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Abstract 

Layer by layer (LBL) assembly of polyelectrolyte is a simple and versatile approach to fabricate 

functional membranes with good control in membrane properties such as thickness. In this study, 

microporous polyacrylonitrile (PAN) support membrane was modified with weak polyelectrolyte 

multilayer (PEM) system consisting of poly(allylamine hydrochloride) (PAH) and poly(acrylic 

acid) (PAA). In order to optimize the conditions for PEM coating process, the pristine PAN 

membrane was first surface modified via alkaline (NaOH solution) hydrolysis to generate negative 

surface charge to improve the adhesion of the first layer. Next, the hydrolyzed polyacrylonitrile 

(HPAN) support was modified with PAH and PAA polyelectrolytes by varying their assembly pH 

to tune the morphology and performance properties of the multilayer membrane. The membranes 

were characterized by SEM, streaming zeta potential, and water contact angle measurements. It 

was found that the pH of the coating solutions substantially influenced the morphology and 

performance of the polyelectrolyte multilayer membranes (PEMMs): a uniformly dense and thin 

film was observed at PAH/PAA solution pH (6.5/6.5) due to the high intrinsic charge 

compensation occurring between the two PEs since both PEs are nearly fully ionized at pH 6.5. 

Likewise, a thin but less dense film was obtained at PAH/PAA solution pH (2.5/8.5) where both 

PEs are fully ionized. On the other hand, the thickest layer was formed at PAH/PAA solution pH 

(2.5/4.5) combinations where PAA is only partially charged and PAH is fully charged. The 

PAH2.5/PAA4.5, PAH2.5/PAA8.5, and PAH6.5/PAA6.5 demonstrated a pure water permeance 

of 35.2 8.72, and 2.34 L·m-2·h-1·bar-1, respectively after coating with four layers. However, the 

membranes showed very poor gas separation performance.  Results of this study clearly 

demonstrate the potential of using weak PEs solution pH as a tuning parameter to prepare PEMMs 

for specific applications. 

 

Key words: Polyelectrolyte, layer by layer assembly, polyelectrolyte multilayer membrane 

(PEMM), poly(allylamine hydrochloride) (PAH),  and poly(acrylic acid) (PAA)
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Resumen 

  El ensamblaje capa a capa (LBL) de polielectrolitos es un método sencillo y versátil para fabricar 

membranas con grupos funcionales, que permitan un buen control de las propiedades de la 

membrana como el grosor. En este estudio, se modificó la membrana de soporte de poliacrilonitrilo 

(PAN) microporoso con un sistema de multicapas de polielectrolitos débiles (PEM) compuesto 

por clorhidrato de poli(alilamina) (PAH) y poli(ácido acrílico) (PAA). Para optimizar las 

condiciones del proceso de recubrimiento PEM, la membrana de soporte PAN fue modificada 

primero superficialmente mediante hidrólisis alcalina (solución de NaOH), para generar una carga 

superficial negativa con el fin de mejorar la adhesión de la primera capa. A continuación, el soporte 

de poliacrilonitrilo hidrolizado (HPAN) fue modificado con polielectrolitos PAH y PAA variando 

su pH durante el ensamblaje para ajustar la morfología y el rendimiento de la membrana multicapa. 

Las membranas fueron caracterizadas mediante SEM, potencial zeta de flujo y mediciones del 

ángulo de contacto (agua). El pH de las soluciones de recubrimiento influyó significativamente en 

la morfología y el rendimiento de las membranas multicapa de polielectrolitos (PEMM): se 

observó una película uniformemente densa y fina a un valor de pH de solución de PAH/PAA 

(6,5/6,5) debido a la elevada compensación de carga intrínseca que se produce entre los dos PE, 

puesto que ambos PE estuvieron casi completamente ionizados a un pH de 6,5. Asimismo, se 

obtuvo una película delgada, pero menos densa, a un pH de la solución de PAH/PAA (2,5/8,5) en 

el que ambos PE estuvieron totalmente ionizados. Por otro lado, la capa más gruesa fue sintetizada 

mediante las combinaciones de pH de la solución PAH/PAA (2,5/4,5), donde el PAA estuvo 

parcialmente cargado y el PAH totalmente cargado. Los valores de permeabilidad de agua pura 

para las membranas PAH2.5/PAA4.5, PAH2.5/PAA8.5 y PAH6.5/PAA6.5 fueron 35,2 8,72 y 2,34 

L-m-2-h-1-bar-1, respectivamente, tras el recubrimiento con cuatro capas. Sin embargo, el 

rendimiento de las membranas en la separación de gases fue muy bajo. Los resultados de este 

estudio demuestran claramente el potencial de utilizar el pH de la solución de PEs débiles como 

parámetro de ajuste para preparar PEMMs para aplicaciones específicas. 

 

Palabras clave: polielectrolitos, ensamblaje capa a capa (LBL), membranas multicapa de 

polielectrolitos (PEMM), por clorhidrato de poli(alilamina) (PAH), y poli(ácido acrílico) (PAA) 
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1. Introduction  

 

The rapid global population growth, industrialization, economic advancement and climate change 

have triggered a rising demand and constraints of fundamental commodities such as freshwater, 

energy, and other raw materials that are essential elements in many industries.  A recent report 

disclosed that approximately 1.42 billion people reside in a place facing high water shortage1, and 

it is projected that around 40% of the total world’s population will suffer from a serious water 

deficit by 20352. Likewise, materials are extracted from the earth, converted to useful products via 

several energy-consuming processes, distributed, and then, after consumption, lastly discharged to 

the environment creating a steadily increasing waste stream. Material extraction, production, and 

use-related release of waste and emission have surpassed the crucial ecological limits3. On the 

other hand, the production of freshwater, extraction, and production of material, and their 

associated waste treatment consume a considerable amount of energy input, causing a higher risk 

of environmental change. Overcoming the global scarcity of fresh water, energy, and material 

resources challenge together with the growing need to develop energy-efficient and 

environmentally benign processes underscores the utmost necessity to develop advanced and 

sustainable separation technologies of all sorts. 

 

Among the many potential separation techniques, membrane-based separation is reckoned as the 

most sustainable technique utilized in diversified water and wastewater treatment4–6, gas 

separation7–11, and material recovery applications12–14.  A membrane is a semipermeable barrier 

which, in essence, acts as a perm-selective interface that provides a differential transport resistance 

to chemical species or components (referred to as permeants), which is the key for membrane-

based separations.  Unlike conventional separation techniques, membranes separation is 

considered as cost-effective, energy-efficient, and environmentally benign separation 

technique10,15–17 since it avoids the energy consuming phase change process of conventional 

separations10 and operates isothermally at ambient conditions18.  Furthermore, membrane-based 

separation has several advantages such as simple process, relative ease of operation and control, 

compact equipment, low energy consumption, and ease of scaling up compared to conventional 

processes10.   
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An ideal separation membrane is characterized by high flux and high selectivity or separation 

capability. To combine these two desired properties, for several applications, membranes are 

prepared in the form of thin-film composite (TFC) membrane, which consists of three distinct 

layers [Figure 1]. TFC membranes structure entails: i) an ultrathin (ca. tens to few hundreds of 

nanometers scale thick) defect-free top selective layer which mainly dictates the performance of 

the membrane ii) a highly permeable ultra or micro-porous support layerwhich provides a 

sufficiently smooth surface to create a defect-free thin top layer (composed of polyacrylonitrile, 

polysulfone etc), and iii) nonwoven polymeric support made from polyester or polypropylene that 

merely provides the desired mechanical stability of the composite structure19.  The ultra-porous 

sub layer is generally prepared on top of the nonwoven fabric via a phase inversion technique. 

Unlike integral asymmetric membranes where the selective layer/skin layer and the support layer 

are composed  of a single material, TFC structure provides the opportunity to independently tailor 

the properties of selective layer and the ultra-porous substructure to obtain a composite with 

desirable functionalities/features.  Surface modification of a microporous membrane allows  

preparation of a functional membrane with some desired properties for application in nanofiltration 

(NF), reverse osmosis (RO), solvent resistant NF, ion selective separation20, micro pollutant 

removal, gas separation, drug delivery, and as a sacrificial layer. 

 

 

Figure 1. Thin film composite (TFC) membrane 

 

Over the past decades, numerous techniques such as phase inversion21,22, surface crosslinking, 

interfacial polymerization23–25, UV-initiated grafting26,27, plasma grafting28, and sol-gel process29 

have been widely used to modify surface of a microporous membranes for designated separation 

processes.19  However, most of these methods are costly, laborious and rely on environmentally 

unfriendly solvents and/or reactions which can partly degrade the support membrane.30 In this 

study, a TFC membrane containing a polyelectrolyte multilayer was produced by  postmodification 
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of an asymmetric microporous (PAN) support membrane with polyelectrolytes (PAH and PAA) 

via layer-by-layer assembly technique.  The membrane’s hydrophilicity, morphology, chemical 

structure and surface charge properties of the multilayer membranes was determined. Moreover, 

the effect of different surface coating parameters such as number of layer and pH of the deposition 

solution and hydrolysis condition of PAN support on the both water flux and gas (olefin/paraffin) 

separation performance was thoroughly investigated 

 

1.1 Objectives  

The research is aimed to evaluate the utility of polyelectrolyte surface modification of an 

asymmetric microporous membrane for tailoring its nanofiltration and gas separation 

performances. Thus, the main objectives of the thesis work were: 

1. To investigate the fundamentals of polyelectrolyte multilayer buildup process by 

characterizing the  morphology, surface charge and hydrophilicity of the membranes. 

2. To investigate and establish relationships between polyelectrolyte multilayer 

membrane(PEMM) structure characteristics and  membrane performance in terms of water 

permeance  

3. To investigate and establish relationships between PEMM characteristics and gas 

separation performance in terms of olefin/paraffin separation efficiency 

4. To investigate and establish relationships PAN membrane degree of hydrolysis and PEM 

buildup process 

2. Literature review 

2.1 Polyelectrolyte multilayer membrane  

   Polymers are reckoned as a promising membrane material due to their low cost and easy 

processability compared to inorganic ones. Additionally, the self-assembly of charged polymers is 

evolving rapidly as a fascinating approach of modifying the surface of membranes by depositing 

an ultrathin separation layer on a thick, highly permeable, and mechanically robust substrate to 

provide it with certain desired properties for a designated application. Polyelectrolytes (PEs) are 

polymers bearing charged or chargeable groups in their repeating unit. These groups can dissociate 

in polar solvents like water, conveying either positive (polycationic PE), negative (polyanionic 

PE), or both (zwitterionic PE) charges on the polymer repeating unit while liberating the counter  

ions into the solution31. Furthermore, PEs that are decorated with a high degree of charge 
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throughout their monomer units, thus fully dissociating at any pH range refer to strong PEs while, 

in contrast, weak PE contains partially charged repeating units and their dissociation is pH-

dependent. Commonly used strong PEs are poly diallyldimethylammonium chloride 

(PDADMAC) and polystyrene sulfonate (PSS). Whereas poly (allylamine hydrochloride) (PAH), 

polyethyleneimine (PEI), and polyacrylic acid (PAA) are the regularly used weak PEs.    

 

PEs have curved out a reputation in the preparation of polyelectrolyte multilayer (PEM) membrane 

via layer-by-layer (LBL) self-assembly of oppositely charged PEs, initially pioneered by Decher 

and Hong32 in 1990’s. The LBL build of PEM can be performed using several coating techniques, 

such as dip coating, spin coating and spray coating.  In the most common dip coating LBL 

assembly technique,  a charged substrate is alternatively exposed or immersed to oppositely 

charged PE solutions, followed by an intermediate rinsing with DI to remove excess and weakly 

adsorbed PEs33 [Figure 2], assuming negatively charged substrate]. The sequential process is 

repeated until the desired number of multilayer structure is attained. As explained above, PEs gain 

charge and entropy by releasing counterions into its surrounding when it dissolves in a suitable 

solvent31,34 and subsequently adsorbs onto oppositely charged surfaces due to electrostatic 

attraction. In principle, the deposition of the first layer neutralizes the opposite charges of the 

support surface through charge compensation35,36. However, only surface charge reversal happens 

to the bulk material due to charge overcompensation which creates excess surface charge density 

depending on the terminal PE layer, leaves the surface primed for the deposition of the next PE 

layer37,38. The electrostatic charge neutralization and charge overcompensation drives the 

polyelectrolyte multilayer buildup process with controlled thickness.  

  

Figure 2. LBL assembly of PEs (dip coating) 
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Ever since its first report, LBL self-assembly has really established itself as a simple, facile, 

reproducible, versatile, and efficient approach of fabricating nanostructured thin films with tunable 

thickness, compositions, structures and properties at the nanometer scale for use in a wide variety 

of fields such as biomedicine39, sensor40, semiconductor, fuel cell41, membrane separation31,42, and 

the preparation of antimicrobial coatings43.  

 

Compared to conventional membrane modification methods, LBL assembly of PEs allows the 

deposition of defect free layers, universal and convenient surface chemistry tailoring of various 

membrane structures31, and precise control over the thin film thickness down to nanoscale44. 

Furthermore, LBL process utilizes wide range of commercially available versatile PE pairs45 which 

are usually low cost and environmentally benign as they are water soluble, needs lower amount of 

liquid to coat large surface area,  and is performed  at ambient temperature and pressure except for 

dynamic assembly46,47. PEs can be differentiated in terms of their molecular weight, functional 

group, charge density etc.  Since LBL films are free of any defect, the thickness, and thus the 

separation performance of PEMM can be finely tailored by tuning numerous conditions such as, 

number of layers, concentration and of PE, coating method, pH and ionic strength of the coating 

solution.  Therefore, LBL assembly of PEs could be a virtuous technology for fabricating novel 

functional membranes, as a membrane with high flux, high separation efficiency and good stability is 

indispensable for practical application. Recently, many researchers have utilized the advantage of 

numerous available tunable parameters to tailor the surface properties of PEMMs to suit for various 

scope of applications such as NF48,49, RO50,51, gas separation, pervaporation52,53,  SRNF54, organic 

micropollutant removal30,  and ion-selective separation55. 

 

Among the many parameters, rational selection of PE plays a significant role in PEM build up process. 

This is because properties of the PEM such as thickness, porosity, hydrophilicity, roughness, porosity, 

hydrophilicity, swellability, and mechanical stability are strongly influenced by the polyelectrolytes 

(e.g. molecular weight and chain rigidity). Individual PE with high charge density forms strong 

polycation-polyanion pair which is important to form a relatively thin and more stable PEM structure56.  

 

Besides the charge density, molecular weight of PEs in the coating solution greatly influences the PEM 

growth, especially when depositing the first layer. PEs with molecular weight less than the molecular 

weight cut off value of the support membrane can fill up the porous of the support, thus reducing the 
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pore size and porosity of the final membrane structure. Such kind of dense PEMM are preferable for 

pervaporation process as it requires a nonporous membrane. On the contrary, PEs with a relatively 

higher molecular weight than the molecular weight cut-off of the support membrane can be used to 

create a porous thin film structure with certain surface charge, which is usually preferable for NF. 

Similarly, chain length of PE polymer has a significant effect on the performance of PEMM. Wang et 

al.57 reported that NF multilayer membrane prepared using static LBL assembly of PEI (branched high 

Mw) and sPEEK polyelectrolytes on PAN support demonstrated a maximum salt retention of 61% at 

3.5 bilayers, while PEMM prepared from low Mw PEI showed no salt rejection at the same number of 

bilayers. This is mainly ascribed to the better bridging capability of branched PEI polyelectrolytes than 

linear PEI. On the contrary, linear low Mw PEI form loos structure hence large number of bilayer is 

required to induce salt rejection.  

 

Next to the type of PE, it is noteworthy considering the effect of various coating parameters on the 

structure, morphology and separation performance of PEMMs. During LBL assembly, eventual 

properties of PEM can be precisely controlled by tailoring the ionic strength of the coating PE 

solution58–68. The magnitude of entropy gain of the release of counter ions and charge compensation 

mechanism are strongly influenced by the ionic strength of the deposition solution. Besides, ionic 

strength has an additional plus as it affects the ionization behavior of both strong and week 

polyelectrolytes. To better investigate this, Several researchers have utilized different concentration 

and type of salts as background electrolyte solution to modify the ionic strength of the polymer solution 

and reported that charge overcompensation happens due to intrinsic and extrinsic ion balance [Figure 

3] depending on the ionic strength of the PE solution42,66. This is because salt screens both the segment–

segment repulsion within PEs and the segment–surface attraction between polyelectrolytes and the 

substrate surface42.  

 

Figure 3. Intrinsic (a) and Extrinsic (b) charge compensation mechanism 

 

In PE solutions with low ionic strength, the segmental attraction between the PEs is strong and 

charges of the adsorbed polyelectrolytes are mainly balanced by opposite charges from the 
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adsorbing PE layer, intrinsic charge compensation mechanism59,66. During intrinsic charge 

compensation, thin and dense multilayer layer having a relatively low mobility of the polymer 

chains is formed. On the contrary, in  PE solution with high ionic strength, the entropic gain of 

counterions upon release is minimum and fewer counterions are released, and thus more 

counterions remain bound to the polyelectrolyte69. As a result, the electrostatic attraction between 

PE layers is inhibited due to the increase in charge screening of the polymer chains and PE charges 

are balanced by counter ions in the solution, extrinsic charge compensation59,66. Weak electrostatic 

attraction results in the deposition of greater amount of PEs in coiled and loopy conformation and 

low surface area per chain, leading to the formation of thick multilayers with more open structure 

and relatively high mobility of polymer chains60,66,70–72.  

 

Researchers have prepared application oriented polyelectrolyte multilayer membranes by 

systematically tailoring the structure and properties of the multilayer film by just modifying the 

ionic strength of the coating solution.  J. de Grooth et al.60 modified  tight ultrafiltration membranes 

(Hollow Fibre Silica, HFS) with PDADMAC /PSS multilayer using NaCl (0.005, 0.05 and 0.5 M) 

as background electrolyte solution and observed that, at low ionic strength (0.005 and 0.05M 

NaCl), the charge compensation happened between oppositely charged polymer chains.  The 

authors reported a transition from intrinsic to extrinsic charge compensation upon increasing ionic 

strength of the deposition solution from 0.005 and 0.05M to 0.5 M. Such transition is usually 

accompanied by nonlinear layer growth due to the adsorption of large a amount of PEs leading to 

the formation of thick and more open multilayer structure.  In another study, Remmen et al.73  

studied the influence of ionic strength of the coating solution on scandium (Sc3+) recovery capacity 

of a 3 bilayer (PDDA/PSS)3 multilayers deposited on a PES membrane by dynamic LbL assembly. 

They showed that PEMM assembled at high ionic strength (1 M NaCl) demonstrated the highest 

Sc3+ rejection capacity (64%) compared to the thin films assembled at low ionic strength (0.05 M 

NaCl) which had only 33.7 % Sc3+ retention capacity. In addition, the LBL assembled membrane 

demonstrated good solvent stability and produced water flux of 27 L/m2·h. at a pressure of 5 bar, 

highlighting the suitability of LBL assembled membranes for nanofiltration application as the 

PEMM provides higher flux and selectivity at a relatively lower pressure.  
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Additionally, LBL assembled PEMM have been considered as ideal nanofiltration membranes for 

rejecting of multivalent ions, attributed to their size exclusion and charge or Donnan exclusion 

based ion selectivity capability.  Stanton et al.74 investigated the effect of salt concentration with 

4.5 bilayers ([PSS/PAH]4PSS) films coated over porous alumina support. They reported 

maximum Na2SO4 salt rejection up to 95% was obtained by increasing supporting electrolyte 

concentration (05 – 2.5M MnCl2). This is due to higher surface charge attained upon the deposition 

of the capping PSS layer. The higher net surface charge was obtained because the terminal PSS 

layer was less intermingled with underlying layers. However, the water flux decreased with 

increase in salt concentration, presumably due to increased osmotic pressure. 

 

Interestingly, PEMM membranes prepared using high ionic strength has demonstrated an 

outstanding separation performance and excellent solvent stability in solvent-resistant 

nanofiltration (SRNF) application. Li et al.72 investigated the effect of dipping solution salt 

concentration on the SRNF performance of PAN based composite multilayered PEC 

membranes using LBL assembly of SPEEK/PDDA. The composite membrane exhibited an 

isopropyl alcohol (IPA) permeance increase from 0.06 to 0.98 L/ (m2 h bar) while maintaining  

high Rose Bengal (1017 Da) retention with increasing NaCl concentration of the deposition 

solution from 0 M to 0.5 M. This is mainly ascribed to the looser membrane structure formed as a 

result of the increase in electrostatic repulsion between the PE chains at high salt concentration. 

 

Besides the ionic strength, it is noteworthy investigating the effect pH of the polyelectrolyte 

solution on structural and separation characteristics of PEMM, especially when working with week 

polyelectrolytes. Weak polyelectrolytes are polymers whose charge density is widely tunable from 

near zero to a fully charged state through simple pH adjustments of their solutions42. This affects 

the solution behavior of the polymer chains and in turn influences their conformation upon 

adsorption onto the oppositely charged surface. The charge compensation mechanism between two 

PEs as a function of their degree of ionization in a solution is depicted in Figure 4.  
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Figure 4. Charge compensation between (a) two fully charged PEs and (b) one fully ionized and 

another partially charged PEs  

Numerous researchers have used the pH of the coating solution as a tunable parameter to 

systematically control the layer thickness and the molecular structure of the multilayers, which in 

turn dictates the morphology, structure and overall separation behavior of the 

membrane.  Furthermore, the charge density and structure of weak PEMMs can be modified by 

varying the environmental pH after build-up75.  

 

Shazia Ilyas et al.54  studied the solvent resistant nanofiltration (SRNF) performance of hydrolyzed 

PAN membrane modified with weak polyelectrolytes multilayers prepared from PAA and PAH 

solutions of pH (PAH/PAA: 7.5/7.5, 7.5/3.5 and 3.5/3.5) and polymer concentration of 0.1 g l−1 in 

a 50 mM NaNO3.  Films assembled at pH of PAH/PAA: 7.5/7.5 were 8 times thinner than the 

films formed at other pH combinations. Sanyal et al.76 also modified NF 90 commercial membrane 

with 5-bilayers of PAH/PAA films prepared from a solution at a pH of (PAA/PAA: 8.5/3.5 and 

6.5/6.5) and reported that the lowest film thickness was obtained at pH combination of 6.5/6.65. 

This is because PAH with pKa 8–9 and PAA with pKa of 4.5 are nearly fully charged at this pH 

range and thus forms a stretched conformations due to high electrostatic repulsions between 

charged segments of the PEs54,77,78. Furthermore, small amount of PE is required to compensate 

for all charges existing in the previously deposited layer, intrinsic charge compensation 

mechanism. On the other hand, thick and loopy film structure was demonstrated at a deposition 

solution pH combinations of (PAH/PAA: 7.5/3.554 and 8.5/3.576) owing to the partially charged 

configuration. As a result, the membranes produced at pH conditions of PAH/PAA: 7.5/7.5 had 

the highest SRNF  separation performance along with good solvent stability in solvents such as 

isopropyl alcohol (IPA), acetonitrile (ACN), tetrahydrofuran (THF) and in the challenging polar 

aprotic solvent, N,N-dimethylformamide (DMF) due to the lower extrinsic charge compensation.  

The pure IPA permeance values were: 7 L m−2 h−1 bar−1 for [7.5/7.5] membranes, 4 L m−2 h−1 bar−1 

for [7.5/3.5] membranes, and 5 L m−2 h−1 bar−1 for [3.5/3.5] membranes. These permeance results 

suggest that the film was not only thin but also denser than the others54.   
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Generally, as reported by Rubner et al.77 [Figure 14, appendix], thin and dense film structure is 

formed at a pH combination where both the Polyelectrolytes are equally or fully charged. At this 

pH combination, there exists a strong electrostatic repulsion between the fully charged polymer 

segments and as a result the segments form a stretched/extended conformation. On the other hand, 

thick and loopy structure is formed when one of the PE solution is in a fully charged situation 

while the second one is only partially charged, thus large amount of the second electrolyte is 

needed to compensate the charges from the adsorbed layer.  

 

Furthermore, it is important to mention that researchers have introduced new methods of preparing 

LbL assembled PEMMs with the intention of speeding up and scaling up the coating process. 

Dynamic coating of PE, which is based on alternating filtration of PE solution under pressure is 

considered as the best option to uniformly coat a large membrane area at a relatively short period 

of time compared to the common static one46,79–81.  Ji et al.81 modified PAN ultrafiltration 

membrane using alternative filtering PEI and PAA polyions in a dead-end filtration cell under a 

pressure of 0.1MPa. They reported that the regularity of the membrane surface was enhanced and 

the resulting membrane can maintain a stable performance up to 52 h for dehydration of a 95% 

ethanol aqueous solution. In another study, Su et al.80 used cross-flow dynamic assembly to modify 

the surface of polysulfone (PS) membrane with a single layer of PDADMAC polyelectrolyte. 

Surface zeta potential measurement revealed that the membrane prepared by the static method 

demonstrated a negative zeta potential due to the stronger negative charge of the PS membrane, 

shielding some of the positively charged amino groups of the PDADMAC. However, the 

dynamically assembled film produced a positive surface charge of +55 mV, signifying the 

remarkable impact of the type of coating procedure used.   

 

Finally, LbL build of PEMMs  involves the use of wider range of  almost any kind of any shape 

charged substrates such as poly(ethersulfone), sulfonated poly(ethersulfone), polysulfone, plasma‐

treated poly(acrylonitrile),  and porous alumina supports, as a result, the separation performance 

of PEMMs is highly dependent on the surface properties of substrate. In addition to the commonly 

needed thermal, mechanical, chemical stability combined high permeability, it is preferable to use 

charged and low surface roughness support membrane for constructing polyelectrolyte 
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multilayers. The effect of support surface charge is usually limited to the adhesion of the first. To 

obtain a support with such surface characteristic, several process such as alkaline hydrolysis of 

82,83 and allylamine plasma polymerization84 have been applied to post-modify surface of PAN and 

Poly(tetrafluoroethylene) PTFE support membranes. Alkaline hydrolyzed microporous 

Polyacrylonitrile membrane was employed as a porous substrate in this thesis work.  

 

In this study, a new roll-to-roll (R2R) based layer by layer assembly was employed to coat large 

areas of flat sheet microporous PAN membrane with very thin polyelectrolyte films. Considering 

the flexibility to modify the properties of weak polyelectrolytes by changing some external 

parameters such as pH and ionic strength of the coating solution and the environment during 

deposition and after the build-up, respectively, weak PEs PAA and PAH were chosen in this work. 

It should be noted that this combination has been used to modify PAN membrane. However, the 

effect of R2R assembly on the structural properties, olefin/paraffin separation has not, to the best 

of this work, been described.  

3. Experimental part 

3.1 Material and chemicals  

An in-house prepared polyacrylonitrile (PAN) microfiltration membrane was used as a porous 

support membrane.  Weak polyelectrolytes poly (allylamine hydrochloride) (PAH, Mw = 50,000 

g mol−1) and Polyacrylic acid (PAA, Mv=450,000 g mol−1) were purchased from Sigma-Aldrich, 

Germany.  The chemical structures of these polyelectrolytes is shown in Figure 5. 5mM NaCl salt 

was used as background electrolyte to prepare the PE solutions. NaOH and HCl were used to adjust 

the pH of PE solutions. All chemicals were also obtained from Sigma-Aldrich, Germany were used 

as received without further purification. Deionized water (conductivity of 0.055 µΩ cm) was used 

for membrane rinsing and preparation of PE solutions. 

 

Figure 5. Chemical structures of PEs used in this work. 
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3.2 PAN membrane post modification 

The polyacrylonitrile (PAN) microfiltration membrane was firstly chemically postmodified using 

alkaline hydrolysis method to improve its surface charge85 following the previously reported 

procedures86. Briefly, PAN membrane was immersed in 2 M NaOH solution for various periods 

of hydrolysis time (1, 1.5, 2, 2.5, and 3 hr.) in order to gain the initial knowledge and experience to 

choose best hydrolysis condition for its post functionalization. Subsequently, the membranes were 

thoroughly rinsed with excess amount of distilled water several times to remove any residual 

NaOH solution. The hydrolyzed membranes were dried at room temperature for 30 minutes before 

coating.  

 

3.3 PEMM via Layer by Layer Assembly 

     The PEMM buildup was performed in an in-house-built laboratory scale roll-to-roll (R2R) dip 

coating machine[Figure 6], at room temperature.  The R2R dip coating machine consists of 

deposition solution holder and two guiding rolls, one stationary roll to place the membrane in a 

frame so that only its top surface is exposed to the polyelectrolyte coating solutions. Typically, a 

flat sheet membranes with a length of up to 100 cm and  width of up to 10 cm can be coated with 

this device. During the coating process, the coating solution was applied just to the selective side 

of the support by creating a meniscus between the belt shaped rolling HPAN membrane and the 

PE coating solution. The speed was adjusted to the desired constant path velocity automatically by 

the controller.  

 

Figure 6. Schematic representation - (A) Roll-to-Roll (R2R) dip coating machine developed at Institute of 

Membrane research, Helmholtz Zentrum Hereon and (B) cycle of multilayer buildup process, assuming 

negatively charged substrate  

Due to the pH dependent degree of ionization of weak polyelectrolytes and the subsequent coating 

conditions, different solutions of PAH and PAA were investigated in order to gain the initial 
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knowledge and experience to choose three PE solution pH combinations to prepare the PEMM. 

Specifically, PAH and PAA solutions containing 0.15wt. % PE were first prepared in 0.005 µΩ 

micropore water and 5mM NaCl as supporting electrolyte. The pH of the PE solutions was adjusted 

(2.5 – 8.5) using either 1M HCl or 1M NaOH solution by dropwise technique. The PE solutions 

were stirred for 15 minutes at room temperature and no precipitation or clouding was detected in 

the PE solutions.  

  

Briefly, during the R2R assembly, the top surface of the HPAN was first exposed to the pH 

adjusted polycation (PAH) solution and was allowed to roll a full cycle at a controlled speed to 

coat the whole membrane area. Next, the PAH modified membrane was exposed to the negatively 

charged (PAA) solution in a similar manner. This produced one PAH/PAA “bilayer” (BL) and the 

procedure was repeated till the desired PAH/PAA coatings of target thickness were obtained on 

the membrane. No intermediate washing was employed since it has no or near negligible effect on 

overall performance of PEMMs87,88. Furthermore, it minimizes chemical consumption (NaCl, HCl 

and NaOH) and related waste release as high amount of washing solution is needed to completely 

rinse the whole membrane. Finally, the membranes were dried using a multi-step process. First, 

they were dried by air flushing for 5 min and further dried in ambient air for 1 hour followed by 

vacuum oven drying at 40 for an additional overnight. 

 

To study the effect of pH of the deposition solution on the buildup process of PAH/PAA 

multilayer, different pH combination (1. equal pH of both polyelectrolytes (2.5/2.5, 4.5/4.5, 

6.5/6.5, and 8.5/8.5), 2. Constant pH of PAH polyelectrolyte solution coupled with varying pH of 

PAA solution, and 3. Constant pH of PAA polyelectrolyte solution coupled with varying pH of 

PAH solution) were used. Based on the preliminary experimental result, three pH combinations 

(PAH/PAA: 2.5/4.5, 6.5/6.5, and 2.5/8.5) were selected to study the effect of coating solution pH 

on the structure and overall separation characteristics of the as prepared PEMMS. In this thesis, 

the multilayer membranes are designated as (PAHy/PAAz) , where y and z are pH of PAH solution, 

pH of PAA solution, respectively. For instance, (PAH2.5/PAA6.5) represents a PEMM assembled 

from PAH and PAA solutions of pH 2.5 and 6.5, respectively.   

 

3.4 Characterization of the membranes 
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3.4.1 Scanning Electron Microscopy (SEM) 

 The surface and cross-sectional morphologies of the all membranes including pristine, 

hydrolyzed, and PEMM were characterized with the help of scanning electron microscope (SEM) 

instrument after oven drying at 40 for 48 hours.  Secondary electron (SE) images of SEM were taken 

at voltage of 3 kV. For the cross-sectional analysis, the samples were fractured in cryogenic liquid 

nitrogen. Before examining the samples were prepared by coating a thin layer of 1.5 nm platinum 

using Safetamtic CCU-010, Switzerland, to promote conductivity.  

 

3.4.2 Fourier Transform Infrared Spectroscopy (FTIR) 

 The chemical structure of the pristine and hydrolyzed PAN membranes was investigated by 

Attenuated Total Reflectance Fourier transforms infrared spectroscopy (ATR-FTIR-diamond 

crystal) mode equipped with an ATR unit to see the chemical changes happening due to alkaline 

hydrolysis. FTIR spectra of the membranes were collected in the range of 4000–400 cm–1 with a 

nominal resolution of 2 cm–1 and average scan of 32 at room temperature.  

 

3.4.3 Streaming Potential Measurements 

 Surface  zeta potential (ZP) of the membranes was determined using an Electrokinetic analyzer 

(Anton Paar, SurPASS 3, Germany) with 0.168 mM NaCl solution in DI water as background 

electrolyte and room temperature condition. The membrane samples were analyzed for 4 

measurement cycles in the pH range of 3 to 9 to eliminate experimental error. The pH values were 

adjusted using 50 mM HCl and 50 mM NaOH solutions in a range of 4 – 10. The adjustable 

streaming channel gap height was fixed in a range between 95-105 µm. 

 

The surface zeta potential (ζ) was determined from the streaming potential (Ustr) using the 

Helmholtz-Smoluchowski equation 1:  

𝜁 =
𝑑Ustr

𝑑∆𝑃

𝜂

𝜀𝜀0

𝑙 

𝐴

1

𝑅𝑒
                                            Eq. 1 

where ∆P is the pressure difference across the streaming channel (Pa), η is the dynamic viscosity of 

the electrolyte solution (Pa·s), ε is the permittivity of the electrolyte, ε0 is the vacuum permittivity 

(F·m−1), l is the length of the streaming channel, A is the cross section of the streaming channel (m2) 

and Re is the electrical resistance inside the streaming channel. 
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3.4.4. Contact Angle measurement  

The water contact angle of all membranes was measured using sessile drop method on a Krüss 

Drop Shape Analysis System DSA 100. As mentioned above, membranes were dried before the 

measurement to make sure it was free of humidity. Milli-Q water (2 μl) was dropped at a speed of 

2.67 μL/s at three different location of the same membrane surface utilizing a syringe to check the 

formation of uniform surface coating and the mean value was considered as the result.  

 

3.4.5 Gas Permeation testing 

PAH/PAA PEMMs were characterized in terms of their gas permeance (methane, ethane, ethylene, 

propane, and propylene) at 23 °C. Single gas permeation experiments were carried out with pure 

gases using pressure increase measurement facility built in-house, Helmholtz Zentrum Hereon, 

Germany89. The basic principle is based on constant volume-variable pressure method i.e. 

measuring the pressure increase rate on the defined volume permeate side of the thermostated 

membrane cell when certain feed pressure is applied to the membrane90–92. In order to clean the 

permeation system, both sides of the membrane cell were evacuated before the start of the 

measurement using vacuum pumps. During the experiment, the feed pressure was maintained at 

1000 mbar for all gases. Next, valves were opened to allow the feed gas to flow into the membrane 

cell which has an effective membrane area of 3.21 cm2. Thus, gases permeate through the 

membrane and are collected in the initially evacuated permeate vessel. The pressure increase in 

the permeate side at constant feed pressure was automatically recorded as a function of time by 

the machine. Single gas permeance data was obtained by automatic acquisition of permeation data 

points at each pressure increase step of the permeate side between 1-10 mbar at 23.5 oC. 

 

The single gas permeance P (m3 (STP) m−2 h −1 bar) and ideal selectivity (αA/B) of the membrane 

for pure gases A and B were determined using the equation the Equation (2) and (3): 

𝑃 =
𝑉𝑝22.4  

𝑅𝑇𝐴∆t
ln (

p𝑓−p𝑜

p𝑓−p𝑝(𝑡)
)                                  Eq. 2 

𝛼𝐴/𝐵 =
𝑃𝐴

𝑃𝐵
=

𝐷𝐴𝑆𝐴

𝐷𝐵𝑆𝐵
                                                        Eq. 3 

where VP is the constant permeate volume [cm3(STP)], l is the film thickness (cm), A is the 

effective area of membrane (cm2), R is the gas constant (8.314 J mol−1 K−1), Pf is pressures at the 

feed, Po is permeate pressure at the beginning of the measurement , Pp(t) is permeate side at the end 
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of the measurement, and ∆t is the time for permeate pressure increase from po to Pp(t)) (s).  The 

factor of 22.4 is used to convert from molar to volumetric units. 

 

3.4.6 Pure water permeance measurement 

 The hydrolyzed HPAN support and PEMMs were characterized in terms of their pure water 

permeance (L m−2 h−1 bar−1) using a home-made dead-end filtration system, with 1.77 cm2 active 

membrane area and a trans-membrane pressure of 4 bar at room temperature. The applied 

transmembrane pressure was controlled with a pressure regulator. The experiment was allowed to 

run until the weight of the permeate volume reaches 1000 g, while gravimetrically measuring the 

volume change V at every 3 minute. The pure water flux (J0) (L m−2 h−1) was determined by 

measuring this permeate mass, calculating permeate volume using equation (4): 

 

                         𝐽0  =
𝛥𝑉

𝐴Δ𝑡
                                                         Eq. 4 

 

The water permeance (Jw), (L m−2 h−1 bar-1) was determined by normalizing the pure water flux 

by the transmembrane pressure, equation (5). 

                             𝐽𝑤  =
𝛥𝑉

𝐴Δ𝑡 Δ𝑃 
                                                 Eq. 5 

4. Result and Discussion  

In this study, PEMMs were prepared by LbL assembly of polyelectrolytes on top of asymmetric 

microporous PAN support while varying the pH of the coating solutions to tune the charge density 

and structure of PEs, and thus further control the structure and separation performance of the 

resulting TFC membranes. The microporous PAN membrane was selected as a base membrane 

due to its high degree of solvent stability, mechanical stability, and relatively cheaper price than 

other conventional polymers like poly (sulfone) and poly(ether sulfone)93,94.  In addition, LBL 

assembly of PEMM requires a substrate with certain surface charge opposite to the PE charge that 

provides the desired electrostatic interaction with the polyelectrolyte for depositing the first 

monolayer in order to get good adhesion of the first layer46. Hence, the suitability of PAN support 

[Figure 7(a)] for constructing the multilayer membrane was studied prior to its modification with 

PE layer.  
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Initially, assuming the PAN membrane contains some inherent negative surface charge, the PAN 

membrane was directly coated with PAH polyelectrolyte. The PAN/PAH demonstrated poor 

surface coverage indicating meager deposition of PAH PE [Figure 7 (b)]. The poor coating could 

be due to the penetration of the polyelectrolytes into the pores of the support membrane. Therefore, 

the PAN membrane was coated with branched polyethyleneimine (PEI) polyelectrolyte (Mw= 25, 

000 g mol−1) as an intermediate layer to avoid pore filling problem. Besides, the deposition of 

branched of PEI as a first layer can assist to successfully seal the pores of the membrane without 

penetrating into the pores of the substrate and offers uniform surface for successive deposition95. 

PEI was cross-linked with glutaraldehyde to enhance the membrane stability.  On the other hand, 

the PAN/PEI membrane was highly dense [Figure 7 (c)] most likely due to the penetration of PEI 

through the pores . Not only the surface but the whole PAN layer was sealed with crosslinked PEI. 

This was not the goal. 

 

Figure 7. SEM surface image of membranes: (a) Pristine PAN, (b) PAN/PAH (c) PAN/PEI, (d) PAN/PAH 

dipped in water for 4 days, (e) HPAN/PAH dipped in water for 4 days, (f) Zeta potential of HPAN and the 

water dipped PAN/PAH and HPAN/PAH membranes. All SEM images are taken at 100kx magnification.  

    Therefore, it was decided to post-modify the PAN membrane to achieve high negative surface 

charge before deposition in order to improve the adhesion of the first PAH layer.  PAN membrane 

was chemically modified using alkaline hydrolysis to generate negative charges at the substrate 

surface to make it able to anchor the first PAH layer.  Next, both pristine PAN and hydrolyzed 

PAN (HPAN) membranes were coated with single PAH layer and dipped in distilled water for 4 

days to see the benefit of alkaline hydrolysis in improving the adhesion of the first layer. Strong 

electrostatic interaction or adhesion enhances stability of the membranes. The membranes were 

compared in terms of their zeta potential, morphology and gas separation efficiency. 

 

 As can be seen from Figure 7 (e), better surface coverage was achieved in the hydrolyzed 

membrane even after dipping in water for 96 hr. The roughness detected on the surface of 
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HPAN/PAA [Figure 7 (e)] membrane indicates the presence of function group clusters from the 

terminal PAH polyelectrolyte.  Besides, the HPAN/PAH membrane demonstrated permeance of 

45, 50, 47, and 48 GPU for ethane, ethylene, propane and propylene gases, respectively. This is in 

line with the zeta potential result shown in Figure 7 (e), where the the surface of PAN/PAH was 

not covered with PAH because the PAH was washed away. But the surface of the HPAN/PAH 

was covered with PAH.   On the contrary, no gas permeance data was recorded in the PAN/PAH 

membrane since all feed gasses passed through it during the first pressure increase. In addition, 

the HPAN/PAH had an isoelectric point at pH 3.8 and exhibited higher positive and lower negative 

surface than the PAN/PAH membrane in the whole pH range [Figure 7 (f)]. Isoelectric point of 

the PAN/PAH membrane was at and 2.9 and exhibited lower positive surface charge than 

HPAN/PAH even at pH less than 3.28 [Figure 7 (f)]. The results suggest that surface hydrolysis 

can improve the adhesion of PAH layer on top of the macroporous PAN membrane.  

 

Therefore, this section is divided into three parts. The first part discusses about the optimization 

of PAN membrane hydrolysis conditions. The second part deals with the fabrication and 

characterization of the PEMMs via SEM, zeta potential, and contact angle measurements. In third 

part the separation performance of the membranes in terms of pure water permeance and gas 

permeation is discussed.   

 

4.1 PAN membrane hydrolysis 

The PAN support membrane was chemically modified with aqueous NaOH solution to introduce 

negative surface charge by converting the polar nitrile (–CN) groups present in the pristine PAN 

to carboxylic (–COO-) groups. The surface SEM image of the PAN membranes modified using 2M 

NaOH alkaline solution and hydrolysis time between 1 and 3 hr. is shown in Figure 8Error! 

Reference source not found. Except the slight decrease in number of pore, no significant change 

was observed in the surface structure of the membrane until hydrolysis time 1.5hr [Figure 8(b-c)].  

At hydrolysis time 2 hr. more pores with a relative narrow size distribution were detected [Figure 

8 (d)].  After wards, at hydrolysis time higher than 2 hr. the membrane displayed an irregular pores 

with a large size distribution [ Figure 8(e-f)], ascribed to the conversion of some PAN molecules 

into poly(acrylic acid) dissolved in water96. Although an ideal support layer is required to possess 

a relatively high surface porosity, this large pore size is accompanied by certain limitations such 
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as penetration of the top layer material into the pores of the substrate and the problem of achieving 

defect-free thin film coating96.  This suggests to find a compromise between the alkaline 

concentration and hydrolysis time. Hence, suitable hydrolysis time was selected by observing the 

chemical characteristics of HPAN membranes using FTIR analysis.  

 

Figure 8. SEM micrographs of top surface of (a) untreated PAN and (b), (c), (d), (e) and (f) are HPAN 

membranes hydrolyzed under 2M NaOH alkaline solution and hydrolysis time of 1, 1.5, 2, 2.5 and 3 hr., 

respectively. All images are (100kx) magnification.  

 ATR-FTIR analysis was used to study the surface chemistry of the HPAN membrane in order to 

confirm the formation of the desired carboxyl-enriched functional groups that are of a great interest 

for more demanding subsequent modifications in this study30. Figure 9 shows the FT-IR spectra of 

the pristine PAN and the NaOH treated HPAN membrane under different hydrolysis conditions.   

For the untreated PAN membrane, the sharp, strong characteristic peaks at 2242 cm–1 and 1455 

cm–1 could be attributed to the C-N stretching vibration of the C N group. These peaks were there  

[ Figure 9 (a-f)] signifying the incomplete conversion of C N group.  After 1 h of alkaline hydrolysis 

(Figure 9 (b-d), new peaks at 1565 and 1669 cm− 1, corresponding to the asymmetric (C=O) 

stretching band of carboxylate group97 and –C=N stretching98, respectively,  appeared confirming 

the formation of (–C=N) before carboxylic (_COOH) group. The intensity of –C=N stretching 

increases until hydrolysis time of 2 h and thereafter rapidly decreases as amide and carboxyl groups 

are formed.  On the other hand, the intensity of the peak at 1565 cm−1 increases sharply for a higher 

reaction time evidencing the formation of −COO− ion99 via hydrolysis of NaOH solution.  

Furthermore, the characteristic broad –OH stretching peak at around 3300 and the C-H stretching 

peak 2932 cm-1 in the HPAN membrane which are attributed to the stretching vibration of –OH 

and C-H, respectively, increased with hydrolysis time and provided strong evidence that carboxyl 

groups formed as a result of hydrolysis reaction. As noted from the FTIR spectrum analysis, the 

hydrolysis reaction was happened in two steps i.e. the formation of intermediate amide moiety 

          

          

(f) (e) (d) 

200 nm 200 nm 200 nm 

200 nm 200 nm 200 nm 200 nm 

(a) (c) (b) 
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followed by its subsequent conversion into amide and carboxyl group at higher reaction time. To 

conclude, the amount of COO- group was increasing with increasing in hydrolysis time. 

                           

Figure 9. The FTIR spectra of pristine and alkaline hydrolyzed PAN membranes 

Lastly, taking together the SEM and FTIR result, it was shown that the alkaline hydrolysis affects 

both the chemical and morphological characteristics of the membrane.  Therefore, the hydrolysis 

condition selected during this thesis was 2M NaOH and 2h hydrolysis time. Since the 

morphological behavior of the membrane was not significantly changed at this hydrolysis time. 

Cross-section and surface SEM image of HPAN membrane is available in Figure 15 in appendix. 

To further validate the selection, the hydrophilicity of the HPAN membrane was compared with 

literature.  Initially, the pristine PAN membrane exhibited a water contact angle around 67.95o 

while after hydrolysis with 2M NaOH solution for 2 h, the contact angle decreased to 34.82o, which 

is in good agreement with Abtahi et al30. This can be credited to the hydrophilicity property of the 

polar carboxyl groups created on the HPAN surface. This improvement of membrane 

hydrophilicity could potentially boost the water permeation through the membrane. 

 

4.2 PEMM Fabrication  

After optimizing the PAN membrane hydrolysis conditions, the negatively charged HPAN 

membranes were coated with PAH/PAA multilayers via a roll-to-roll (R2R) dip coatingmachine. 

The formation process and properties of a polyelectrolyte multilayer membrane as a function of 

each deposited layer is conferred below. The surface properties of membranes were characterized 

using SEM, Zeta potential, and contact angle measurements.  
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4.2.1 Single layer deposition 

The surface and cross-sectional morphologies of the PE coated membranes were characterized with 

the help of scanning electron microscope (SEM).  Due to time limitation, only the PEMMs prepared 

from coating solution pH combinations of (2.5/4.5, 2.5/8.5, and 6.5/6.5) were critically characterized 

to study the multilayer fabrication process.  To begin with, Figure 10 show the cross section (top) and 

top surface (bottom) images, and zeta potential (left) of HPAN membranes modified with a single PAH 

layer prepared from a polyelectrolyte solutions of pH 2.5 and 6.5 and 5mM NaCl background 

electrolyte concentration. As can be clearly seen from the cross section images, both membranes 

exhibit an asymmetric membrane structure which contains a top layer and porous support layer with 

sponge like structure. This confirms the deposition of PE layers on the surface functionalized PAN 

support membrane. This asymmetric architecture of membrane helps to obtain high 

rejection/selectivity using the top skin layer combined with high flux owing to the porous structure 

in its cross-section. 

 

The characteristic uniformity and homogeneity of top layer appeared to vary with the pH of the coating 

solution.  Poor surface coverage was observed after coating with PAH solution at pH 2.5, unexpected 

result [Figure 10(b)]. According to its pKa value (8-9), PAH becomes fully ionized at pH 2.5 and thus 

occupies a more extended conformation due to the electrostatic charge between its charges.  Unlike the 

obtained result, this extended conformation was expected to give good surface coverage. It was not 

possible to provide a logical reason for this strange result. But there appears to be some 

polyelectrolyte in the internal part of the support as the brightness observed in [Figure 10(a)] is 

likely due to a small amount of polyelectrolyte deposition [Figure 15 (b)] for comparison). 

However, the majority of film deposition occurs at the support surface not in the inside the pores 

[Figure 10(b)]. On the contrary, better surface coverage was achieved after coating with a single PHA 

layer at pH solution of 6.5 [Figure 10(d)].  Here again at pH 6.5, PAH exists in a nearly fully ionized 

situation but in a little less stretched conformation than at pH 2.577. Therefore, it is reasonable to obtain 

good surface coverage with some defects which are inevitable during the deposition of first PE layer 

in LBL assembly of PEMMs.  

 

Similarly, zeta potential results also support this findings. The support modified with PAH2.5 layer 

demonstrated higher negative surface charge at pH higher than its isoelectric point (ca. 4.5) 

compared to PAH6.5 which had an isoelectric point of  ca. 5.3 [Figure 10(e)]. This means the 
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PAH2.5 coated membrane still assumes the surface properties of the support membrane as can be 

seen from their closer negative zeta potential value in the pH range (9-5) [Figure 10(e)]. On the 

contrary, the PAH6.5 coated membrane exhibited lower negative surface charge and achieved fast 

charge reversal indicating to the good deposition of PAH its corresponding deposition to –NH2 at 

pH below 5.3. The positive surface charge or charge reversal observed at lower pH in both 

membranes further confirms the deposition of PAH layer on top of the hydrolyzed membrane. 

Furthermore, contact angle of the membranes increased from 34.82o of HPAN to 50.51 o and 62.17 

after coating with PAH2.5 and PAH6.5, respectively. The increase in membrane hydrophilicity 

indicates the decrease in the amount of polar carboxyl surface charge due to the charge 

neutralization from the positively charged PAH adsorbing layer.  The relatively lower contact 

angle in PAH2.5 film indicates that the surface characteristics of the membrane is still influenced 

by the substrate properties.  

 

Figure 10. SEM image: cross section (a) and surface (b) of HPAN/PAH2.5, cross section (c) and surface 

(d) of HPAN/PAH6.5, and Zeta potential (e) of HPAN and the other single layered membranes prepared 

from 0.15 wt. % PE in 5mM NaCl salt solution 

4.2.2 Second layer deposition  

Next, the single layered membranes were modified with successive layers of PAA solution to produce 

a bilayer membrane structure. The HPAN/PAH2.5 membrane was coated with PAA solution of pH 4.5 

and 8.5 to produce (PAH2.5/PAA4.5 and PAH2.5/PAA8.5), while HPAN/PAH6.5 was coated with 

only PAA 6.5 to get PAH6.5/PAA6.5. The SEM and zeta potential of all membranes is depicted in 

[Figure 11].  In contrast to the single layered membranes shown in Figure 10, there were no apparent 

pores after the deposition of second PAA layer [Figure 11], indicating the formation of dense and 

compact multilayer film on top of the hydrolyzed membrane.  Thus, this suggests that PE films of at 

least one bilayer thick are necessary to completely cover the pores of the microporous support. 
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Another observation from the SEM images of PEMMs is the thickness appears to increase with 

the increase in number of layers, ascribed to the large amount of PE deposited. Upon comparing 

the thickness of the three membranes, the PAH6.5/PAA6.5 membrane demonstrated a relatively 

thinner layer. This is ascribed to the nearly equal (nearly 80–90%) degree of ionization of PAA 

and PAH polyelectrolytes in this pH combination that leads to high charge crosslinking density 

between the polymer chains95. In contrast, in PAH2.5/PAA4.5, the adsorbed PAH layer exists in a 

fully ionized state whereas PAA at 4.5 is only partially charged, and thus lower amount of charged 

segment of the PAA chain was adsorbed or penetrated into the previous PAH layer while its non-

charged part extends away from the surface in the forms a tail and coil structure77. It should be 

noted that the PEs attempt to reduce their pKa when they are deposited in an attempt to neutralize 

the charges existing in the adsorbed layer.  Another reason for the higher thickness in this pH 

combination is higher amount of PAH is adsorbed to compensate the charges the charges from the 

previously adsorbed layer. Although, thinner layer was expected in PAH2.5/PAA8.5 than in 

PAH2.5/PAA4.5, no substantial difference was observed.  

 

Figure 11. SEM image of PEMMs: cross section (a) and surface (b) of (PAH2.5/PAA4.5)2, cross section 

(c) and surface (d) of (PAH2.5/PAA8.5)2, cross section (e) and surface (f) of (PAH6.5/PAA6.5)2, and Zeta 

potential (g) of all membranes prepared from 0.15 wt. % PE in 5mM NaCl salt solution 

Moreover, surface the zeta potential of the membranes revealed negative surface charge throughout 

the whole pH range [Figure 11 (g).]. This indicates that the membrane surface properties are 

dominated by the terminal PAH layer. Less negative surface charge was observed at low pH indicating 

poor dissociation of PAA at low pH.  In addition, the contact angle of the membranes displayed a 

decline after coating [Figure 16] in appendix. The PAH2.5/PAA4.5 demonstrated better 

hydrophilicity, while PAH6.5/PAA6.5 was the least hydrophilic one. This is ascribed to the excess 

surface charge produced due the high extrinsic charge overcompensation occurring between the 

fully charged PAH (pH=2.5) and partially charged PAA (pH=4.5) polyelectrolytes. On the 
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contrary, at pH combinations of both (6.5/6.5) and (2.5/8.5),  higher intrinsic charge compensation 

occurs during the LBL assembly of nearly equally or fully charged PAH and PAA PEs , and 

consequently lower amount of -NH2 and –COOH exists on the membrane surface100.   

 

4.2.3 Third layer deposition 

Moreover, the membrane were coated with successive PAH layer with the same solution pH (2.5 

and 6,5) to increase the membrane thickness for the purpose of improving its separation 

performance. In the three layered PEMMs the SEM images revealed an increase in surface 

roughness as the number of layer increase [Figure 12]. It is an expected trend to observe an 

increased surface roughness with increasing number of layers, due to the presence of excess 

surface groups. The nonhomogeneous surface observed in Figure 12 is ascribed to the excess 

positive surface charge existing in the PAH capping layer which can lead to swelling of the 

structure. This could also be due to accumulation of small PEs101. Some pinholes were observed 

in Figure 12 (a) HPAN/PAH2.5/PAA4.5/PAH2.5. It is difficult to give physical interpretation for 

this non-uniform surface coverage. However, this membrane demonstrated higher positive surface 

charge at a pH below its isoelectric point.  

 

Another observation from the SEM images of PEMMs is the thickness appears to increase with 

the increase in number of layers, ascribed to the large amount of PE deposited. The contact angle 

of the membranes again increased to a higher value showing the effect of PAH terminal layer. 

However, (PAH6.5/PAA6.5) was still the least hydrophilic one. 

  

Figure 12. SEM image of PEMMs: cross section (a) and surface (b) of HPAN/PAH2.5/PAA4.5/PAH2.5, 

cross section (c) and surface (d) of (HPAN/PAH2.5/PAA8.5/ PAH2.5, cross section (e) and surface (f) of 

(HPAN/PAH6.5/PAA6.5/ PAH6.5, and Zeta potential (g) of all membranes prepared from 0.15 wt. % PE 

in 5mM NaCl salt solution.                                    
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4.2.4 Fourth layer deposition 

Finally, the membrane was modified with PAA terminal layer using PAA solutions of pH ( 4.5, 

6,5 and 8.5) to produce a PEMM with 2 bilayer. The membrane surface roughness continued to 

increase but high roughness was observed in HPAN/PAH2.5/PAA4.5/PAH2.5/PAA4.5 

membrane, which is in agreement with zeta potential result where this membrane demonstrated 

higher negative surface charge than the other membrane in the whole pH scan range [Figure 13 

(e)]. The zeta potential of all (PAH/PAA)4 membranes  demonstrated a total negative ζ throughout 

the whole pH range of 2.5 – 10 without isoelectric point, indicating the presence of acidic groups 

in PAA and their corresponding dissociation into (—COO−) or –COOH.  The membrane thickness 

increase was notable after the deposition of the fourth layer.   

 

Figure 13. SEM image of PEMMs: cross section (a) and surface (b) of 

HPAN/PAH2.5/PAA4.5/PAH2.5/PAA4.5, cross section (c) and surface (d) of PAH6.5/PAA6.5/ 

PAH6.5/PAA6.5, and Zeta potential (e) of both membranes prepared from 0.15 wt. % PE in 5mM NaCl 

salt solution. 

Generally, the SEM images collectively indicate that deposition of layered polyelectrolyte films is 

a simple means of creating ultrathin membranes on porous supports.  Notably, pores of the porous 

membrane were still visible even after the deposition four layers indicating the majority of film 

coating was occurred at the support surface. Here, it should be noted that the lack of reproducibility 

observed in the SEM images could be due to the small experimental variations occurred while 

coating large membrane area. Furthermore, the membranes with PAA terminal layer displayed a 

total negative ζ throughout the whole pH range of 2.5 – 10 without isoelectric point, indicating the 

presence of acidic groups in PAA and their corresponding dissociation into (—COO−) or –COOH. 

On the contrary, PEMMs with PAH demonstrated an isoelectric point as their zeta potential shifts 

to positive value ascribed to the dissociation of positive groups of PAH at lower pH values. The 

alternating surface charge at lower pH confirms the formation of polyelectrolyte multilayer as due 

to the sequential deposition of oppositely charged PEs. In addition, contact angle measurement 
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results revealed the existence of odd-even effect i.e. PEMM showed capping layer dependent 

hydrophilicity characteristics. As can be seen from Figure 16, PEMMs with PAA terminal layers 

possessed higher hydrophilicity than the positively (PAA) terminated membranes. Thus, more 

hydrophilic membranes can be prepared by adjusting the pH of the coating solution and 

terminating the film structure with PAA outermost laye100,102,103.  

 

4.3 Membrane separation performance 

4.3.1 Water Peremeance   

Pure water permeance experiment of the virgin, hydrolyzed, and PAH/PAA modified membranes 

was conducted to further evaluate if the PEMs are being deposited. The water permeance (L·m-

2·h-1·bar-1) of all membranes as a function of number of deposited layers is provided in (Table 1).  

It is clear that the hydrolyzed HPAN membrane demonstrated relatively higher water permeance 

than the non-modified PAN. As confirmed by the SEM images no significant morphological 

change has occurred to the PAN membrane after hydrolysis with NaOH solution. Hence, this 

higher water permeance in HPAN is attributed to the introduction of polar hydrophilic carboxyl 

surface groups after hydrolysis. 

 

The water permeance of all PEMMs decreased with the number of PE layers deposited as 

anticipated due to an increase in the total membrane thickness as confirmed by SEM analysis (see 

cross-section images above). Multilayer membranes prepared from pH (6.5/6.5) exhibited the 

lowest water permeance. This indicates the formation of a thin and highly dense layer owing to 

the high ionization degree of both PEs at this pH (6.5/6.5) combination. A similar trend was 

observed for pure isopropyl alcohol permeance where 7 bilayers (PAH/PAA) assembled from 

[7.5/7.5] solution pH exhibited much lower permeance than the other membranes despite being 8-

6 times thinner than the [7.5/3.5] and [3.5/3.5] membranes, respectively54. On the other hand, 

(PAH2.5/PAA8.5) membranes displayed higher pure water permeance than (PAH6.5/PAA6.5)2 

indicating that the coating formed thin and less dense films.  

 

On the other hand, the (PAH2.5/PAA4.5) membrane exhibited the highest water permeance than 

the other two membranes at a corresponding number of layers.  This result indicates the formation 

of a thick and loopy or open film structure at this pH combination, which is in agreement with the 
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SEM results. Another significant piece of information here is, PAH2.5/PAA8.5 membrane formed 

highly dense film after coating with the third PAH layer as demonstrated by its pure water 

permeance decrease from 108.76 to 49.99, while the PAH2.5/PAA4.5 demonstrated a relatively 

lower decrease (75.53 to 50.41) which is mainly due to the increase in membrane resistance as a 

function of film thickness.  

Table 1. Pure water peremeance of PEMMs (L·m-2·h-1·bar-1) 

PEMM Pure water permeance (L·m-2·h-1·bar-1) 

PAN 282.9 

HPAN 325.78 

HPAN/PAH2.5 229.8 

HPAN/PAH6.5 178.89 

HPAN/PAH2.5/PAA4.5 75.53 

HPAN/PAH2.5/PAA8.5 108.76 

HPAN/PAH6.5/PAA6.5 20.68 

HPAN/PAH2.5/PAA4.5/ PAH2.5 50.41 

HPAN/PAH2.5/PAA8.5/ PAH2.5 49.99 

HPAN/PAH6.5/PAA6.5/ PAH6.5 17.18 

HPAN/PAH2.5/PAA4.5/ PAH2.5/PAH4.5 35.2 

HPAN/PAH2.5/PAA8.5/ PAH2.5/PAH8.5 8.72 

HPAN/PAH6.5/PAA6.5/ PAH6.5/PAH6.5 2.34 

 

4.3.2 Gas separation performance 

As mentioned in the introduction advanced membrane separations are needed for gas separation 

applications. Specifically, the recovery and separation of critical materials such as light olefin gas 

from their paraffin mixture is considered as one of the seven important chemical separation 

processes believed to change the word104. It is apparent that light olefins such as ethylene and 

propylene are critically needed raw materials in the chemical and petroleum industry for the 

production of numerous products and chemicals. However, olefins are mainly produced as 

olefin/paraffin mixture which demands an advanced separation process. Besides, the separation of 

olefin/paraffin mixture containing the same carbon number is a grand challenge and the currently 

used purification techniques accounts for 0.3% of global energy consumption105. This is because 

these gases have similar physical and properties such as boiling point and kinetic diameter ( 

105–107. On the other hand, olefin has a double bond unlike paraffin which possess single bond. This 

chemical difference offers the opportunity to be exploited in olefin/paraffin separation. With this 

regard, these gas were selected to characterize the buildup process of PEMMs.   



28 

 

 

The pure gas permeance of ethane, ethylene, propane, propylene, and methane gases for the 

selected PEMMs as functions of both number of layers and pH of the coating solution is available 

in [Table 4. appendix]. It can be seen that at the same number of layers all gases had nearly equal 

permeance within the limits error.  Besides, the permeance of all gases was decreasing with the 

number of deposited PE layers signifying the gradual sealing of the pores of the HPAN support 

membrane. Especially, up on the deposition of the second layer the permeance of all gases 

decreased rapidly, indicating complete surface coverage. There was no clear trend between the gas 

permeance and pH of the coating solution, except the lower permeance detected in HPAN/PAH6.5 

and HPAN/PAH6.5/PAA6.5 which indicates the formation of dense film at this pH combination 

as witnessed in pure water permeance result. 

 

Furthermore, the membranes displayed no selectivity towards any of the target gas since both 

olefin and paraffin gases had nearly equal permeance in membranes with similar number of layers. 

It should be noted that after the deposition of the second layer, paraffin had higher permeation than 

the corresponding olefin in all membranes except (PAH6.5/PAA6.5)2. The result suggest that no 

interaction is happening between the polymer and the double bond of olefin.  According to solution 

diffusion model, the gas permeance is a product of diffusion and solubility coefficients. Hence, 

the permeation of gzases through the multilayer films is mainly dependent on the solubility of the 

gas molecules in the film as a function of their degree of condensability. Ethane and propane had 

higher permeance than ethylene propene respectively, mainly due to their higher solubility owing 

to their higher molecular size, critical temperature, and the boiling temperature108 [Table 3 in 

appendix]. 

 

There are no much available literatures dedicated to the PEMMs based olefin/paraffin separation. 

Most of the works are focused on facilitated transport. Nonetheless,  few attempts have been done 

to optimize the CO2/N2
109,110 by coating at higher number of bilayers which in turn cause a 

substantial decrease in permeance. Generally, the gas permeation results confirm the formation of 

multilayer membrane structure where denser film were prepared from PE pairs containing a fully 

charged chains. 
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Table 2. Ideal selectivity of all gases through the selected PEMMs at 23 °C, 1 bar feed pressure 

and permeate pressure increase between 1-10 mbar. 

 Ideal selectivity 

PEMM C2H6/C2H4 C3H8/C3H6 CH4/C3H8 CH4/C3H6 CH4/C2H6 

PAN 0.90 1.04 1.41 1.46 1.4 

HPAN 0.98 0.97 1.92 1.86 1.67 

HPAN/PAH2.5 1.01 1.03 1.27 1.31 1.2 

HPAN/PAH6.5 1.55 1.53 0.70 1.07 0.84 

HPAN/PAH2.5/PAA4.5 0.98 1.8 1.08 1.93 1.36 

HPAN/PAH2.5/PAA8.5 1.2 1.09 1.10 1.21 1.07 

HPAN/PAH6.5/PAA6.5 1.32 1.23 1.30 1.59 1.4 

HPAN/PAH2.5/PAA4.5/ 

PAH2.5 

1.35 1.3 0.99 1.28 1.064 

HPAN/PAH2.5/PAA8.5/ 

PAH2.5 

1 1.13 0.13 0.14 0.125 

HPAN/PAH6.5/PAA6.5/ 

PAH6.5 

1.48 1.45 1.63 2.364 1.46 

HPAN/PAH2.5/PAA4.5/ 

PAH2.5/PAH4.5 

1.57 1.38 2.13 2.93 1.81 

 

5. Conclusion and recommendation 

5.1. Conclusion 

In conclusion, a series of polyelectrolyte multilayer membranes were prepared via layer-by-layer 

assembly of week polyelectrolytes (PAH and PAA) using a laboratory scale dip coating machine. The 

pristine microporous PAN membrane was first chemically modified using NaOH hydrolysis to get 

optimum conditions for creating good adhesion of the first layer. Next, the HPAN was coated with 

PAH and PAA while adjusting the assembly pH to control the structural and separation properties of 

the resulting membranes.  Best surface coverage was obtained at pH combinations of 6.5/6.5 where 

both PEs are nearly equally charged and attained stretched conformation to fully cover the substrate 

surface.  On the other hand, good surface coverage with detectable surface coverage was obtained at 

pH combinations of 2.5/8.5.  On the contrary, a loose or open structure was formed at pH 2.5/4.5 

 

Zeta potential and contact angle measurement also revealed pH-dependent surface properties which 

could be helpful for designing application-oriented functional membranes. Furthermore, capping layer-

dependent surface properties were observed from both Zeta potential and contact angle measurements, 

which opens another window for controlling the properties of the multilayer membrane. SEM image 
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revealed an increase in membrane surface roughness with an increase in the number of deposited 

layers.  

 

Finally, among the three pH combinations investigated, the 6.6/6.5 pH produced a dense film structure 

as backed by its water permeance result. Similarly, a thin film was formed using a 2.5/8.5 pH solution. 

On the contrary loose or open structure was formed at pH 2.5/4.5. Furthermore, the pure water 

permeance of the membranes decreased as the number of layers was increased. A similar trend was 

observed during a single gas permeance experiment.  Nonetheless, poor gas separation performance 

was reported for all membranes.  These results reveal that PEMMs can be suitably adjusted for use in 

water treatment applications ranging from dense to loose nanofiltration membranes. Hence, from this 

study, we can conclude that layer by layer assembly of polyelectrolytes could be a feasible way to 

produce functional membranes with controlled properties for use in water treatment applications 

 

5.2 Recommendation  

In this master thesis work, PEMM with four layers were prepared were prepared by systematically 

controlling their . It is apparent that uniformly thin and dense PEMMs was fabricated from PAH and  

PAA solutions pH of 6.5/6.5. Hence, it is anticipated that this membrnae could be used in various 

separation applications such as ion selective nanoflitration since it conatins thin selctive layer 

decorated with surface charge. On the contrary, the gas separation performance of PEEMs is very 

limited, hence, detail investigation of the interaction between polyelectrolyte multilayer and gas 

molecules is required.  

 

Moreover, in a practical scenario, waste streams contain different environmnetal condition than the 

solution from which PEMMs are assembled, the water permance performance of these membranece in 

feed conatoning various acidic or basic costitutents shoud be invetigated.  In addition, the effect of 

other parameters condition such as concentration, type  of PE and  ionic stregth of coating solution on 

the multilayer build growth process and overall separation  performance  should be comprehensively 

scrutinized in order to use this membrane in large scale application.  
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7. Appendix  

 

 

 

Figure 14. Average incremental thickness contributed by a PAA and PAH adsorbed layer as 

function of solution pH. Both the PAH and PAA dipping solutions in this case were at the same 

pH. Solid line represents the PAA layer thickness, and the dashed line is the PAH77. 

 

 

 

Figure 15. SEM (a) surface and (b) cross section image of HPAN hydrolyzed under 2M NaOH 

solution and hydrolysis time of 2 hours. 
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Figure 16. Water contact angle measurement of selected PEMMs prepared from different pH 

combinations as a function of bilayer 

 

Table 3. Physical properties of Ethylene, Ethane, Propylene and Propane gases111 

Component Boiling  

point [K] 

Critical 

temperature 

 [K] 

Kinetic 

diameter [nm] 

Polarizability  

1025 [cm] 

Dipole 

moment  

1018 [esu cm] 

Ethylene 169.5 282.3 0.423 42.5 0 

Ethane 184.5 305.3 0.442 44.3 0 

Propylene 225.5 364.9 0.468 62.6 0.366 

Propane 231.1 369.8 0.506 63.3 0.084 

 

Table 4. permeance of all gases through the selected PEMMs at 23 °C, 1 bar feed pressure and 

permeate pressure increase between 1-10 mbar. 
 

Gas permeance (GPU)=[m³(stp)/(m²·h·bar)] 

PEMM C2H6 C2H4 C3H8 C3H6 CH4 

PAN 50.75 56.18 51 49.26 71.81 

HPAN 20.32 20.73 17.7 18.27 33.95 

HPAN/PAH2.5 1.04 1.03 0.99 0.96 1.25 
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HPAN/PAH6.5 0.84 0.86 1.06 0.59 1.14 

HPAN/PAH2.5/PAA4.5 1.38 0.89 1.65 1.08 1.16 

HPAN/PAH2.5/PAA8.5 0.6 0.5 0.58 0.53 0.64 

HPAN/PAH6.5/PAA6.5 0.69 0.51 0.74 0.57 0.73 

HPAN/PAH2.5/PAA4.5/ PAH2.5 0.25 0.19 0.27 0.22 0.35 

HPAN/PAH2.5/PAA8.5/ PAH2.5 0.08 0.08 0.079 0.07 0.01 

HPAN/PAH6.5/PAA6.5/ PAH6.5 0.089 0.06 0.08 0.055 0.13 

HPAN/PAH2.5/PAA4.5/ PAH2.5/PAH4.5 0.047 0.03 0.04 0.029 0.085 

 

 

  

 

 

 


