after exposure of membranes to different 

vanillin concentrations at the pH 3.8 (errors are based on 95% CI). 

Vanillin concentration [g/L] Test 1 [%] Test 2 [%] Test 3 [%] Averaged [%] Std. 

0  –3.7 –4.54 –11.19 –6.48 ± 10.19 4.10 

0.3 0.60 0.57 0.55 0.57 ± 0.06 0.03 

0.8 2.34 3.71 2.67 2.91 ± 1.78 0.72 

1.3 27.39 21.08 21.4 23.29 ± 8.83 3.55 

1.8 22.11 14.54 – 18.33 ± 13.3 5.35 

2.3 20.73 16.27 – 18.50 ± 7.83 3.15 

2.8 38.83 35.9 – 37.37 ± 5.15 2.07 

0 –5.3 –6.72 – –6.01 ± 2.49 1.00 

 

 
Figure 22: PEG solution permeabilities before and after modification with vanillin. 

Polyethersulfone membranes (UH004 P) were modified by different concentration of 

vanillin (1.8 g/L, 2.3 g/L and 2.8 g/L) and each experiment was repeated twice. 

 

The results, as shown in Tab. 16, indicate a positive correlation between successive increase 

in concentration of vanillin (until 1.8 g/L) and hydrophilicity of the UH004 P membrane. 

Data from this table can be compared with the data in Tab. 15 which shows the improvement 

of permeability as vanillin concentration was increased from 0.3 to 1.3 g/L. The contact 

angles remained approximately constant as vanillin concentration raised from 1.3 to 2.3 g/L 

which is in accord with improvement [%] of PEG solution permeabilities in this range. In 

addition, it can be noticed that the contact angle of the UH004 P membrane in presence of 



67 

 

glycerin is lower than the contact angle of precleaned one due the presence of three hydroxyl 

groups in glycerin which make the surface more hydrophilic. 

 

Table 16: The effect of precleaning with Ultrasil 110 and vanillin adsorption on the contact angle of 

UH004 P membranes (error are based on 95% CI). 

Samples Contact angle (°) 

UH004 P and preservative agent 32.08 ± 0.61 

UH004 P (precleaned with Ultrasil 110) 42.74 ± 1.68 

UH004 P reference (water at pH 3.8) 41.94 ± 1.86 

0.3 g/L vanillin 40.43 ± 0.49 

0.8 g/L vanillin 33.40 ± 0.58 

1.3 g/L vanillin 29.49 ± 2.05 

1.8 g/L vanillin 29.17 ± 1.90 

2.3 g/L vanillin 29.88 ± 0.66 

2.8 g/L vanillin 39.67 ± 0.74 

4.8 g/L vanillin 39.14 ± 1.08 

  

From the table above, it can also be seen that the exposure of the membrane with vanillin 

concentration above 2.3 g/L results in the increase of the contact angle. This increase could 

be attributed to the surface roughness. A recent study by Lin et al. (2016) shows that the 

UH004 P membrane has a smooth surface with Rrms of 2.8 nm. Therefore, it seems that at 

vanillin concentration higher than 2.3 g/L, the surface roughness amplifies the 

hydrophobicity which can lead to increase of contact angle (Xu, Huang and Wan, 2009). The 

air traps between the rugosities of solid surface and the liquid droplet result in larger contact 

angle for rough surfaces compared to smooth surfaces (Tiraferri et al., 2012). 

 

The UH004 P membrane possesses negatively charged surface over the wide pH range (2–

10) which increases with successive rise of pH (Lin et al., 2016). The zeta potential versus 

pH of the UH004 P membrane without preservative agent are presented in Fig. 23. As can 

be seen, the overall observation are consistent with the data obtained in Lin et al. (2016) 

while the isoelectric point (IEP) reached was approximately pH 2.14. As can be seen from 

the Tab. 15, the permeability of PEG solution decreases when the UH004 P is treated with 

water at pH 3.8 which might be as a result of surface charge reduction of UH004 P 

membrane. Moreover, ethylene units in PEG molecules prefer gauche conformation due to 

hydrophobic interactions (Liu & Parsons, 1969). Partially negatively charged ether groups 

of PEG interact with water molecules and are thus exposed and interact with the surface of 

the membrane. Reduction in surface charge of the membrane would most likely amplify the 
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fouling phenomenon as a result of reduction in repulsive forces between ether groups and 

surface of the membrane. 

 

Taken together, these results suggest that there is an association between improvement of 

permeability and the enhancement of hydrophilicity caused by physical surface modification 

of the UH004 P membrane with vanillin. The formation of a complex between vanillin and 

membrane can also be considered as reason for improvement of the PEG solution flux 

(Nyström et al., 1995). 

 

 
Figure 23: Zeta potential versus pH for UH004 P membrane without preservative agent. 

 

The amount of remained vanillin on the surface and structure of membranes was measured 

by extraction and UV/Vis analysis and the averaged results are shown in Fig. 24. It was 

observed that 20–26 µg/cm2 vanillin at pH 3.8 remains on the surface of the membrane which 

is in a very good agreement with Virtanen et al. (2017b) findings at this pH. Hence, it could 

conceivably be hypothesized that this range is the equilibrium state of adsorbed vanillin 

regardless the amount of vanillin concentration which is used for the modification. 
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Figure 24: The remained vanillin on the surface and structure of UH004 P membrane after tests. 

 

The Tab. 17 illustrates the effect of modification on the PEG rejection. In general, a clear 

benefit of vanillin adsorption in the enhancement of PEG rejection could not be identified in 

this analysis. However, only trace amounts of improvement in vanillin concentrations below 

1.3 g/L was observed. This improvement can be related to the lower kinetic and 

hydrodynamic diameter of water molecules compared to PEG molecules which relatively 

improve the water transport rate and thus increases the PEG rejection (Namvar-Mahboub et 

al., 2014). It should be also noticed that the inherent trade-off between permeability and 

rejection emerges specifically at the highest exposure concentration (2.8 g/L) and caused 

nearly 37% improvement and 5% reduction in permeability of PEG solution and in PEG 

rejection, respectively. 

 

Table 17: PEG rejection before and after exposure of membranes to different vanillin concentrations 

at the pH 3.8.  

Vanillin concentration 

[g/L] 

PEG retention [%] before 

adsorption 

PEG retention [%] after 

adsorption 

Test 1 Test 2 Test 3 average 
Test 

1 

Test 

2 

Test 

3 
average 

0 0.87 0.85 0.90 0.87 0.86 0.86 0.90 0.87 

0.3 0.92 0.91 0.91 0.91 0.94 0.92 0.92 0.93 

0.8 0.93 0.91 0.88 0.91 0.95 0.93 0.90 0.93 

1.3 0.89 0.87 0.91 0.89 0.90 0.89 0.90 0.90 

1.8 0.85 0.83 – 0.84 0.75 0.85 – 0.80 

2.3 0.82 0.9 – 0.86 0.78 0.90 – 0.84 

2.8 0.88 0.72 – 0.80 0.81 0.68 – 0.75 

0 0.92 0.86 – 0.89 0.86 0.89 – 0.88 
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6.4 Morphological studies and transport properties of lab-made membranes 

The thermodynamic properties and separation kinetics during precipitation process have a 

substantial impact on the membrane performance and morphology. In phase inversion 

technique, the diffusion and convection of multi components i.e. polymer, additives, 

solvent(s) and non-solvent(s) increase the intricacy of kinetics and thermodynamics behavior 

of the system during phase separation and precipitation processes (Yunos et al., 2012). To 

assess whether and how additives (water and vanillin) and CBT can influence the membrane 

morphology, the mechanism of membrane formation should be firstly scrutinized. Briefly, 

the precipitation of casted film, which is immersed into the coagulation bath containing non-

solvent water, starts as a consequence of low miscibility between PES polymer and non-

solvent water. Due to the high mutual affinity between NMP solvent and non-solvent water, 

the exchange between them takes place at various points of the skin and sublayer of cast 

film. Following the above mentioned demixing process, the formation of nuclei of a 

polymer-poor phase will terminate. The polymer chains are repelled as the water diffuses 

into the cast film resulting from relatively hydrophobic features of PES material. The 

formation of nuclei of the polymer-poor phase stems from the repulsion of polymer chains. 

The growth of formed nuclei continues during the demixing process until the polymer 

concentration reaches a threshold level in which the solidification occurs and precipitation 

process is finalized. (Saljoughi and Mousavi, 2012) 

 

6.4.1 Membrane thickness 

The cross-section SEM images of each membrane sample were analyzed using ImageJ 

software (National Institutes of Health, Bethesda, Maryland, USA) and the averaged 

membrane thickness of six different locations for each membrane were measured. Tab. 18 

provides the results obtained from the thickness analysis of membrane cross-sections and 

the contact angle based on sessile drop and captive bubble methods. The results of this study 

indicate that vanillin as a hydrophilic additive has substantial roles in the dope solution and 

membrane morphology which can be classified into several divisions: vanillin improves pore 

formation and the hydrophilicity of the membrane, increases the viscosity of solution, and 

also suppresses the formation of macrovoids. In general, water as a strong non-solvent 

additive was applied to achieve the following tasks: reduce the dissolving power of NMP 

(solvent), increase the viscosity of dope solution, and move the dope solution closer to the 

binodal curve. 
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Table 18: Thickness and contact angle of lab-made membranes (errors are based on 95% CI). 

Std. 

Water 

content 

[wt.%] 

Vanillin 

content 

[wt.%] 

CBT 

[°C] 

Viscosity 

[Pa·s] 

Thickness 

[µm] 

CA sessile 

drop 

[°] 

CA captive 

bubble 

[°] 

5 0 3 0 1.60 70.38 65.53 ±2.48 64.33 ± 1.06 

6 2 3 0 2.03 75.66 64.12 ±3.51 61.37 ± 1.47 

9 1 0 0 1.43 75.18 57.94 ±1.60 59.25 ± 1.26 

10 1 6 0 2.22 60.97 66.13 ±1.01 69.88 ± 2.27 

1 0 0 10 1.28 73.28 61.51 ±0.93 62.68 ± 3.49 

2 2 0 10 1.63 67.59 59.04 ±1.93 61.33 ±1.07 

3 0 6 10 1.96 62.08 55.97 ±2.00 58.75 ± 0.51 

4 2 6 10 2.63 61.23 57.70 ±0.77 54.19 ± 1.01 

13 1 3 10 1.73 67.59 54.50 ±1.13 54.00 ± 0.30 

14 1 3 10 1.73 67.59 54.50 ±1.13 54.00 ± 0.30 

7 0 3 20 1.60 74.97 53.10 ±0.63 52.79 ± 1.66 

8 2 3 20 2.03 73.67 57.48 ±1.15 58.12 ± 0.71 

11 1 0 20 1.43 75.26 54.74 ±0.45 53.22 ± 1.45 

12 1 6 20 2.22 75.53 51.76 ±0.41 52.19 ± 0.21 

 

The data in Tab. 18 are sorted in ascending order in terms of CBT in order to be interpreted 

easily. It can be seen from the data in above table that the thickness of membranes at 

coagulation bath temperature of 20 °C is higher when compared to 0 and 10 °C. It is generally 

accepted that the instantaneous demixing process leads to faster precipitation of polymer 

chains which in turn increases the thickness of membrane while the delayed demixing 

prolongs the completion of precipitation process. In higher temperature, the mutual 

diffusivity between NMP (solvent) and water (non-solvent) enhances which consequently 

accelerates the exchange rate between solvent and non-solvent and thus the precipitation 

process can be finalized in shorter time. Saljoughi and Mousavi (2012) have presented the 

results demonstrating the increase of membrane thickness with successive increase of CBT. 

However, Wange et al. (2000) have reported that CBT does not have the dominant role in 

the exchange rate between solvent and non-solvent, particularly in presence of additives in 

dope solution. Several studies reported that the addition of a suitable non-solvent additives 

into the dope solution can shift the binodal curve closer to the initial composition of casting 

solution which in turn reduces the thermodynamic miscibility of the dope solution. 

Therefore, it facilitates the solidification process resulting in fabrication of membrane with 

higher thickness. In this study both explanations support that the membrane thickness is 

higher in higher temperatures. On the other hand, it should also be noted that the higher 

amount of additives, in this case vanillin and water, increases the viscosity of dope solution 
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(Fig. 20) and consequently hinders the kinetics of solvent outflux and non-solvent influx 

which in turn declines the overall thickness of the membrane.  

 

The outcomes of the lowest temperature need to be discussed in detail. At the lower 

temperature, the local polymer chain entanglement through the hydrogen bonding among 

the PES segments causes the formation of small nuclei owing to the quick reduction in 

mobility of PES chains. Consequently, the cast film might immediately form a strong gel 

before the initiation of phase separation as demonstrated by Cha et al. (1994). The 

macromolecular network possessing a moderately low entanglement density will be formed 

in the gel and the overall thickness of membrane will not change with further solvent and 

non-solvent exchange. As was pointed out, the presence of non-solvent additives can 

accelerate the precipitation process which can also be considered as an explanation for the 

increase of membrane thickness in lower temperature. Among the membranes at coagulation 

bath temperature of 0 °C, the presence of 6 wt.% vanillin in std10, shows the lowest thickness 

(~ 61 µm). This discrepancy could be attributed to highest peak intensity of vanillin in std10 

among all membranes which has been shown in Fig. 19. In other words, the intensity of this 

peak shows that the higher amount of vanillin is remained in the structure of the membrane 

which in turn amplifies the role of viscosity in delay demixing process and consequently 

leads to the reduction of membrane thickness. 

 

It can be also noticed that the viscosity of dope solution plays a vital role in the reduction of 

membrane thickness at the CBT of 10 °C. Closer inspection of the table shows that at the 

vanillin content over 3 wt.% and water content over 1 wt.%, the role of viscosity is 

outstanding compared to aforementioned roles for vanillin and water. 

 

6.4.2 Contact Angle 

The hydrophilicity of fabricated membranes was evaluated based on the water contact angle 

using captive bubble and sessile drop methods. The results of this study did not show any 

significant hysteresis between captive bubble and sessile drop method as can be perceived 

from the Tab. 18. The negligible inconsistency in results between these two techniques can 

be associated to the applied volume of water and air bubble, and to the gravity.  
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Figure 25: Contact angle (captive bubble) of lab-made PES membrane arranged based on CBT. 

(Water wt.%, vanillin wt.%). 

 

From the graph above (Fig. 25), it can be generally seen that the contact angles at lowest 

coagulation bath temperature (0 °C) demonstrate the higher hydrophobicity compared to the 

other membranes. It can be speculated that the surface coverage of membrane with vanillin 

is reduced due to the lower molecular thermal motion and also stronger affinity between 

vanillin segments and PES chains at lower temperature. In addition, the contact angle cannot 

be just ascribed to surface chemistry of membrane but also it relies on the pore size, porosity, 

and surface roughness of the membrane. In general, the slower exchange rate of solvent and 

non-solvent occurs at lower CBT which in turn can lead to the formation of a membrane 

with denser structure. At coagulation bath temperature of 0 °C, the pore size of the membrane 

reduces due to abovementioned reason. This reduction, especially in absence of vanillin as 

a hydrophilic additive, can be an explanation for increase of contact angle which can be 

compared between std. 9 (CBT: 0 °C, 1 wt.% water, 0 wt.% vanillin) and std. 11 (CBT: 20 

°C, 1 wt.% water, 0 wt.% vanillin).  

 

At higher temperatures, specifically in presence of water as non-solvent additive, it is also 

important to keep in mind that the surface coverage of membrane with vanillin might be 

reduced due to higher solubility and diffusivity of vanillin and thus vanillin can be easily 
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washed out from the surface and from the membrane structure during the experiments. As 

indicated previously (6.1.3 Characterization and spectral analysis of the lab-made membrane 

modified by vanillin), the quantity of residual vanillin in the structure of membrane when 

the water content is over 1 wt.% will reduce as the coagulation bath temperature increases. 

This can be considered as an explanation for the increase of contact angle in std.8 (CBT: 20 

°C, 2 wt.% water, 3 wt.% vanillin) where the intensity of vanillin peak is the lowest one 

compared to the other membranes containing vanillin.  

 

All in all, according to the results of contact angle measurements, it can be inferred that there 

should be a balance between vanillin content and water content. It can be concluded from 

the results that 3 wt.% vanillin content and 1 wt.% water content at CBT of 10 °C are the 

best conditions for the membrane preparation. However, the vanillin content could be 

increased to 6 wt. % but the water content and CBT should be balanced to avoid the effect 

of vanillin-water viscosity in membrane formation. Besides, the results show that the higher 

hydrophilicity of PES membrane can be achieved in higher temperature due to the better 

exchange rate between NMP and water (non-solvent) which enhances the surface coverage 

of membrane with vanillin. The presence of small amount of water as a strong non-solvent 

additive in dope solution increases the porosity of the membrane and consequently reduces 

the contact angle.  

 

6.4.3 SEM characterization 

The SEM cross-sectional structures of lab-made PES membranes and ones modified with 

vanillin and water are depicted in Fig. 26 and in Fig. 27. The cross-section SEM images are 

represented in two magnifications for better discussion. An asymmetric structure including 

a thin dense top layer and porous sublayer was observed in all cross sectional structures. As 

can be seen from the SEM images, the sublayers appear to possess cavities and 

morphologically different finger-like macrovoids in their structures.  

 

In order to identify the role of vanillin and water in morphology of cross-section structure, 

it is worth investigating the formation of macrovoids in the structure of the membrane. The 

formation of a skin layer at early stage which declines the penetration of large amount of 

coagulant (water) into the casted film is the necessity for the initial macrovoid formation. In 

addition, instantaneous demixing process stemming from rapid exchange between solvent 
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and non-solvent can form a thin skin layer which avoids the formation of extra nuclei after 

the formation of few nuclei (where the solvent existed). Another theory which might explain 

the observation of macrovoids could be the relatively hydrophobic characteristics of PES 

materials. As mentioned earlier, the PES polymer chains repel water due to their 

hydrophobic features and thus there would not be enough coagulant beneath the skin layer 

to induce phase inversion, which in turn leads to the formation of macrovoids.  

 

Effects of water as non-solvent additive on membrane morphology 

The PES membrane without any additives (std1) has a very small finger-like macrovoids 

from the top half of the cross-section to the top surface of the skin layer which probably 

introduces pinhole defects to the surface of the membrane. 

 

The effects of successive increase of water content from 0 to 2 wt.% on the morphology of 

the membrane cross-sections are depicted in Fig. 26. It can clearly be seen that the size and 

the length of finger-like macrovoids increase with increase of water content in dope solution. 

This can be ascribed to the role of water as a strong NSA in the reduction of thermodynamic 

miscibility of dope solution, which in turn shifts the binodal curve close to the dope solution 

and accelerates the diffusional exchange rate between solvent (NMP) and non-solvent 

(water). These results are in agreement with Yunos et al.’ (2012) findings demonstrating the 

similar behavior on the on the morphology of PSf membrane cross-sections as consequence 

of using water as strong non-solvent additive on the dope solution. Similarly, the same 

behavior of water as NSA on the morphology of PSf also has been observed by Azizi 

Namaghi et al. (2017).  
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Figure 26:  SEM images of the PES membranes prepared by varying the water content in 20 wt.% 

PES/NMP solution: (A) 0 wt.% at CBT of 10 °C, (B) 1 wt.% at CBT of 20 °C, (C) 2 

wt.% at CBT of 10 °C. The cross-sections are on the right and the zoom sections of 

marked top layers are shown on the left. 

 

It can also be noticed that the pore walls at the bottom of matrix become thinner with the 

increase of water in the dope solution. The presence of some trapped particles (0.2–0.5 µm) 

in the membrane matrix can be clearly seen from Fig. 26 (zoom section of top layer). This 

might be attributed to the precipitation of highly localized concentrated PES as a 

consequence of crystallization. The same crystallization related precipitation conducts have 

A

B

C
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been also observed by Yeow et al. (2004) for PVDF membranes casted and coagulated at 20 

°C. The more trapped particles have been observed in lower gelation temperature i.e. 0 and 

10 °C. This can be explained by the fact that at lower temperature, the gelation prompted by 

crystallization arises first in the membrane formation processes and thus the crystals can 

grow as a result of delayed demixing (Yeow et al., 2004). 

 

Effects of vanillin as non-solvent additive on membrane morphology 

The presence of vanillin as a hydrophilic additive can enhance the instantaneous demixing 

in coagulations bath. The key aspects of this phenomenon can be listed as follows: 

 

1. The presence of vanillin increases the thermodynamic instability of dope solution due to 

non-solvent characteristics of vanillin. 

 

2. The diffusion of water molecules can be facilitated due the formation of a thin layer of 

vanillin on the surface of the membrane, specifically at CBT of 10 °C and 3 wt.% vanillin 

concentration. The contact angle measurements which have been presented in Tab. 18 

demonstrate the presence of this layer on the surface of the membrane. 

 

It can be seen clearly form Fig. 27 that the membrane structures in presence of 3 wt.% 

vanillin become more regular with fully developed finger-like macrovoids that stem from 

instantaneous demixing. A clear boundary existing between finger-like macrovoids beneath 

the skin layer and spongey-structure in pure PES vanished as a presence of 3 wt.% vanillin 

in the casted film. In fact, 3 wt.% vanillin content in dope solution improved the 

interconnectivity of membrane pore structures, enlarged the finger-like structures, and also 

almost joined them to the macrovoids at the spongey-structure of bottom layer. However, 

the suppression of macrovoids when the amount of vanillin content increased from 3 to 6 

wt.% can be also noticed due to the increase of the viscosity of casting solution, which in 

turn hampers the instantaneous demixing process. Moreover, the thickness of the top skin 

layer declines in the presence of vanillin when compared to the reference membrane (without 

vanillin). With regards to membrane thickness at constant CBT of 10 °C, the viscosity of 

dope solution plays a dominant role and reduces the thickness of the fabricated membranes 

as it increases due to delay in demixing process. It seems that with further increase of vanillin 

content to 6 wt.%, the surface become more dense and less porous which can be also ascribed 
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to the dominant role of viscosity in lowering the diffusion rate between solvent and non-

solvent.  

 

 
Figure 27:  SEM images of the PES membranes prepared by varying the vanillin content in 20 

wt.% PES/NMP solution at CBT of 10 °C: (A) 0 wt.%, (B) 3 wt.% & 1 wt.% water 

content, (C) 6 wt.%. The cross-sections are on the right and the zoom section of 

marked top layers are shown on the left. 

 

These results are in accordance with previous researches demonstrating the effect of PVP 

(Amirilargani et al., 2009), glycerol (Yeow et al., 2004) and IGEPAL (Saljoughi and 

A

B

C
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Mousavi, 2012) as hydrophilic additives on the morphology of PES, PVDF and PSF 

membranes respectively. 

 

Effects of coagulation temperature bath on membrane morphology 

Effects of two levels of CBT (0 and 20 °C) at constant vanillin and water content on the 

morphology of membrane are demonstrated in Fig. 28 and Fig. 29 in three zoom 

magnifications. It is clearly obvious that the number and sizes of finger-like macrovoids 

increase as CBT increases. It means that the more porous structure can be achieved at higher 

CBT (20 °C). According to these figures, the thickness of membrane at higher temperature 

increases at constant vanillin and water content. The abovementioned observations can be 

attributed to the faster demixing process at higher temperature since the mutual diffusivity 

between solvent (NMP) and non-solvent (water) is accelerated. Faster demixing of solvent 

and non-solvent in turn can accelerate the solidification process and thus increase the 

thickness of membrane. The abovementioned observations are in agreement with Saljoughi 

and Mousavi (2012). Regardless the presence of 1 wt.% water as non-solvent additives in 

dope solutions of prepared membranes which are presented in Fig. 29, It can be seen that at 

constant CBT, the thickness of membrane decreases as vanillin content increases which 

shows the dominant role of higher viscosity of dope solution in hindering the faster demixing 

process at 6 wt.% vanillin compared to 3 wt.% vanillin.  
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Figure 28:  SEM images of the PES membranes prepared by varying the CBT at 3 wt.% vanillin 

content without water in 20 wt.% PES/NMP solution: (A) At CBT of 0 °C, (B) At 

CBT of 20 °C. The cross-sections are on the right and the zoom section of marked top 

layers are shown on the left. 
  

A

B

A 100 µm

B 100 µm
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Figure 29:  SEM images of the PES membranes prepared by varying the CBT at 6 wt.% vanillin 

content and 1 wt.% water content in 20 wt.% PES/NMP solution: (A) At CBT of 0 

°C, (B) At CBT of 20 °C. The cross-sections are on the right and the zoom section of 

marked top layers are shown on the left. 

  

  

A 100 µm  

B 100 µm  

A 
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6.5 Effect of additives on the wood extract permeance and rejection 

6.5.1 Effect of vanillin on the hydrolysate permeance and rejection  

The relation between the mass flux behavior of hydrolysate and volume reduction factor 

(VRF %) over 90 minutes filtration for unmodified/modified lab-made membranes with 3 

and 6 wt.% vanillin is shown in Fig. 30. The modified membranes with vanillin reveal the 

better flux over the filtration process. Approximately 24.5 % increase in final collected 

permeate mass was attained due to the improvement of hydrophilicity as presence of vanillin 

in modified membranes compared to reference membrane (0 wt.%) at constant CBT of 10 

°C.  

 

 
Figure 30:  The effect of vanillin on the hydrolysate permeance at constant CBT of 10 °C. 

 

From Fig. 30, it can be clearly noticed that the initial flux decline rates is higher for modified 

membrane with vanillin compared to virgin one. The initial flux decline rates can be 

attributed to the initial permeability of the membranes which can be correlated to the contact 

angle measurements (0 % > 6 % > 3 % vanillin at CBT of 10 °C) and CP on the surface of 

the membrane. It is postulated that membranes with higher permeability (better 

hydrophilicity i.e. lower contact angle) show greater flux decline as a consequence of CP 

and gel layer formation (Kim et al., 2006; Hoek et al., 2011). Ultimately, the variation of 

permeate flux declined over filtration process and approached to the relatively steady state 

value. 

 

The results obtained from the lignin rejection, TOC rejection and permeate flux (at 30% 

VRF) of analysis are presented in Fig. 31.When compared to virgin membrane at 30 % VRF, 
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the permeate flux increases by approximately 33 % and 27 % when vanillin content in dope 

solution is 3 wt.% and 6 wt.% respectively. As explained earlier, the suitable amount of 

vanillin can (a) improve hydrophilicity, (b) act as pore former, (c) improve interconnectivity 

of membrane pore structures, and (d) enlarge the figure-like structures. The increase of 

permeate flux at 30 % VRF can be attributed to the lower contact angle (i.e. better 

hydrophilicity) of modified lab-membrane with 3 and 6 wt.% vanillin at CBT of 10 °C (54.0° 

and 58.8°, respectively) compared to un-modified one (62.7°). The results are also in 

consistent with SEM results (Fig. 27) which exhibit the finger-like macrovoid formation in 

the modified membranes with vanillin. Besides, both lignin and TOC rejection for modified 

membrane with 3 wt.% vanillin (contains wt.1% water) is slightly increased. The possible 

explanation for this might be that the thin top layer formed is slightly thicker compared to 

the virgin membrane and modified one with 6 wt.% vanillin as it can be noticed from the 

related SEM micrographs of top layer zoom section in the Fig. 27. At constant pressure, this 

improvement can also be related to better hydrophilicity of modified membrane with 3 wt% 

vanillin compared to the other ones (6 wt% and virgin) which in turn relatively improves the 

water transport rate through the membrane and thus increases the TOC and lignin rejection. 

Similar flux behavior was observed for membrane modified with various PVP 

concentrations by Deng (2014). He demonstrated that the water flux improved for modified 

membranes, which had below 4 % PVP and the water flux decreases subsequently as the 

PVP concentration increased. 
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Figure 31:  Effect of vanillin on TOC rejection, lignin rejection and permeate flux (30%VRF) 

at constant CBT of 10 °C. 

 

6.5.2 Effect of water on the hydrolysate permeance and rejection 

The effect of various water contents as non-solvent additive (NSA) on the hydrolysate 

permeance and rejection are shown in Fig. 32 and in Fig. 33, respectively. Higher final 

collected permeate mass and better permeance during filtration time were achieved using 1 

wt.% water. The results are in line with contact angle measurements (Fig. 25) and SEM 

micrographs (Fig. 26). The observed decrease in hydrolysate permeance for modified 

membrane with 2 wt. % water compared to 1 wt.% could be attributed to compaction 

phenomenon due to the cavities and macrovoid formation which can be clearly seen in SEM 

micrograph shown in Fig. 26 (C). It should be also mentioned that the modified membrane 

with 1 wt.% water was fabricated at CBT of 20 °C. It is generally accepted that the more 

porous structure can be achieved at higher temperature due to the faster demixing rate 

between solvent and non-solvent. Therefore, the formation of mentioned membrane at higher 

temperature can be also considered as a possible reason for possessing better mass flux of 

hydrolysate. The increase of water flux for modified membranes with different percentage 

of water as NSA was also observed by Wange et al. (2000). 
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Figure 32:  The effect of water on the hydrolysate permeance of the lab-made membrane without 

vanillin (0% and 2 wt.% water at CBT of 10 °C and 1 wt.% water at CBT of 20 °C).  

 

 
Figure 33:  Effect of water on TOC rejection, lignin rejection and permeate flux (30%VRF) of 

the lab-made membrane without vanillin (0% and 2 wt.% water at CBT of 10 °C and 

1 wt.% water at CBT of 20 °C) 

  

6.5.3 Effect of coagulation bath temperature on the hydrolysate permeance and 

rejection 

The effect of CBT at two levels (0 °C and 20 °C) on the hydrolysate permeance versus 

volume reduction factor in presence of 3 and 6 wt.% vanillin is presented in Fig. 34. It can 

be clearly seen that the permeate flux at both higher and lower level of vanillin concentration 

increases as the gelation bath temperature increases. In general, the faster demixing process 

at higher temperature accelerates the precipitation process which in turn results in the 

formation of membrane with more porous structure and it can consequently increase the 
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permeate flux. In addition, the results of contact angle measurements are in agreement with 

the permeate flux behavior and the mass flux at 30 % VRF shown in Fig. 34 and Fig. 35, 

respectively. The contact angle decreased approximately 28% (at constant 3% vanillin) and 

33% (at constant 6% vanillin) as CBT increased from 0 °C to 20 °C. As can be seen from 

Fig. 35, the permeate flux at 30 % VRF increases approximately 60 % and 95 % for modified 

membranes with 3 wt% vanillin content and 6 wt.% vanillin content (including 1 wt% water 

content), respectively as the CBT increases from 10 °C to 20°C. The inverse relationship 

between permeate flux at 30 % VRF and TOC rejection can be explained by the trade-off 

relationship between the CBT and membrane pore structure which is previously stated. This 

inherent trade-off can be also linked to the viscosity of dope solutions and the results of FTIR 

analysis. As indicated earlier, at CBT of 0 °C, the vanillin remains inside the casted film due 

to the lower diffusional motion compared to higher temperature which in turn hinders the 

demixing process and consequently forms a membrane with denser structure and better 

rejection characteristic.  

 
Figure 34:  Effect of CBT on the hydrolysate permeance: (A) 3 wt.% vanillin (B) 6 wt.% 

vanillin and 1% water. 

 

In constant CBT, the role of viscosity in reduction of permeate flux at 30% VRF and increase 

of TOC and lignin rejection at different vanillin concentrations can be obviously seen from 

Fig. 35. As an example, at CBT of 0 °C or 20 °C, the TOC and lignin rejection slightly 
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enhanced and permeate flux at 30% VRF decreased as vanillin content increased from 3 to 

6 wt%. Similar flux and rejection behavior at different concentrations of Tween-20 as a 

hydrophilic additive by varying the CBT have been observed by Mousavi et al. (2012).  

 

 

 
Figure 35:  Effect of CBT on TOC rejection, lignin rejection and permeate flux (at 30% VRF): 

(A) 3 wt.% vanillin (B) 6 wt.% vanillin and 1% water. 

  

Overall, these results indicate the combined impacts of hydrophilicity and surface porosity 

on the hydrolysate permeance and rejection which are connected to the amount of additive 

and gelation temperature (CBT).  

 

6.6 Hydrolysate permeance and rejection study of UH004 P membrane 

The commercial PES UF membrane (UH004 P) and modified ones with 2.8 g/L vanillin 

concentration were also tested with hydrolysate in order to evaluate the effect of 

modification on the membrane performance. The maximum PEG solution permeability was 

achieved when the commercial membrane was modified at 2.8 g/L vanillin concentration 

and thus this concentration was selected for modification. Furthermore, the UH004 P 

membrane was also treated with two different vanillin concentrations, 1.3 and 4.8 g/L, to 

assess the hydrolysate permeance (Fig. 37) and rejection below and above the selected 

vanillin concentration.  
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Figure 36:  Hydrolysate permeance of: (A) virgin membrane, (B) modified membrane with 2.8 

g/L vanillin concentration. 

 

The minor improvement observed in modified membranes with 2.8 g/L vanillin can be 

ascribed to the better hydrophilicity (lower contact angle) of this modified membrane 

compared to the virgin one.  

 

Comparing hydrolysate flux of modified membranes and 1.3 and 4.8 g/L with virgin 

membrane reveals that the decline of hydrolysate permeance by approximately 40 % and 47 

% respectively which can be noticed from Fig. 37. At vanillin concentration of 4.8 g/L, 

approximately the same contact angle compared to virgin membrane without preservative 

agent at pH 3.8 (Tab. 16, 0 % vanillin) and also the possible formation of an extra layer on 

the surface of the membrane can be an explanation for hydrolysate flux behavior. 
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Figure 37:  Hydrolysate flux behavior over 90 minutes filtration for commercial membrane 

modified with: (A) 1.3 g/L vanillin concentration, (B) 4.8 g/L vanillin concentration.  

 

The results of the TOC, Lignin rejection analysis for virgin and modified membranes with 

vanillin as well as their final collected permeate mass and relatively steady permeate flux 

(RSPF, the average of the last 10 minutes of hydrolysate filtration) are presented in Tab. 19. 

It can be seen that the lignin rejection for modified membrane with 2.8 g/L vanillin declined 

by 12–28 % compared to virgin membrane. It is possible to hypothesize that this reduction 

is more likely related to the presence of vanillin in hydrolysate permeate since in PEG 

rejection study, it was noticed that the vanillin molecules penetrate through the membrane 

and thus it affects the TOC results. However, due to increase of lignin rejection for modified 

membrane with 4.8 g/L vanillin shown in Tab. 19, this hypothesis therefore might not be 

extrapolated in this case. In lignin rejection analysis with UV-Vis technique, the vanillin 

absorption peak overlaps with vanillin at wavelength of 280 nm which debilitates the 

capabilities of this technique to differentiate between vanillin and lignin.  

 

The reason for this reduction of lignin is not clear but it may be linked to the formation of 

hydrogen bonds between the OH groups of vanillin with oxygen atoms in ether and sulfone 

groups of polyethersulfone membrane which has been discussed in previous section (6.1.2 

Characterization and spectral analysis of the commercial membrane modified by vanillin) 
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This complex interaction might change the structure of the membrane which in turn might 

increase the lignin transport rate through the membrane, however further work is required to 

establish the viability of this hypothesis. 

 

Table 19: TOC rejection, lignin, final collected permeate mass, and RSPF of virgin and modified 

commercial membranes (UH004 P) with various vanillin concentrations.  

Samples 
 Rave (TOC) 

[%] 

Rave Lignin 

[%]  

Final permeate 

[g] 

RSPF at last 10 min 

[kg/m2h] 

Virgin 76.12 42.32 24.06 3.00 

4.8 g/L 75.24 45.68 12.73 1.63 

2.8 g/L 1st 75.50 37.04 25.6 3.26 

2.8 g/L 2nd 74.68 30.42 27.82 3.4 

2.8 g/L 3rd 73.48 34.85 21.33 2.88 

 

The pure water flux reduction before and after membrane fouling (hydrolysate filtration) 

was measured and it was noticed that the modified membrane (2.8 g/L) possessed lower flux 

reduction when compared to the virgin membrane which demonstrates the better antifouling 

features of the modified membrane. 

 

Table 20: Pure water flux before and after hydrolysate filtration for unmodified/modified UH004 P 

membranes. 

Samples 
Pure water flux [kg/m2h] 

FR [%] 
Before filtration After filtration 

Virgin 1st 62.52 26.66 57.35 

Virgin 2nd 62.36 31.18 50.00 

2.8 g/L 1st 62.05 34.92 43.72 

2.8 g/L 2nd 62.36 37.42 40.00 

2.8 g/L 3rd 61.27 35.39 42.23 
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7 CONCLUSIONS 

This thesis set out to find some practical membrane-based applications of vanillin as 

phenolic modifier in which vanillin can minimize the membrane fouling phenomenon by 

increasing the hydrophilicity of the membrane and by acting as an antifouling agent. 

Purification of hemicellulose, a potential raw material for several products of the future 

wood-based biorefineries from wood extracts with UF membranes has been drawn 

considerable interest. However, researches on this subject have been mostly restricted to 

limited filtration capacities and severe fouling caused by lignin. Hence, in the present work 

the effort put into modification of membrane via vanillin to eliminate the abovementioned 

obstacles. 

 

The experimental part of this thesis was undertaken to design two sets of modification 

approaches, physical adsorption and blending modification, by the use of vanillin as 

hydrophilic substance in order to improve the purification of hemicellulose from wood 

extract. The preliminary aim of physical modification was to investigate the effects of 

preadsorption of different vanillin concentrations on the performance of the UH004 P 

membrane with PEG solution. The characterization of membranes using FT-IR, contact 

angle and subsequent PEG and wood extract ultrafiltration experiments (UH004 P) led to 

following conclusions: 

 

1.  The adsorption of vanillin on the surface of the membrane increased by increasing the 

vanillin concentration and led to better PEG solution permeabilities while PEG rejection 

remained almost the same. 

 

2. The amount of residual adsorbed vanillin (20-26 µg/cm2) after flushing steps of 

experiments was the same regardless the amount of vanillin concentration which was used 

for surface modification. Thus, this residual amount can be considered as the equilibrium 

state of adsorbed vanillin. 

3.  The adsorption of vanillin on the surface of the membrane led the lower pure water flux 

reduction after ultrafiltration of wood extract when compared to virgin membrane which 

shows better antifouling characteristics under the experimental conditions. However, 

physical modification did not reveal significant improvement in wood extract separation 

performance. 
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In the second modification design, the fabrication of PES membrane blended with different 

vanillin and water contents as non-solvent additives into the casting solution through phase 

inversion technique at three levels of CBT was investigated for the first time.  

 

The presence of vanillin in membrane structure was confirmed by observable change in FT-

IR spectra after modification and was supported by changes in SEM images, in contact angle 

results and in wood extract fouling behavior. Overall, the modifications changed the 

membrane characteristics with respect to the surface hydrophilicity, surface morphology and 

pore structure. It was generally found that a small quantity of vanillin (3 wt.%) and water (1 

wt.%) at constant coagulation bath temperature, particularly at CBT of 10 °C, can preferably 

change the surface hydrophilicity and membrane morphology and thus lead to formation of 

membrane with better wood extract permeability. 

 

All the modified lab-made membranes revealed significant enhancement in wood extract 

permeability when compared to commercial membranes (UH004 P). A key strength of the 

blending modification was the quality of the wood extract separation (the difference between 

TOC rejection and UV rejection of lignin) which remained approximately the same as 

commercial membrane even though the TOC rejection was lower when compared to virgin 

and modified commercial membranes (Tab. 21). Using UV-VIS spectroscopy to measure 

lignin rejection poses a delimitation to this research due to the similar absorbance peak of 

vanillin and lignin at 280 nm wavelength. Further experimental and analytical investigations 

are needed to more accurately estimate the lignin rejection.  

  



93 

 

8 SUGGESTIONS FOR FUTURE STUDIES 

Even though it was shown in the literature part that the vanillin possesses quorum inhibition 

characteristics, the optimization of vanillin concentration in membrane modification to 

prevent or reduce biofilm formation has not been studied in this thesis. Further studies 

regarding the role of vanillin in both modification methods on biofouling reduction would 

be worthwhile. It could offer valuable insights into prevention of biofilm establishment on 

the surface of the membrane which is considered as one of the major impediment in 

application of membrane bioreactor and reverse osmosis membranes. 

 

Further research could be also carried out to investigate the reason for different lignin 

rejections with the found optimal vanillin concentration (2.8 g/L) added on the surface of the 

membrane. More accurate analysis and measurements should be considered to know the 

effects on lignin rejection. 
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APPENDICES  

Appendix 1: The molar absorption coefficient of vanillin in water at 308 nm 

and pH 5.6. 

 

 
Figure 38:  The UV-Vis absorption of vanillin in different concentrations at wavelength of 308 

nm and pH 5.6. 
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Appendix 2: wood extract permeance behavior of all lab-made membranes 

 

 
Figure 39:  Wood extract permeance behavior over 90 minute’s filtration for all lab-made 

membranes and unmodified commercial membrane. 

  



110 

 

Appendix 3: TOC rejection, lignin rejection, final collected permeate mass, 

RSPF and permeate flux (at 30 % VRF) of all used membranes in hydrolysate 

performance. 

 

Table 21: TOC rejection, lignin rejection, final collected permeate mass, RSPF and permeate flux (at 

30 % VRF) of all used membranes in hydrolysate performance. 

Samples 

 Rave 

(TOC) 

[%] 

Rfinal 

(TOC) 

[%] 

Rave 

Lignin 

[%]  

Rfinal 

Lignin  

[%]  

Final 

permeate  

[g] 

RSPF at 

last 10 min  

[kg/m2h] 

Permeate 

flux at 30 

% VRF 

std1 54.54 61.50 22.80 25.77 155.26 21.67 25.34 

std2 55.21 63.05 22.16 26.28 165.20 23.21 26.34 

std3 53.78 63.28 22.42 27.59 191.19 26.62 32.43 

std4 56.54 64.47 21.77 26.51 172.24 23.67 29.33 

std5 56.83 62.20 22.08 24.49 133.06 18.22 20.66 

std6 57.32 61.35 23.97 23.95 102.26 12.29 13.17 

std7 51.28 60.09 22.33 27.81 190.37 26.93 32.24 

std8 53.83 59.16 21.45 23.61 132.10 17.43 20.55 

std9 54.79 62.29 26.40 25.88 152.51 21.05 25.02 

std10 57.71 61.50 23.63 23.55 105.68 12.61 13.85 

std11 52.63 59.67 24.70 22.25 172.31 24.80 28.50 

std12 53.19 60.63 25.38 24.35 161.83 22.51 27.14 

std13 56.45 65.28 29.68 33.01 193.37 26.29 33.74 

std14 57.17 65.47 24.80 31.14 187.59 25.88 32.08 

Virgin** 76.12 76.77 42.32 42.38 24.06 3.00 - 

4.8 g/L* 75.24 75.88 45.68 46.78 12.73 1.63 - 

2.8 g/L 1st* 75.50 76.22 37.04 36.85 25.60 3.26 - 

2.8 g/L 2nd* 74.68 75.00 30.42 31.99 27.82 3.40 - 

2.8 g/L 3rd* 73.48 73.78 34.85 35.99 21.33 2.88 - 

** UH004 P 

* Modified UH004 P with different vanillin concentration 

 

 

 

 


