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Abstract 

In this PhD thesis, the process of protein separation using PAMAM dendrimer-modified 

PVDF membranes was systematically studied. By selecting different KOH alkaline 

solutions, PAMAM was immobilized either on the surface of the PVDF membrane (treated 

with KOH aqueous solution) or simultaneously on both the surface and inside the pores of 

the PVDF membrane (treated with KOH isopropanol solution). The effects of different 

alkaline treatments on the surface properties of PVDF membranes and on the filtration of 

whey protein and casein were also systematically investigated. Additionally, the Donnan-

steric pore model with dielectric exclusion (DSPM-DE) was used to analyze the separation 

processes of PVDF membranes and PAMAM dendrimer modified membranes. The study 

on PAMAM dendrimer modified PVDF membranes revealed that immobilizing PAMAM 

on both the surface and inside the pores of PVDF membranes significantly enhanced the 

rejection of whey protein but notably reduced the permeate flux. After immobilizing 

generation 3 PAMAM dendrimer, with carboxyl functional groups, the rejection for whey 

protein increased from 58.9% (PVDF membrane) to 98.8%, while the permeate flux 

decreased from 15.3 LMH (PVDF membrane) to 2.3 LMH. When the PAMAM dendrimer 

was immobilized only on the surface of the PVDF membrane, both the rejection for whey 

protein and permeate flux increased. After immobilizing generation 3 PAMAM dendrimer, 

with carboxyl functional groups, on the membrane surface, the rejection and permeate flux 

for whey protein increased to 79.0% and 30.3 LMH, respectively. 

Simultaneously modifying the membrane surface and interior results in decreased bulk 

porosity and increased Donnan potential, leading to a significant increase in whey protein 

rejection. However, the smaller bulk porosity also causes a decrease in the permeate flux. 

Modifying only the membrane surface increases the pore size and generates a negative 
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Donnan potential. This modification results in both higher whey protein rejection and 

permeate flux. However, due to the larger pore size, weaker Donnan potential, and the 

absence of charges within the pores (resulting in a weaker dielectric exclusion), the whey 

protein rejection of surface modified membranes is lower than that of membranes modified 

on both the surface and interior. 
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Résumé 

Dans cette thèse de doctorat, le processus de séparation des protéines utilisant des 

membranes en PVDF modifiées par des dendrimères PAMAM a été systématiquement 

étudié. En sélectionnant différentes solutions alcalines de KOH, le PAMAM a été 

immobilisé soit à la surface de la membrane en PVDF (traitée avec une solution aqueuse 

de KOH), soit simultanément à la surface et à l'intérieur des pores de la membrane en PVDF 

(traitée avec une solution de KOH dans l'isopropanol). Les effets de ces différents 

traitements alcalins sur les propriétés de surface des membranes en PVDF ainsi que sur la 

filtration des protéines de lactosérum et de la caséine ont également été systématiquement 

investigués. De plus, le modèle de pore stérique avec exclusion diélectrique (DSPM-DE) 

a été utilisé pour analyser les processus de séparation des membranes en PVDF et des 

membranes modifiées par des dendrimères PAMAM. L'étude sur les membranes en PVDF 

modifiées par des dendrimères PAMAM a révélé que l'immobilisation du PAMAM à la 

fois sur la surface et à l'intérieur des pores des membranes en PVDF améliorait 

significativement le rejet des protéines de lactosérum mais réduisait notablement le flux de 

perméat. Après immobilisation d'un dendrimère PAMAM de génération 3, avec des 

groupes fonctionnels carboxyle, le rejet des protéines de lactosérum est passé de 58,9 % 

(membrane en PVDF) à 98,8 %, tandis que le flux de perméat a diminué de 15,3 LMH 

(membrane en PVDF) à 2,3 LMH. Lorsque le dendrimère PAMAM a été immobilisé 

uniquement à la surface de la membrane en PVDF, à la fois le rejet des protéines de 

lactosérum et le flux de perméat ont augmenté. Après immobilisation d'un dendrimère 

PAMAM de génération 3, avec des groupes fonctionnels carboxyle, à la surface de la 

membrane, le rejet et le flux de perméat pour les protéines de lactosérum ont augmenté à 

79,0 % et 30,3 LMH, respectivement. 
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La modification simultanée de la surface de la membrane et de son intérieur entraîne une 

diminution de la porosité en vrac et une augmentation du potentiel Donnan, conduisant à 

une augmentation significative du rejet des protéines de lactosérum. Cependant, la taille 

réduite des pores provoque également une diminution du flux de perméat. La modification 

uniquement de la surface de la membrane augmente la porosité en vrac et génère un 

potentiel Donnan négatif. Cette modification entraîne à la fois un rejet plus élevé des 

protéines de lactosérum et un flux de perméat plus important. Cependant, en raison de la 

plus grande taille des pores, du potentiel Donnan plus faible et de l'absence de charges à 

l'intérieur des pores (entraînant une exclusion diélectrique plus faible), le rejet des protéines 

de lactosérum par les membranes modifiées en surface est inférieur à celui des membranes 

modifiées à la fois sur la surface et à l'intérieur. 
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Chapter 1. Introduction 

1.1. Problem statement 

Low flux and fouling have been two major challenges in the application of membrane 

filtration for the separation of bioproducts such as recombinant proteins, monoclonal 

antibodies, concentrated milk, and lactose-free milk. Therefore, it is of great interest to 

systematically investigate the effects of dendrimer modification on membrane properties 

and performance. While membranes have been widely used for the separation of 

bioproducts, including different proteins, these processes have almost exclusively utilized 

UF membranes that reject target proteins by sieving (i.e., size rejection). 

1.2. Objectives 

The objectives of this project are threefold: (1) to develop effective approaches for 

introducing dendrimers with different charged functional groups into polyvinylidene 

fluoride (PVDF) membranes; (2) to verify the hypothesis that the mechanism of 

nanofiltration (NF) for rejecting small ions can be extended to the rejection of ionic 

polymers and proteins using dendrimer-modified ultrafiltration (UF) membranes with 

appropriate pore sizes; and (3) to develop charged membranes suited for the production of 

whey proteins with excellent permeability and antifouling features. 

Dendrimers have a relatively small molecular radius and a large, controllable number of 

sites for anchoring functional molecules. Therefore, grafting dendrimers onto the surface 

or both inside the pores and on the surface of UF membranes can introduce charged groups 

while having minimal impact on membrane pore size. This allows the membranes to 

maintain high permeability while acquiring charges of a selected nature (i.e., positive or 
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negative) and density. Such charged membranes should be able to reject charged 

macromolecules, such as proteins, that are smaller than the membrane pores. The 

permeability of these membranes, while potentially enhanced or reduced during the 

modification process, would be significantly greater than that of uncharged membranes for 

the separation of the same macromolecules based on size rejection, which would require a 

significantly smaller pore size. The charged membranes are also expected to have 

significantly improved antifouling properties due to the reduction of hydrophobic 

interactions between the charged membrane surface and macromolecules, which is a major 

contributor to fouling. 

To the best of our knowledge, this will be the first time the concept of using dendrimer 

modified charged membranes for whey protein separation is tested. Additionally, this study 

compares, for the first time, the effects of immobilizing dendrimers at different membrane 

locations, such as on the membrane surface or simultaneously on both the membrane 

surface and within the membrane pores, on filtration performance. 

1.3. Structure of the thesis 

Chapter 2 of this thesis introduces the filtration process of microfiltration (MF), UF and 

NF. This chapter provides a detailed description of the methods for modifying membranes 

using dendrimers, as well as the synthesis methods of polyamidoamine (PAMAM) 

dendrimers used in Chapter 5, Chapter 6 and Chapter 7. 

Chapter 3 studies the alkaline treatment of PVDF membranes, which is a pretreatment step 

for PAMAM dendrimer grafting. In this chapter, the PVDF membrane was treated with 

KOH alkaline isopropanol solution at various treatment temperatures. The surface 

properties and filtration performance of modified membranes were researched. 
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Chapter 4 further investigates the effect of alkaline treatment on the hydrophilicity of the 

membrane surface. The effects of various alkaline treatment parameters were investigated. 

This chapter provides more details for a better understanding of the effects of different 

alkaline treatment processes on PVDF membranes. 

Chapter 5 analyzes the performance of modified PVDF membranes, which have been 

grafted with PAMAM dendrimer both within the pores and on the surface, in the separation 

of whey proteins. In this chapter, the mechanism of grafting PAMAM dendrimer onto 

PVDF membranes is explored in depth through the investigation of the surface chemical 

properties of the modified membranes. 

Chapter 6 examines the effect of surface PAMAM dendrimer grafting on the filtration 

performance of PVDF membranes in whey protein separation. In this chapter, the impact 

of the peripheral functional groups of PAMAM dendrimers with varying charge strength 

on the performance of the modified membranes is analyzed. Additionally, this chapter 

compares the properties and filtration performance of membranes grafted with PAMAM 

dendrimers both within the pores and on the surface, as discussed in Chapter 5. 

Chapter 7 investigates the effect of different generations of PAMAM dendrimers on the 

performance of separation membranes in whey protein separation. This chapter also 

analyzes the separation processes of the membranes discussed in Chapter 3, Chapter 5, 

Chapter 6, and Chapter 7 using the Donnan Steric pore model with dielectric exclusion 

(DSPM-DE). 

Finally, Chapter 8 summarizes the conclusions of this study, proposes a strategy for future 

research, and offers suggestions for areas where further improvements could be made. 
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Chapter 2. Research Background 

Acronyms and Symbols 

Abbreviation 

BPPO bromomethylated poly (2,6-dimethyl-1,4-phenylene oxide) 

BSA bovine serum albumin 

CNTs carbon nanotubes 

DF diafiltration 

DSPM-DE Donnan Steric pore model with dielectric exclusion 

EDA ethylenediamine 

FO forward osmosis 

GO graphene oxide 

IP interfacial polymerization 

MA methyl acrylate 

MD membrane distillation 

MDA melamine-based dendrimer amines 

MF microfiltration 

MOFs metal-organic frameworks 

PMD m-phenylenediamine 

MWCO molecular weight cutoff 
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NF nanofiltration 

PAM Polyacrylamide 

PAMAM polyamidoamine 

PDA polydopamine 

PEBAX Polyether Block Amide 

PEG Polyethylene glycol 

PES polyether sulfone 

PIP piperazine 

PPI polypropylene imine 

PAA polyacrylic acid 

PC polycarbonate 

PSF polysulfone 

PVA Polyvinyl Alcohol 

PVDF polyvinylidene fluoride 

RO reverse osmosis 

TFC thin-film composite 

TMAAM trimesoyl amide amine 

TMC trimethyl chloride 

UF ultrafiltration 

VSEP vibratory shear enhanced processing 
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Nomenclature 

𝐴 effective area of the membrane 

𝐶𝑀 polarization modulus 

𝑐𝑖,𝑓 bulk concentration of solute in the feed phase 

𝑐𝑖,𝑝 bulk concentration of solute in the permeate phase 

𝐷𝑖 solute diffusivity of solute 𝑖 

𝐷𝑖,∞ diffusion efficient of solute 𝑖 in the bulk solution 

𝐹 Faraday constant 

𝑒 electron charge 

𝐽 permeate flux 

𝐽𝐶  solute flow caused by convection 

𝐽𝐷 solute flow caused by diffusion 

𝐽𝑖 flux of solute 𝑖 

𝐽𝑣 volumetric permeate flux 

𝐾 membrane permeability constant 

𝐾𝑖,𝑎 diffusion hindrance factor 

𝐾𝑖,𝑑 advection hindrance factor 

𝑘𝐵 Boltzmann constant 

𝐿 physical thickness of membranes 

𝐿𝑒 effective membrane thickness 
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𝑅𝑖 rejection 

𝑅 ideal gas constant 

𝑟𝑖 Stokes radius of solute 𝑖 

𝑟𝑝 average pore radius of the membrane 

𝑇 solution temperature 

𝑡 filtration time 

𝑉 permeate volume 

𝑋(𝑥) volumetric charge density at position 𝑥 along the membrane pore 

𝑧𝑖 valance of ion 𝑖 

𝛾𝑖 activity coefficients of ion 𝑖 

∆𝑃 hydraulic pressure difference across the membrane 

∆𝑤𝑖 solvation energy difference of ion 𝑖 

∆𝛱 transmembrane osmotic pressure difference 

∆𝜙0 Donnan potential across the interface between solution and membrane phase 

𝜀 porosity of the membranes 

𝜀0 dielectric constant of vacuum  

𝜀𝑏 dielectric constant of solvent in bulk 

𝜀𝑝 dielectric constant of solvent in membrane pore 

𝜂 dynamic viscosity of the solvent 

𝜆𝑖 ratio of pore radius and the Stokes radius of solute 𝑖 
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𝜏 tortuosity of membrane pores 

𝜙(𝑥) electrical potential at position 𝑥 along the membrane pore 

𝜑𝐷,𝑖 Donnan exclusion factor 

𝜑𝐷𝐸,𝑖 dielectric exclusion factor 

𝜑𝑆,𝑖 steric exclusion factor 
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2.1. MF and UF membranes 

Membrane separation technology relies on semipermeable membranes that selectively 

allow different components to pass through, achieving the separation and purification of 

mixtures. Pressure-driven membrane separation technology has been widely applied in 

various fields, such as seawater desalination, removal of heavy metal ions from water, and 

protein purification. This technology utilizes the pressure difference across the membrane 

to drive the solution through the semipermeable membrane. Pressure-driven membrane 

filtration processes for liquid processing can be classified as microfiltration (MF), 

ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO), depending on the pore 

size [1], [2]. Membranes for liquid processing can also be driven by concentration gradients, 

such as in dialysis, or by electro-force, as in electrodialysis (using ion-exchange 

membranes), and thermally, as in membrane distillation (MD). MF and UF membranes are 

pressure-driven separation membranes with pore sizes in the ranges of 0.05-10 μm and 1-

100 nm, respectively [3]. The ability of UF membranes to retain fine particles or solute 

molecules is usually described by the molecular weight cutoff (MWCO), which is the 

molecular weight of the solute that the membrane can retain 90% of it. The MWCO of UF 

membranes is usually greater than 10 kDa [4]. 

In general, MF membranes are used to separate substances of micrometer size, such as 

soluble macromolecules, including large proteins [5], and suspended particles, such as 

bacteria, yeast cells, and fungal spores [6]. MF membranes have lower hydrodynamic 

resistance compared to their UF counterparts due to their relatively large pores, allowing 

them to achieve higher permeate flux at lower transmembrane hydrostatic pressures 

(usually 1 to 3 bar). For this reason, the MF process is primarily used as a pretreatment step 

in water treatment, such as the pretreatment stage before the application of UF in the 

food/dairy industry, NF in the chlor-alkaline process, and RO in the desalination process. 
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The separation mechanism of UF is similar to that of MF, primarily based on mechanical 

sieving, i.e., size exclusion. Due to the smaller pore size, UF membranes can separate 

macromolecules with a wider range of molecular sizes, including those that cannot be 

separated by MF membranes. UF membranes can separate protein molecules, starch 

molecules [7], and emulsions (like water-oil emulsions) [8]. As a result of the smaller pores, 

UF membranes have lower permeability than MF membranes and require higher operating 

pressures (usually between 1 and 5 bar). 

2.1.1. Characterization of membrane performance 

Membrane selectivity 

The rejection coefficient, 𝑅𝑖 , which is also called rejection, is used to evaluate the 

selectivity of certain species in the membrane filtration process. It is defined by Equation 

(2-1). 

 𝑅𝑖 =
𝑐𝑖,𝑓−𝑐𝑖,𝑝

𝑐𝑖,𝑓
∙ 100% (2-1) 

where 𝑐𝑖,𝑓 and 𝑐𝑖,𝑝 are the bulk concentration of solute in the feed phase and permeate 

phase, respectively. 

Membrane flux 

The permeate flux, 𝐽, of the pressure-driven membrane describes the permeability of the 

membrane, which can be expressed by Equation (2-2). 

 𝐽 =
𝑉

𝐴∙𝑡
 (2-2) 



 

11 

Where 𝑉  is the permeate volume. 𝐴  is the effective area of the membrane. 𝑡  is the 

filtration time to obtain the permeate volume 𝑉 . The flux of a membrane is usually 

determined by the transmembrane pressure and the properties of membranes, which can be 

described by Equation (2-3). 

 𝐽 = 𝐾 ∙
∆𝑃−∆𝛱

𝐿𝑒
 (2-3) 

Where 𝐾 is the membrane permeability constant. 𝐿𝑒 is the membrane thickness, ∆𝑃 is 

the transmembrane pressure. ∆𝛱 is the transmembrane osmotic pressure difference. 

 

Figure 2.1 Solute concentration distribution in MF or UF process 

As Figure 2.1 shows, in a pressure-driven filtration process, the solute continually 

accumulates near the feed-membrane interface and forms a stable concentration gradient 

at a steady state, which is called a concentration boundary layer (in some cases, the solute 

also forms a gel layer between the boundary layer and membrane, and Figure 2.1 

corresponds to such as the case). The 𝐽𝐶  and 𝐽𝐷 are solute flow caused by convection and 

diffusion, respectively. This accumulation phenomenon is known as concentration 

polarization. According to the film theory [3], [9], the flux of solute in the boundary layer 

is the sum of convection flow driven by pressure and the diffusion retro flow caused by the 
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concentration gradient, which is given by Equation (2-4). 

 𝐽𝑣 ∙ 𝑐𝑖,𝑓 = 𝐷𝑖 ∙
𝑑𝑐

𝑑𝑥
+ 𝐽𝑣 ∙ 𝑐𝑖,𝑝 (2-4) 

Where 𝐽𝑣  is the flux of solvent. 𝐷𝑖  is the solute diffusivity of specie 𝑖  at different 𝑥 

coordinates in the boundary layer. 𝑐𝑖,𝑓 and 𝑐𝑖,𝑝 are the concentration of solute 𝑖 at the 

feed bulk and permeate respectively. Integration of Equation (2-4) over the whole boundary 

layer 𝑥 coordinate, from 0 to 𝛿, gives. 

 𝐽𝑣 = 𝑘 ∙ 𝑙𝑛 (
𝑐

𝑖,𝑓′−𝑐𝑖,𝑝

𝑐𝑖,𝑓−𝑐𝑖,𝑝
)  (2-5) 

 𝑘 =
𝐷

𝛿
  (2-6) 

Equation (2-4) can be simplified as Equation (2-7) when the rejection is 100%. 

 𝐶𝑀 =
𝑐

𝑖,𝑓′

𝑐𝑖,𝑓
= 𝑒𝑥𝑝 (

𝐽𝑣

𝑘
)  (2-7) 

Where 𝐶𝑀 is the polarization modulus, which is determined by the solvent flux and the 

diffusivity of solute 𝑖. 

2.1.2. Mechanism of MF or UF process 

MF and UF membranes separate substances in solution primarily by steric hindrance, 

which is determined by the molecular size of the substance and the pore size of the 

membrane. Some MF and UF membranes can partially adsorb solutes or particles, which 

can enhance rejection. Additionally, a fouling cake with a porous structure that forms on 

the membrane surface can further contribute to the sieving of molecules or particles that 

are smaller than the membrane pores. 
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2.2. NF membranes 

The pore size of NF membranes is between that of UF membranes and RO membranes, 

generally not exceeding 2 nm [3]. Unlike other pressure-driven membranes (RO, UF, and 

MF membranes), the functional groups on the surface of NF membranes can be fully or 

partially ionized. This ionization causes electrostatic interactions between the NF 

membranes and ions, allowing NF membranes to selectively reject ions based on their 

properties, such as the charge sign (positive or negative), charge density (monovalent or 

multivalent), and ion radius. NF membranes can be used for the pretreatment of RO 

desalination, treatment of surface or groundwater, and municipal sewage treatment [10]. 

The most common structure of NF membranes is the thin-film composite (TFC). TFC 

membranes typically have an ultrathin selective layer, ranging from 10 to 400 nm in 

thickness, supported by a porous substrate [2]. 

2.2.1. Separation mechanism of NF process 

NF membranes retain uncharged solutes through both steric hindrance from membrane 

pores and diffusion differences within the membrane matrix. For charged solutes, 

electrostatic interactions occur between the ions and the NF membrane. Currently, three 

types of models are widely used to explain the NF process: 

Irreversible Thermodynamics Model: This model treats the membrane as a black box, 

requiring no knowledge of the separation mechanisms [11], [12], [13]. 

Solution-Diffusion Model: This model typically describes transport through dense 

membranes, assuming that solutes and solvents permeate only by diffusion and ignoring 

interactions between solute and solvent [13]. However, this simplification can lead to 

significant deviations in experimental results at high pressures. Paul et al. [14] improved 
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this model by introducing the Maxwell-Stefan equation, which relies on force balance 

among the species in solution. This modification allows the solution-diffusion model to be 

extended to non-ideal mixture systems. 

Pore Flow Model: This model assumes that solutes and solvents pass through the 

membrane via permeation pathways (pores) larger than the solute or solvent molecules [15]. 

A specific type of pore flow model, the Donnan Steric Pore Model with Dielectric 

Exclusion (DSPM-DE), is discussed in the following sections [16], [17]. 

DSPM-DE Model 

The DSPM-DE is one of the widely accepted models for NF membranes. This model 

considers solute partitioning at the solution-membrane interface via steric exclusion, 

dielectric exclusion, and Donnan exclusion. It accounts for solute transport along the 

membrane’s pores via diffusion, advection, and electro-migration. To simplify the 

mathematical model, several assumptions are made in DSPM-DE: (1) Only the active layer 

of the TFC NF membrane is considered, neglecting the influence of the support layer. (2) 

The shape and size of the pores are simplified as cylindrical and uniform. (3) Solute 

molecules are considered spherical. (4) Only flow perpendicular to the membrane surface 

is considered, ignoring the crossflow of the solute. (5) The model is applied to dilute 

systems, thus ignoring interactions between solute molecules. (6) The dielectric constant 

of the solvent in the membrane pore is constant at different positions within the membrane 

pore. (7) Electro-neutrality is maintained everywhere inside the membrane and at the 

solution-membrane interface. (8) The NF process is assumed to be in a steady state [17]. 

The DSPM-DE model describes the relationship between permeate flux, solute rejection, 

the properties of the membrane, and the properties of the feed solution. It considers the 

effects of steric rejection, dielectric rejection, and Donnan rejection of solutes during the 
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filtration process. This comprehensive approach allows for a better understanding of how 

various factors influence the overall performance of nanofiltration membranes. 

Solvent flux 

The solvent flux in DSPM-DE can be described by the Hagen-Poiseuille Equation (2-8). 

 𝐽𝑣 =
𝑟𝑝

2∙(∆𝑃−∆𝜋)

8∙𝜂∙𝐿𝑒
  (2-8) 

Where 𝐽𝑣 is the volumetric permeate flux. 𝑟𝑝 is the average pore radius of the membrane. 

𝜂 is the dynamic viscosity of the solvent.  ∆𝑃 is the hydraulic pressure difference across 

the membrane.  𝐿𝑒 is the effective membrane thickness that can be described by Equation 

(2-9). ∆𝜋 is the osmotic pressure difference between feed and permeate solution which 

can be expressed by Equation (2-10). 

 𝐿𝑒 =
𝜏∙𝐿

𝜀
  (2-9) 

Where 𝜏 is the tortuosity of membrane pores. 𝐿 is the physical thickness of membranes. 

𝜀 is the porosity of the membranes. 

 ∆𝜋 = 𝑅 ∙ 𝑇 ∙ ∑ (𝑐𝑖,𝑓 − 𝑐𝑖,𝑝)𝑁
𝑖=1   (2-10) 

Where 𝑅 is the ideal gas constant. 𝑇 is the solution temperature. 𝑐𝑖,𝑓 and 𝑐𝑖,𝑝 are the 

concentration of ion 𝑖 in feed and permeate respectively. 

Solute partitioning at the interface of solution-membrane 

Three different exclusion factors are considered in DSPM-DE, for estimating the 
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partitioning of solute at the solution-membrane interface. 

Steric exclusion 

Steric exclusion is the exclusion sieving of solute molecules by membrane pores. As 

Equation (2-11) shows, the solute molecules whose Stokes radius is equal to or bigger than 

the radius of the membrane pore cannot enter the pore. When the Stokes radius of solute, 

𝑟𝑖, is smaller than pore’s radius, 𝑟𝑝, the steric exclusion factor, 𝜑𝑆,𝑖, is determined by the 

radius of the solute and membrane pore. 

 𝜑𝑆,𝑖 = {
(1 −

𝑟𝑖

𝑟𝑝
)

2

,  𝑓𝑜𝑟 𝑟𝑖 < 𝑟𝑝

0,  𝑓𝑜𝑟 𝑟𝑖 ≥ 𝑟𝑝

  (2-11) 

Dielectric exclusion 

Dielectric exclusion is caused by the dielectric constant of the solvent being different in 

the bulk solution and inside the narrow membrane pores. The dielectric constant of solvent 

in the membrane pore is much smaller than it is in the bulk. The solutes, usually ions, are 

often with high polarity, so they tend to stay in the solvent with a high dielectric constant. 

Therefore, there is a hindrance to the solute to enter the membrane pore. The dielectric 

exclusion factor 𝜑𝐷𝐸,𝑖 can be calculated by Equation (2-12). 

 𝜑𝐷𝐸,𝑖 = exp (−
∆𝑤𝑖

𝑘𝐵∙𝑇
)  (2-12) 

Where 𝑘𝐵  is Boltzmann constant and ∆𝑤𝑖  is the solvation energy difference of ion 𝑖 

which can be calculated by Equation (2-13). 

 ∆𝑤𝑖 =
𝑧𝑖

2∙𝑒2

8∙𝜋∙𝜀0∙𝑟𝑖
∙ (

1

𝜀𝑏
−

1

𝜀𝑝
)  (2-13) 
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Where 𝑧𝑖  is the valance of ion 𝑖 . 𝑒  is the electron charge. 𝜀0 , 𝜀𝑏  and 𝜀𝑝  are the 

dielectric constant of vacuum, solvent in bulk, and solvent in membrane pore. 

Donnan exclusion 

Donnan exclusion is generated by electrostatic repulsion between the membrane surface 

and the ionic solute. Due to the ionization of the functional group, the membrane surface 

is charged. The degree of ionization of the functional group depends on the pH of the bulk 

solution. As Equation (2-14) shows, the Donnan exclusion factor 𝜑𝐷,𝑖 is related to the 

temperate, ionic valence and ∆𝜙0 , Donnan potential across the interface between the 

solution and membrane phase. 

 𝜑𝐷,𝑖 = exp (−
𝑧𝑖∙𝑒

𝑘𝐵∙𝑇
∙ ∆𝜙0)  (2-14) 

Solute partitioning at the solution-membrane interface is determined by the product of 

steric exclusion factor, dielectric exclusion, and Donna exclusion factor. The solute 

partitioning on the feed side and the permeate side is described by Equation (2-15) and 

Equation (2-16) respectively. 

 𝛾𝑖(𝑥=0)∙𝑐𝑖(𝑥=0)

𝛾𝑖,𝑓∙𝑐𝑖,𝑓
= 𝜑𝑆,𝑖 ∙ 𝜑𝐷𝐸,𝑖 ∙ 𝜑𝐷,𝑖  (2-15) 

 𝛾𝑖(𝑥=𝛿)∙𝑐𝑖(𝑥=𝛿)

𝛾𝑖,𝑝∙𝑐𝑖,𝑝
= 𝜑𝑆,𝑖 ∙ 𝜑𝐷𝐸,𝑖 ∙ 𝜑𝐷,𝑖  (2-16) 

Where the 𝛾𝑖 is the activity coefficients of ion 𝑖. 

The solutions across the membrane at steady-state would maintain electro-neutrality, which 

is shown in Equations (2-17), (2-18), and (2-19) for the feed side, the permeate side, and 

in the pore, respectively.  
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 ∑ 𝑧𝑖 ∙ 𝑐𝑖,𝑓 = 0𝑁
𝑖=1   (2-17) 

 ∑ 𝑧𝑖 ∙ 𝑐𝑖,𝑝 = 0𝑁
𝑖=1   (2-18) 

 ∑ 𝑧𝑖 ∙ 𝑐𝑖(𝑥) + 𝑋(𝑥) = 0𝑁
𝑖=1   (2-19) 

Where 𝑋(𝑥) is the volumetric charge density at position 𝑥 along the membrane pore. 

Solute transport along the membrane pore 

In DSPM-DE, the solute transport in the membrane pore is described by the extended 

Nernst-Planck Equation (2-20). On the right side of Equation (2-20), the first term 

represents diffusive flux, the second term represents advective flux and the third term 

represents electro-migration. 

 𝐽𝑖 = −𝐾𝑖,𝑑 ∙ 𝐷𝑖,∞ ∙
𝑑𝑐𝑖

𝑑𝑥
+ 𝐾𝑖,𝑎 ∙ 𝑐𝑖 ∙ 𝐽𝑣 −

𝑧𝑖∙𝑐𝑖∙𝐾𝑖,𝑑∙𝐷𝑖,∞∙𝐹

𝑅∙𝑇
∙

𝑑𝜙(𝑥)

𝑑𝑥
  (2-20) 

Where 𝐽𝑖  is the flux of solute 𝑖 . 𝐷𝑖,∞  is diffusion efficient of solute 𝑖  in the bulk 

solution. 𝜙(𝑥)  is electrical potential at position 𝑥  along the membrane pore. 𝐹  is 

Faraday constant. 𝐾𝑖,𝑑  and 𝐾𝑖,𝑎  are the diffusion hindrance factor and advection 

hindrance factor, respectively. Both 𝐾𝑖,𝑑 and 𝐾𝑖,𝑎 are only related to 𝜆𝑖, the ratio of pore 

radius and the Stokes radius of solute 𝑖, shown in Equation (2-23). The 𝐾𝑖,𝑑 and 𝐾𝑖,𝑎 can 

be calculated by Equation (2-21) and (2-22). 

 𝐾𝑖,𝑎 =
1+3.867∙𝜆𝑖−1.907∙𝜆𝑖

2−0.834∙𝜆𝑖
3

1+1.867∙𝜆𝑖−0.741∙𝜆𝑖
2   (2-21) 

 𝐾𝑖,𝑑 = {

1+
9

8
𝜆𝑖 ln 𝜆𝑖−1.56𝜆𝑖+0.53𝜆𝑖

2+1.95𝜆𝑖
3−2.82𝜆𝑖

4+0.27𝜆𝑖
5+1.10𝜆𝑖

6−0.44𝜆𝑖
7

(1−𝜆𝑖)2
, 𝜆𝑖 ≤ 0.95

0.98 ∙ (
1−𝜆𝑖

𝜆𝑖
)

2.5

 , 𝜆𝑖 ≤ 0.95

 (2-22) 
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 𝜆𝑖 =
𝑟𝑖

𝑟𝑝
  (2-23) 

At the steady-state, the solute flux 𝐽𝑖 and the solvent flux 𝐽𝑣 have the relationship shown 

in Equation (2-24), since 𝐽𝑖 ≪ 𝐽𝑣, the total flux is approximately equal to the solvent flux. 

 𝐽𝑖 = 𝐽𝑣 ∙ 𝑐𝑖,𝑝  (2-24) 

2.3. Modification methods of PVDF membranes 

Polyvinylidene fluoride (PVDF) is a very promising membrane material, due to its 

excellent thermal stability, high chemical resistance against corrosive chemicals, 

mechanical strength, and membrane-forming ability. However, its strong hydrophobic 

nature leads to low water permeability and easy fouling by proteins. Through membrane 

modification, the surface properties of PVDF membranes, such as hydrophilicity, can be 

significantly altered, thereby enhancing their performance in membrane separation 

processes. 

PVDF membranes can be modified using several techniques to enhance their hydrophilicity, 

antifouling properties, and overall performance. Surface coating involves dipping the 

PVDF membrane into a solution containing target chemicals for coating, such as polyvinyl 

alcohol (PVA), chitosan, and polyether block amide (PEBAX), to improve the antifouling 

properties of membranes [18], [19]. Typically, the coating layer is not very durable. It may 

wash away during use. Surface grafting, which forms covalent bonds between the chemical 

for grafting and the membrane, offers long-term chemical stability. Surface grafting 

methods include UV photo-grafting, plasma treatment, electron beam grafting, and 

living/controlled polymerization. However, it may reduce permeability by blocking 

membrane pores from grafting chemicals. 
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Surface grafting immobilizes the hydrophilic functional groups, such as carboxyl and 

amine groups, onto the PVDF membrane surface by covalent bonds through chemical 

reactions, providing long-term stability and significant hydrophilicity improvement, 

though the process requires precise control of reaction conditions. Surface grafting can be 

achieved through plasma treatment [20], [21], [22], [23], UV-photo grafting [24], [25], [26], 

[27], [28], electron beam irradiation [29], chemical solution treatment [30], [31], [32], [33] 

and etc. 

Blending modification mixes hydrophilic polymers like polyethylene glycol (PEG) and 

polyacrylamide (PAM) with PVDF resin to create modified membranes via phase inversion. 

Since the other chemicals are mixed into the PVDF membrane matrix, it may affect the 

membrane's mechanical properties. Additionally, incorporating other advanced materials, 

such as graphene oxide (GO) [34], [35], carbon nanotubes (CNTs) [36], [37], [38], [39], 

metal-organic frameworks (MOFs) [40], [41], MXene [42], [43], SiO2 nanoparticles [44], 

and TiO2 nanoparticles [45], dendrimer, can also improve the filtration performance of 

PVDF membranes. For instance, Lecaros et al. significantly improved the separation 

efficiency of PVDF membranes for ethanol/water separation by immobilizing a layer of 

Ionically cross-linked sodium alginate and polyamidoamine (PAMAM) dendrimer on the 

membrane surface [46]. 

2.4. Dendrimer 

Dendritic polymers, also known as hyperbranched polymers, are a class of polymers 

characterized by their abundant side chains, resembling the branch structure of trees or 

starburst structures. Generally, dendritic polymers are divided into two categories based on 

the frameworks of molecules: polydisperse and monodisperse (Figure 2.2). Polydisperse 

dendritic polymers can be further subdivided into hyperbranched polymers, dendrigrafts, 
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and dendritic-linear hybrids [47]. These polydisperse dendritic polymers are non-uniform 

and contain chains or side chains of varying lengths. On the other hand, monodisperse 

dendritic polymers include dendrimers and dendrons, which have uniform and consistent 

structures. 

 
Figure 2.2 Schematic overview of the sub-classes of the family of dendritic polymer [47]. 

Dendrimers are spherical, branched-like molecules, also known as starburst dendritic 

macromolecules. In the 1980s, Donald Tomalia first synthesized and reported 

monodisperse dendrimers, specifically poly(amidoamine), with an NH3 core, by repeatedly 

performing Michael addition and amidation reactions [48]. A typical dendrimer has three 

key features: (1) a central core surrounded or shielded by dendritic wedges, (2) an outer 

shell consisting of a repeatedly branched structure, and (3) a peripheral outside layer with 

numerous terminal functional groups. Due to their unique topological structure, dendrimers 

possess abundant terminal functional groups, large internal cavities, precise molecular 

structures, high degrees of geometric symmetry, and structural uniformity. Consequently, 

dendrimers hold great potential for various advanced applications, including targeted drug 

delivery, gene delivery, sensors, catalysis, wastewater treatment, and filtration membrane 

modification. 

Among the diverse types of dendrimers, PAMAM and polypropylene imine (PPI) are the 

two most popular and commercially viable. They are widely used in biomedical 
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applications, catalysis, and industrial processes due to their remarkable biological 

properties, self-assembling capability, electrostatic interactions, chemical stability, low 

toxicity, high aqueous solubility, and reactivity [49]. 

 
Figure 2.3 Molecular formula of generation 3 PAMAM dendrimer and generation 3 PPI dendrimer. 

As shown in Figure 2.3, the structures of PPI and PAMAM dendrimers are very similar, 

with the primary difference being the presence of carbonyl groups in the branches of 

PAMAM dendrimers. However, the synthesis of PPI dendrimers is more complex, 

requiring more toxic chemicals and more cumbersome reaction conditions. Therefore, 

modifying PVDF membranes with PAMAM dendrimers is more promising and feasible. 

2.4.1. Synthesis methods of dendrimer 

Unlike traditional polymers prepared by one-pot synthesis, dendrimers are typically 

synthesized via a stepwise approach, which involves many steps, especially for high-

generation dendrimers. Generally, the synthesis methods include the divergent method, the 

convergent method, the solid-phase method, and the double-stage convergent method (a 

combination of the divergent and convergent methods). Recently, some advanced strategies 

have been proposed, such as self-assembly synthesis, one-pot synthesis, orthogonal growth 

method, chemo-selective growth method, accelerated synthesis, and click chemistry 

PAMAM-G3 PPI-G3
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synthesis [50]. 

Divergent synthesis 

In the divergent method, dendrimers are synthesized from the inside out. Monomer 

molecules are first attached to the dendrimer core, and then layers are grafted onto the 

periphery of the dendrimer step by step.  

 

Figure 2.4 Synthesis of PAMAM dendrimer: the divergent approach. 

For example, as shown in Figure 2.4, according to Donald Tomalia’s strategy [48] for 

synthesizing PAMAM dendrimers, four methyl acrylate molecules are first added to the 

two terminal amine groups (-NH2) of an ethylenediamine (EDA) core through a Michael 

addition reaction to obtain a half-generation PAMAM dendrimer (PAMAM-G0.5). Next, 

the four -OCH3 groups of the terminal methyl ester groups in the PAMAM-G0.5 molecule 
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are replaced by four EDA molecules via an amidation reaction to generate a full-generation 

PAMAM dendrimer (PAMAM-G1.0). Subsequently, repeating the Michael addition 

reaction produces a PAMAM-G1.5 dendrimer, and repeating the amidation reaction 

generates a PAMAM-G2.0 dendrimer. Higher-generation PAMAM dendrimers can be 

synthesized by alternating between the Michael addition and amidation reactions. 

As the molecular size of dendrimers increases, the probability of defects also rises due to 

structural crowding. Since the chemical and physical properties of normal and defect 

dendrimers are similar, separating defect dendrimers from normal ones is challenging, 

which decreases the mono-dispersity of the product [48], [51]. Additionally, it is necessary 

to remove excess reactants at every step, as divergent synthesis requires many iterations, 

and residual reactants from each step can react with those in subsequent steps. However, 

as dendrimer generation increases, the solution's viscosity also rises, and dendrimers 

cannot withstand high temperatures for purification. This makes the purification of high-

generation dendrimers difficult. 

Defect of PAMAM in the divergent synthesis 

Due to the complexity of dendrimer structures, especially at high generations, defects can 

occur during divergent synthesis. These defect structures can result from four types of side 

reactions: incomplete Michael addition, retro-Michael reaction, intramolecular cyclization, 

and dendrimer bridging [52]. 

The incomplete Michael addition occurs when a terminal amine group combines with only 

one methyl acrylate (MA) molecule instead of two. This is typically due to insufficient 

reaction time. The retro-Michael reaction, on the other hand, involves the detachment of 

one or two MA molecules from the amine group of the PAMAM, a process promoted by 

high temperatures. Both incomplete Michael addition and retro-Michael reactions result in 
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branch structures missing repeat units. Intramolecular cyclization happens when an EDA 

molecule reacts with a terminal ester group on the same branch of a PAMAM molecule, 

forming macrocyclic defects. This side reaction is facilitated by high dilution conditions. 

Dendrimer bridging occurs when one EDA molecule reacts with two ester groups from 

different PAMAM molecules, linking them together. This is more likely to happen when 

EDA is in short supply. Furthermore, water molecules can hydrolyze ester bonds, 

converting them into carboxyl groups that are non-reactive with the amine groups of EDA. 

This hydrolysis results in inactive terminal groups, leading to missing repeat unit defects 

[52]. Residual EDA or MA can act as initiator cores, producing low-generation dendrimers 

in subsequent syntheses and reducing overall product purity. Given that defective 

dendrimers and low-generation dendrimer impurities have similar chemical and physical 

properties, making them difficult to separate, it is essential to minimize the formation of 

defects and low-generation dendrimers during synthesis. 

High temperatures are deleterious to PAMAM dendrimers, both during synthesis and 

storage. During synthesis, elevated temperatures (i.e., > 80℃) can promote the retro-

Michael reaction and intramolecular cyclization, regardless of the EDA concentration. For 

example, first-generation PAMAM dendrimers can be reversed at temperatures above 

120℃, and significant dendrimer bridging occurs when exposed to temperatures higher 

than 150℃ [48]. Many papers have reported that the reaction temperature should be lower 

than 30℃, which means the temperature should not be over 120℃. 

A large excess of EDA (over 10 times) is necessary for amidation, except for the formation 

of the first and second-generation dendrimers. Without this excess, serious dendrimer 

bridging occurs, resulting in a yellow gel-like product. Dendrimers with few bridging 

defects are homogeneous and appear as pale-yellow syrup, with the color becoming a 

brilliant yellow as the generation increases. In contrast, a large excess of MA is not required 
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for the Michael addition; an excess of 1.1 times MA is sufficient to inhibit the retro-Michael 

reaction. 

Incomplete removal of EDA or MA after each synthesis step can lead to the presence of 

low-generation dendrimers mixed in the final product, which are difficult to separate. 

While residual MA and EDA can be removed by simple vacuum evaporation, removing 

trace EDA from high-generation dendrimers is more challenging. This is due to the high 

viscosity of high-generation dendrimers, the low volatility of EDA, and the vacuum 

evaporation temperature cannot be higher than 120℃ to avoid damaging the dendrimer 

structure. To effectively remove trace EDA, azeotropic distillation (e.g., using n-butanol 

or toluene) and wiped film distillation can be employed at relatively low temperatures. 

Additionally, using an oil bath during vacuum distillation can help prevent structural 

damage caused by localized high temperatures [52]. 

The ester groups in half-generation PAMAM dendrimers are prone to hydrolysis in aqueous 

solutions or humid environments. Therefore, it is crucial to prevent half-generation 

PAMAM dendrimers from contacting with water and to store them in a dry environment 

for long-term storage. 

Convergent synthesis 

In the convergent approach [51], the dendrimer is synthesized from the outside to the core. 

The outside unit is synthesized on the sub-outer unit, to form a fragment of the dendrimer. 

These fragments are progressively combined with inner units to create larger segments. 

Finally, these larger fragments, known as dendrons, are anchored to the core unit to 

complete the dendrimer structure. 
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Figure 2.5 Convergent approach to the synthesis of PAMAM dendrimer. 

For example, Christensen et al [53]. synthesized a kind of PAMAM dendrimers by a 

convergent approach. As shown in Figure 2.5, first, they connected two benzyl acrylate 

molecules on the terminal amine of a (2-Aminopropyl) carbamic acid tert-butyl ester 

molecule by Michael reaction (reaction A in Figure 2.5), to generate the terminal unit of 

the dendrimer, whose two-terminal carboxyl groups connect and are deactivated by two 

benzyl groups respectively. Then they removed the tert-butyl ester group of terminal units 

to generate the repeating unit with the active amine (reaction B in Figure 2.5). Then, they 

added two terminal units to one repeating unit by the amidation reaction (reaction C in 

Figure 2.5). The tert-butyl ester of terminal units was replaced and connected with the 

carboxyl group of repeating units, to form a dendron, a fragment, or a branch of the 

dendrimer. Then, a large branch was generated by adding two small branches, synthesized 

before, to one repeating unit (reaction D in Figure 2.5). By repeating this adding step at 

different times, the fragment of different generation dendrimers can be generated. In the 
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final step, all branches were connected to the core unit, 1,2-propane diamine, to form a 

dendrimer [53]. 

Compared with the divergent method, the convergent strategy intrinsically decreases the 

complexity of intermediates, so the risk of structure defect is lower during the synthesis 

The intermediate of divergent methods and convergent methods are dendrimers and 

dendrons, respectively. The dendrimer synthesized by convergent methods has fewer 

impurities, more mono-dispersity, and lower defects because better purification of 

dendrons is possible before final attachment to the core [52], [54]. However, due to the 

steric hindrance increase with the increase of dendron size, the reaction efficiency will 

decrease significantly, for synthesizing high generation dendrimer. Therefore, the synthesis 

efficiency is limited by convergent methods. In addition, due to steric congestion created 

in high-generation dendrons., the convergent methods can only produce the dendrimers up 

to generation 4 [51]. Therefore, extensive research is still needed before the convergent 

method can be widely adopted. 

Solid-Phase synthesis 

Solid phase synthesis is a very simplified and efficient method based on divergent synthesis. 

The difference between those two methods is that in the solid phase method, the core of 

the dendrimer is anchored on the solid. Then, by divergent iterative a part of dendrimer, 

dendron, is synthesized. After finishing the synthesis, the core of the dendrimer and the 

solid are disconnected and the dendrons are connected to form a dendrimer structure [55], 

[56], [57]. 

2.5. Dendrimer modified membranes 

Currently, lots of dendrimers are applied in the modification of separation membranes, 
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including MF, UF, NF, RO, forward osmosis (FO), and gas separation membranes. There 

are three kinds of methods reported for immobilizing dendrimers onto membranes, which 

are grafting, coating, and blending [58]. The PAMAM molecule is connected with the 

polymer chains of membranes by covalent bonds via the grafting method. By coating, the 

PAMAM dendrimer is adsorbed or coated on the surface of the membrane. In the blending 

method, the PAMAM dendrimer is mixed into the casting solution. 

2.5.1. Grafting 

Grafting of the dendrimer can be achieved by two different approaches, which are 

“grafting-to” [59] and “grafting-from”. In the grafting-to approach, the dendrimer is first 

synthesized and then grafted to the membrane, while, in the grafting-from approach, the 

core of the dendrimer is first grafted on the membrane surface and then, the dendrimer is 

synthesized. Generally, the way to graft dendrimers on the membrane depends on the 

chemical properties of the membrane surface. If the membrane contains appropriate groups 

that can react with the peripheral group of dendrimers, dendrimers can be directly grafted 

onto the membrane [60]. In some cases, the coupling agent may be used to induce the 

reaction between dendrimers and membranes [61], [62], [63], [64], [65]. For instance, 

Amariei et al. reported grafting PAMAM-G3 dendrimer on polyacrylic acid (PAA) / PVA 

hybrid electrospun membrane by using N, N-dicyclohexylcarbodiimide as the coupling 

agent [61]. 

If the dendrimer cannot directly react with the membrane matrix, it needs to introduce 

active groups by pretreatment before grafting. Active groups are generated during the 

pretreatment, enabling the formation of a covalent bond with the peripheral group of 

dendrimers. Generally, there are three ways to introduce an active group, UV irradiation, 

plasma treatment, and chemical treatment [58]. 
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A variety of solutions have been applied for the chemical pretreatment of PVDF 

membranes, such as (1) acid aqueous solution of potassium permanganate [66], [66], (2) 

aqueous alkaline solution (NaOH or KOH) [67], [68], [69], [70], [71], [72], [73], [74], (3) 

alcoholic alkaline solution (NaOH or KOH) [70], [75], [76], (4) Piranha solution, mixture 

of sulfuric acid and hydrogen peroxide [30], [77]. In addition, some researchers reported 

that the amine groups of some organic molecules, such as 2-Amino-2-methyl-1-propanol 

[69], can directly react and form covalent bonds with PVDF membranes under alkaline 

condition [78], [79]. This provides a new possible method for grafting dendrimers with 

amine groups as peripheral functional groups. The alkaline treatment is usually performed 

with a hot solution (over 60℃) since PVDF has good alkaline resistance at room 

temperature. It is believed that carboxyl, hydroxyl, or carbonyl groups are formed after the 

treatment [68], [71], [72]. On the other hand, the alkaline treatment with the alkaline 

alcoholic solution or an alkaline aqueous solution of amine hydroxide ions 

dehydrofluorides forms a carbon-carbon double bond in PVDF chains [69], [70], [75], [78], 

[79]. When the reaction is in an aqueous solution, the double bond will continue to react 

with water molecules and form carboxyl, hydroxyl, or carbonyl groups on the PVDF 

backbone. However, when there is a primary amine in the aqueous solution, the double 

bond will prefer to undergo an addition reaction with a primary amine, forming a carbon-

nitrogen bond, rather than with a water molecule [78]. The double bond of the modified 

PVDF molecule will be kept and treated with the alkaline alcoholic solution. 

Some researchers also reported a method in which some agents, precursors, provide anchor 

sites for graft dendrimers. Usually, they first immobilized precursors on the membrane, and 

then grafted dendrimer on those precursors. The connection between precursors and 

membranes and the connection between precursors and dendrimers generally are covalent 

bonds, which provide good strength to prevent flaking. The PVDF membranes required 

pretreatment, before immobilizing the precursor. For instance, Li et. al reported the use of 
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trimethyl chloride (TMC) as the precursor to graft silver-PAMAM dendrimer (the silver 

nanoparticles are encapsulated inside of PAMAM dendrimer) onto alkaline treated PVDF 

membranes [76]. 

The way to graft the core of dendrimers, in the grafting-from approach, is similar to that of 

the grafting-to approach. In the grafting-from approach, since the dendrimer is built on the 

surface of the membrane, it is easier to separate dendrimers from the unreacted (excess) 

chemicals that are used for the synthesis of dendrimers. In the grafting-from approach, 

dendrimers have no spherical structure anymore. Therefore, it is more accurate to call those 

molecules dendrons. Zhang et al. [80] reported the grafting-from approach for dendrimer 

grafting. First, the core of PAMAM dendrimer, EDA was grafted on the bromomethylated 

poly (2,6-dimethyl-1,4-phenylene oxide) (BPPO) hollow fiber membranes. Then, they 

repeated the synthesis step of the PAMAM dendrimer by alternately reacting with MA and 

EDA. Finally, they successfully fabricated the hollow fiber membranes with PAMAM 

dendrons on their surface. 

2.5.2. Coating 

Unlike grafting methods, the bonding force between dendrimers and membranes is van der 

Waals or electrostatic forces in the coating method [58]. The common approaches of the 

coating method are direct precipitation [81] and interfacial polymerization (IP). 

In the precipitation method, the dendrimer is adsorbed on the surface of the membrane. For 

instance, Savariar et al. [82] reported the coating of PPI dendrimer on membranes, which 

consists of the adsorption of PAA on the pore wall of polycarbonate (PC) membrane by 

simple filtration. Then, the PPI dendrimers are adsorbed onto the PAA layer by electrostatic 

force while PPI is filtered by the PAA/PC membrane. 
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The common method of the IP process is to perform IP on the surface of the membrane, 

and then immobilize the dendrimer by grafting or precipitation (adsorption). According to 

Zhang [83] IP of m-phenylenediamine (MPD) and TMC was first performed to form a 

polyamide layer on the surface of the polyethersulfone (PES) - PEG blend membrane. Then, 

PAMAM dendrimers were grafted on the polyamide layer. Some researchers also reported 

mixing the dendrimers in one of the reactants for IP. For instance, Manna et al. found that 

permeabilities, selectivity, and anti-fouling ability were increased in the filtration of multi-

negatively charged organic dye molecules when trimesoyl amide amine (TMAAM) 

dendrimers were blended in the solution of piperazine (PIP), and IP is performed with TMC 

on the PES UF membranes [84]. Some researchers tried to use dendrimers as a reactant of 

IP. For example, Mansourpanah and Jafari [85] reported IP of PAMAM dendrimer and 

TMC on the surface of the PES UF membrane could double the NaCl rejection [85]. 

Dopamine can oxidatively polymerize automatically and form polydopamine (PDA) [86], 

[87]. This thin PDA layer can stick strongly on the surface where the polymerization takes 

place. The thin PDA layer cannot only play the role of a selective layer but also provide 

the sites for the grafting of dendrimers. 

2.5.3. Blending 

Blending is an economical and easy-to-operate method for embedding PAMAM in the 

membrane. Blending only needs to mix the dendrimers into the casting solution without 

additional treatment. For instance, Karimipour et al. blended the melamine-based 

dendrimer amines (MDA) functionalized GO nanosheets into PES membranes by directly 

adding them into the casting solution of PES membranes [81]. The anti-fouling 

performance of the modified PES membrane was significantly improved during bovine 

serum albumin (BSA). 
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However, dendrimers immobilized by coating or blending are not as strongly attached as 

those immobilized by grafting. During long-term use, dendrimers immobilized by coating 

or blending may be eluted from the membrane. 

2.6. Application of membranes in the dairy industry 

Normally, the composition of milk is water (87.7%), carbohydrate (4.9%), fat (3.4%), 

protein (3.3%), minerals (0.7%, referred to as ash), and vitamins [88]. The carbohydrate in 

milk is lactose, which is water-soluble, and trace amounts of some monosaccharides and 

oligosaccharides. The composition of milk fat is very complex, which is composed of 

triglycerides with over 400 individual fatty acids. Most fatty acids of milk fat have straight 

chains that have 4 to 18 carbons. The triglycerides in milk are in the form of 1 to 10 µm 

globules that are surrounded by a protein and phospholipid membrane. Milk contains 

water-soluble vitamins, such as thiamin (vitamin B1), riboflavin (vitamin B2), niacin 

(vitamin B3), cobalamin (vitamin B12), and a small amount of pantothenic acid (vitamin 

B5), pyridoxine (vitamin B6), vitamin C, niacin and folate. The mineral in milk includes 

potassium (0.14%), calcium (0.11%), phosphorous (0.09%), sodium (0.04%), magnesium 

(0.01%) and a small amount of selenium, zinc-iron, and copper. In milk, approximately 67% 

of the calcium, 35% of the magnesium, and 44% of the phosphate are salts bound within 

the casein micelle and the remainder is soluble in the whey phase. 

There are two major types of protein in milk. They are casein protein (82%) which contains 

phosphorus and will precipitate at pH 4.6, and whey protein (18%) which is still dissolved 

in solution at pH 4.6. There are four types of caseins, α-s1, α-s2, ß, and 6. The caseins are 

suspended in milk as a micelle, which is a sphere with a diameter of 0.04 to 0.3 µm. Casein 

micelles are stable and do not precipitate from the solution. Most of the casein protein is 

separated during cheese production. The remaining solution is whey (serum), in other 
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words, whey is the byproduct of the cheese industry. The whey protein in the milk mainly 

includes ß-lactoglobulin (50%), α-lactalbumin (20%), bovine serum albumin (BSA), 

immunoglobulins, lactoferrin, transferrin, and many minor proteins and enzymes [88]. 

Table 2.1 Composition of different whey and UF permeate in the dairy industry [88]. 

Composition Milk 
Sweet whey 

cheddar 
Acid whey UF permeate 

cheddar HCl Lactic 
pH 6.7 6.1 4.7 4 6.1 

Solids (%) 13 6.6 5.1 6 5.5 
Lactose (%) 4.9 4.8 3.7 3.9 4.7 
Protein (%) 3.3 0.9 0.73 0.72 0.01 

Ash (%) 0.7 0.59 0.6 0.72 0.53 
Lactic acid (%) / 0.13 0 0.6 0 

Fat (%) 3.4 0.06 0.05 0.003 0 
Calcium (ppm) 1130 430 1200 1140 375 

Phosphorus (ppm) 910 440 680 900 275 
Potassium (ppm) 1430 1460 1200 1530 1450 
Sodium (ppm) 400 430 270 400 430 
Chloride ppm / 970 2600 910 940 

 

As mentioned above, whey is the byproduct of the cheese industry. Therefore, the 

composition of whey depends on the type of cheese produced. There are two types of whey, 

acid whey, and sweet whey. The sweet whey is from the production of rennet cheese and 

its pH is over 5.6. The acid whey is from the manufacturing of fresh cheese produced by 

lactic acid fermentation. The pH of acid whey is smaller than 5.1. The composition of 

different types of whey is shown in Table 2.1 [89]. Table 2.2 shows the properties of the 

proteins in whey. As Table 2.2 shows, about 70% of whey proteins have molecular weights 

of more than 14 kDa [90] and about 90% of whey proteins have isoelectric points smaller 

than pH 6.7, which is the pH of the sweet whey. Therefore, most protein in sweet whey is 

negatively charged. 

Usually, MF membranes with a pore size of 0.1 to 2 µm are used for removing bacteria, 
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fungi spores, somatic cells, and fat globules from milk [91]. Ceramic membranes with a 

size below 0.1 µm could retain most casein in the retention phase [92], [93], [94], [95]. 

However, to retain all casein, the UF membranes of MWCO no more than 20 kDa are used 

[95]. 

Table 2.2 Protein composition in sweet whey [90]. 

Whey protein 
Concentration 

(g/L) 
Proportion of 

protein (%) 
Isoelectric 

point (pH) 
Molecular 

weight (kDa) 
β-Lactoglobulin 3 50 5.3-5.3 18.3 
α-Lactalbumin 0.7 12 4.2-4.5 14 

Proteose peptones 1.4 23 / 4.1-40.8 
Bovine serum albumins 0.3 5 5.1 69 

Immunoglobulins 0.6 10 5.5-8.3 15-1000 
Lactoferrin 0.05 0.8 9 81-84 

Lactoperoxidase 0.03 0.5 9.6 89 
Glycomacropeptide / / 4.2 7 

 

Several membrane filtration systems have been researched for whey protein recovery, such 

as diafiltration (DF), vibratory shear enhanced processing (VSEP), integrated membrane 

systems of FO/RO and UF/NF, air injection enhanced UF, and biocatalysis coupled UF 

process [96]. The literature shows that the UF membranes with MWCO of 10 or 25 kDa 

could concentrate the whey to a very concentrated solution. For example, Barba et al. 

reported that the whey protein could be concentrated to 99.5 % by a 10 kDa polysulfone 

(PSF) membrane [97]. Yee et al., using a 10 kDa PES membrane concentrated the whey 

protein to 80 % [98], [99]. A membrane with MWCO of 10 kDa could reject most of the 

whey protein. Only some peptides and amino acids leaked [96]. Fouling is a serious 

challenge in the membrane filtration process of whey or milk. Hydrophilic membranes with 

smoother surfaces usually show better anti-fouling properties for proteins in the dairy 

industry. Meng et al. also reported that the zwitterionic layer helped to reduce the protein 

fouling of polyacrylonitrile membranes [100]. Using a rotating disk system or vibrating 
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system also can reduce protein fouling [101]. 

2.7. Conclusions 

The review shows that enhancing the permeability, selectivity, and antifouling properties 

of separation membranes by immobilizing dendrimers has been extensively studied. 

Researchers have explored various methods of modifying separation membranes with 

dendrimers. These include directly incorporating dendrimers into the membrane matrix, 

grafting dendrimers onto the membrane surface, and fabricating a selective layer of 

membrane through the polymerization of dendrimers with other materials. Additionally, 

advanced materials functionalized with dendrimers have been used to modify separation 

membranes, such as dendrimer-functionalized GO, dendrimer-functionalized SiO2 

nanoparticles, and dendrimer-encapsulated Ag nanoparticles. 

Dendrimer-modified membranes exhibit excellent performance, showing great potential in 

applications such as removing heavy metal ions from water and separating and purifying 

proteins. In the field of protein separation, dendrimer modified PVDF membranes can 

significantly improve separation efficiency and selectivity while reducing membrane 

fouling issues, thereby extending membrane lifespan and lowering operational costs. This 

holds significant importance for industries such as biopharmaceuticals, food processing, 

and biotechnology. 

Currently, numerous studies have reported on the application of dendrimer-modified PVDF 

membranes in metal ion separation. However, there are fewer studies on the application of 

dendrimer-modified PVDF membranes in protein separation, especially in dairy protein 

separation. Protein separation is a complex process that involves factors such as molecular 

size, shape, charge, and hydrophilicity. The unique structure and multifunctional groups of 
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dendrimers offer distinct advantages in regulating the surface properties and pore structure 

of membranes, enabling efficient protein separation. Developing more efficient and stable 

dendrimer-modified membrane materials can not only enhance the purity of protein 

separation but also provide new ideas and methods for the application of membrane 

separation technology in more fields. 
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Chapter 3. A Moderate and Effective Approach for Surface 

Engineering of PVDF Membranes: Treatment Using 

Alkaline Isopropanol Solution 

Abstract 

Due to the excellent chemical resistance, the modification of PVDF membranes typically 

necessitates implementation under more rigorous conditions, accompanied by an extended 

processing time. A moderate and effective approach requiring low alkaline concentration 

and short contact time was demonstrated for the surface engineering of microporous 

membranes made of polyvinylidene fluoride (PVDF), a commonly used polymer for 

membrane fabrication. This approach involved treating the membranes with a 0.5 M KOH 

isopropanol solution at specific temperatures (20℃, 30℃, 40℃, 50℃, and 60℃) to 

achieve the desired effects. The alkaline treatment resulted in the generation of abundant 

hydroxyl groups, carboxyl groups, alkenyl, and carbonyl groups on the PVDF membrane 

matrix. For the membranes treated at 60℃, the contact angle decreased from 89.9° for the 

PVDF membranes to 57.7°, indicating increased hydrophilicity. Additionally, the surface 

Zeta potential (at pH 10.0) decreased from -44.1 mV to -64.2 mV, further confirming the 

modification of the membrane surface. The alkaline treatment significantly enhanced the 

rejection of various substances such as poly (acrylic acid) (PAA), poly (ethylene oxide) 

(PEO), casein protein, and whey protein, without substantially changing membrane 

permeability. 

  



 

50 

Acronyms and Symbols 

Abbreviation 

ATR-FTIR attenuated total reflectance-Fourier transform infrared 

BSA bovine serum albumin 

CNTs carbon nanotubes 

DI deionized 

DMAc N, N-dimethylacetamide 

DOS degree of substitution 

FRR flux recovery ratio 

MF microfiltration 

MOFs metal-organic frameworks 

NF nanofiltration 

NIPS non-solvent induced phase separation 

NPs nanoparticles 

SEM scanning electron microscopy 

PAA polyacrylic acid 

PAMAM polyamidoamine 

PEG polyethylene glycol 

PEI polyethyleneimine 
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PES polyether sulfone 

PEO polyethylene oxide 

PSF polysulfone 

PVDF polyvinylidene fluoride 

RO reverse osmosis 

TMC trimesoyl chloride 

UF ultrafiltration 

XPS X-ray photoelectron spectroscopy 

Nomenclature 

𝐴 effective area of the membranes 

𝐴𝑠𝑎𝑚𝑝𝑙𝑒 area of the membrane sample during porosity measurement 

𝑐𝑓 concentration of feed 

𝑐𝑝 concentration of permeate 

𝐷𝑂𝑆𝑖% degree of substitution of the membrane alkaline treated at 𝑖℃ 

𝐹0 elemental content of fluorine at the surface of the base membrane 

𝐹𝑖 elemental content of fluorine at the surface of membrane alkaline treated at 𝑖℃ 

𝑙 thickness of the dry membrane sample 

𝑅 solute rejection 

𝑡 filtration time 
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𝑣 volume of the permeate 

𝑤𝑑 bulk porosity 

𝑤𝑤 weight of the wet membrane sample 

𝜀 weight of the dry membrane sample 

𝜌𝑏𝑢𝑡𝑎𝑛𝑜𝑙 density of n-butanol 
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3.1. Introduction 

The performance of pressure-driven membranes, including microfiltration (MF) 

membranes, ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) membranes 

relies heavily on the properties of membrane surface including pore size and size 

distribution as well as roughness and hydrophilicity. Therefore, modification of the 

membrane surface has been a widely adopted method for the enhancement of membrane 

performance. Of particular relevance, some hydrophobic polymers such as polyvinylidene 

fluoride (PVDF) have been widely used in fabricating membranes for their mechanical 

strength, processibility, and chemical and temperature resistance [1]. The research related 

to PVDF membranes has had a notable increase during the last decade [2]. Different 

approaches have been adopted for the modification of PVDF membrane surface, including 

physical approaches and chemical modification. 

The most common physical approach for membrane surface engineering is blending, which 

involves mixing the primary polymer, e.g., PVDF, with inorganic or organic additives in 

the casting solution for membrane fabrication. For instance, inorganic materials such as 

nanoparticles (NPs) of SAPO-34 zeolite [3], TiO2 [4], SiO2 [5], graphene oxide [6], and 

multi-walled carbon nanotubes [7] and functional agents such as choline chloride and 1,5-

diphenylcarbazide [8] have been demonstrated to be able to significantly increase the 

membrane surface hydrophilicity and porosity, and therefore membrane permeability. This 

approach does not involve chemical reactions and is easy to carry out. However, the 

additives are usually quite expensive, and the structure of the entire membrane matrix is 

affected. Furthermore, leakage of NPs and small molecule organic additives during 

prolonged membrane operations could cause deterioration of membrane performance and 

environmental hazards. 
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Common chemical methods for membrane surface modification include interfacial 

polymerization, surface precipitation, and grafting. In interfacial polymerization, the two 

monomers used for interfacial polymerization are dissolved in two mutually immiscible 

solvents. After the membrane is wetted with one of the two monomer solutions, the other 

solution is added, and polymerization occurs at the interface where the two solutions come 

into contact to form a very thin polymeric layer. Qui et al. fabricated a selective layer on 

the surface of the polysulfone (PSF) membrane through the interfacial polymerization of 

polyamidoamine (PAMAM) and trimesoyl chloride (TMC). By changing the peripheral 

functional groups of PAMAM dendrimer, the membrane showed a higher selectivity for 

positive or negative multivalent metal ions [9]. Surface precipitation involves forming an 

additional thin layer of nanomaterials such as the metal-organic frameworks (MOFs) on 

the membrane surface, which is often fortified by on-site polymerization. For instance, 

Shen et al. precipitated a mixture of polyethyleneimine (PEI) and NH2-MIL-88B(Fe) 

MOFs on PVDF membranes, which was followed by grafting perfluoroalkyl poly ethoxy 

acetic acid through a condensation reaction. The modified membranes exhibited a 

significant sevenfold increase in permeate flux compared to PVDF membranes in oil/water 

separation [10]. Abdolmaleki et al. achieved a 900% permeate flux increase and 50% to 

90% flux recovery rate improvement by blending PVDF with sulfonated polyether sulfone 

(PES) and subsequent grafting of hyperbranched polyethyleneimine onto the sulfonyl 

group of sulfonated PES after membrane fabrication. [11]. Yue et al. achieved self-cleaning 

ability and improved flux recovery ratio (FRR) through precipitating and crosslinking 

sodium alginate onto the PVDF membrane matrix to create a crosslinked layer with pH-

dependent porosity [12]. Zheng et al. achieved surface immobilization of Cu-MOF-74 

using polymerized dopamine [13]. The grafting method usually requires pretreatment to 

activate the PVDF molecule so that it can react with other modifying reagents. The 

pretreatment for grafting includes plasma treatment, UV light treatment, and chemical 
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treatments. For instance, Al-Gharabli et al. activated PVDF membranes using acidic or 

alkaline H2O2 solutions, followed by grafting amino-functionalized silane and carbon 

nanotubes (CNTs) [14]. Kamaz et al. treated PVDF membranes with NaOH aqueous 

solution and acidic KMnO4 aqueous solution, followed by grafting benzophenone 

(hydrophilic polymers) through UV light [15]. 

PVDF is a chemically inert polymer containing C-C, C-H, and C-F bonds that are difficult 

to react with other materials and therefore, need activation for effective chemical 

modification of PVDF membrane surface. Pretreatment such as plasma [16], [17], UV 

irradiation [18], [19], [20], [21], and in particular chemical treatment [14], [15] have been 

the most common approaches used to activate the PVDF membranes. Chemical reagents 

used for the activation of PVDF membranes are the mixture of hydrogen peroxide and 

sulfuric acid or ammonium hydroxide [22], KMnO4 and alkaline aqueous solution [15]. 

Most alkaline treatments of PVDF membranes [10], [15], [23], [24], [25] were executed in 

the aqueous solution, which requires a high alkaline concentration (8 M or higher), high 

treatment temperature (about 80℃) and long contact time, rendering it high chemical costs, 

the requirement of high chemical resistant equipment, and long residence time. For 

instance, Ross et al. [26] reported that the content of fluorine did not have a significant 

change in the first 4 hours when using 12 M NaOH aqueous solution to treat PVDF 

membranes at 80℃. The fluorine content only had a noticeable reduction when the 

treatment time was over 8 hours. Alternatively, alkaline treatment by the isopropanol 

solution of potassium hydroxide has been shown to work quite effectively at low 

temperatures, low alkaline concentrations, and short treatment times [23] [26], suggesting 

its potential to become a cost-effective approach for PVDF membrane activation. In this 

study, we systematically investigated the effects of temperature on the effectiveness of 

treating PVDF membranes with potassium hydroxide in the isopropanol solution for 
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activation. Data indicate that the treatment successfully caused defluorination and 

introduced charged groups onto the membrane surface by replacing fluorine with -OH or -

COOH. The filtration of polyacrylic acid (PAA), polyethylene oxide (PEO) casein, and 

whey protein solutions by the activated PVDF membranes were also tested.  

3.2. Experimental 

3.2.1. Materials 

PVDF, Kynar® 740 (Pellet, Mw = 410 kDa), kindly supplied by Arkema Inc. (Philadelphia, 

PA) was used in this experiment as the host polymers. The pore former agent polyethylene 

glycol (PEG) (Mw = 1 kDa) was purchased from Sigma-Aldrich Inc. (St. Louis, MO). 

Anhydrous N, N-dimethylacetamide (DMAc) with a purity of 99.8%, potassium hydroxide, 

and isopropanol with a purity of 99.5% were purchased from Sigma-Aldrich Inc. (St. Louis, 

MO). The PAA (Mw = 100 kDa), PEO (Mw = 100 kDa), casein protein, and whey protein 

for filtration were purchased from Sigma-Aldrich Inc. (St. Louis, MO). Barium chloride 

with a purity of 99.9%, hydrochloric acid, iodine, and potassium iodide for PEO 

concentration analysis was purchased from Sigma-Aldrich Inc. (St. Louis, MO). The 

Bradford Reagent for whey and casein protein analysis was purchased from Sigma-Aldrich 

Inc. (St. Louis, MO). The PAA (Mw = 450 kDa), and potassium nitrate for surface zeta 

potential measurement were purchased from Sigma-Aldrich Inc. (St. Louis, MO). 

3.2.2. Membrane fabrication 

In this research, the PVDF membranes were prepared using the non-solvent induced phase 

separation (NIPS) method. The cast solution was created by mixing 15 wt% of PVDF, 3 

wt% of PEG, and 82 wt% of DMAc in a shaker at 180 rpm and 60℃ for 24 hours. 
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Afterward, the resulting mixture was cooled to room temperature before casting the 

membranes. The mixture solution was then cast onto a glass plate using a uniform-speed 

automatic film applicator (model AFA-II, Beijing, China) to achieve a thickness of 100 μm. 

Before immersion, the cast film was left exposed to air for 1 minute to enhance uniformity. 

Subsequently, the film was immersed in distilled water at 25℃ along with a glass plate, 

initiating the phase inversion process. Following this, the membrane was carefully peeled 

off the glass plate and left in the water bath for 24 hours. The water in the bath was replaced 

every 6 hours to ensure the complete removal of residual PEG and DMAc. To prevent 

damage from water pervaporation, the wet membrane was washed three times with ethanol 

before being dried and stored at room temperature. After this step, the membranes were 

dried by air sweeping at room temperature for another 24 hours before being subjected to 

subsequent modifications and testing. 

3.2.3. Alkaline modification of PVDF membranes 

Firstly, the PVDF membranes were washed twice with deionized (DI) water and twice with 

ethanol. Subsequently, the membranes were dried at room temperature for 2 hours to 

eliminate residual ethanol before the modification process. Next, the PVDF membrane was 

immersed in a 0.5 M KOH isopropanol solution at various temperatures for 1 minute. Due 

to the thin and porous structure of the PVDF membrane used for alkaline treatment, it is 

highly susceptible to being quickly wetted by isopropanol and the modification reactions 

took place rapidly. When the PVDF membrane was immersed in the alkaline solution, the 

temperature within the membrane rapidly reached that of the solution. For instance, when 

treating the PVDF membrane with a 60℃ alkaline solution, the membrane's color changed 

from white to dark brown within 2 seconds. Nevertheless, given that the membrane matrix 

temperature could be remarkably different from the pretreatment temperature, pre-heating 

of membranes is recommended for future studies. After the alkaline treatment, the 
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membrane was rapidly transferred to 5℃ isopropanol, which quickly lowered the 

membrane's temperature and halted the reaction. The treatment temperatures used were 

10℃, 20℃, 30℃, 40℃, 50℃, and 60℃, and they were labeled as Alk10, Alk20, Alk30, 

Alk40, Alk50, and Alk60, respectively. Following the modification step, the membranes 

were again washed twice with ethanol and twice with DI water to remove any residual 

chemicals. After this, the modified membranes were left to dry at room temperature for 24 

hours in preparation for the subsequent tests. 

3.2.4. Membrane filtration 

The filtration performance of both the PVDF membranes and the alkaline-modified 

membranes was evaluated using the dead-end filtration setup, as described in our previous 

research [28]. The setup for dead-end filtration is shown in Figure 3.1. Here is a brief 

overview of the setup and procedure: (1) Setup: The membrane was positioned at the 

bottom of the feed chamber, which contains 200 mL of the respective feed solution. The 

effective area of the membranes used in the experiment is 0.00159 m2. Filtration was 

conducted under a pressure of 60 psig (4.14 bar), supplied by nitrogen gas from a nitrogen 

cylinder. The entire process was carried out at room temperature. (2) Feed Solutions: Four 

different solutions were subjected to filtration, namely PAA, PEO, casein protein, and whey 

protein solutions. Each feed solution has a concentration of 100 ppm. (3) pH Adjustment: 

Since casein protein has limited solubility in DI water at pH 6, the pH of feed solution was 

adjusted to 10 using NaOH solution and HNO3 before filtration test. To ensure that 

filtration tests for different substances are conducted under the same conditions, the pH of 

whey protein, PAA, and PEO solutions was also adjusted to 10 using the same method. (4) 

Pre-filtration: To enhance the accuracy of the experiment, an initial 10 mL of permeate is 

discarded before sample collection. All filtration tests were carried out in triplicate using 

three new coupons fabricated from different batches. The flux of the membranes is 
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calculated using Equation (3-1) in the following. 

 𝐹𝑙𝑢𝑥 =
𝑣

𝑡∙𝐴
  (3-1) 

Where 𝑣 is the volume (L) of the permeate collected during the time 𝑡 (hour) and the 𝐴 

is the effective area of the membranes (m2). 

The polymer salt rejection and the protein rejection 𝑅 were calculated by the Equation 

(3-2) below: 

 𝑅 =
𝑐𝑓−𝑐𝑝

𝑐𝑓
× 100%  (3-2) 

Where cf and cp are the concentration of the feed and permeate, respectively. 

 

Figure 3.1 Setup for dead-end filtration [28]. 

In this research, the concentrations of various components in the feed and samples were 

determined using UV-Vis spectrophotometry. The specific methods for each component 

are as follows: (a) PAA Concentration Measurement: The UV light absorption at 205 nm 

of standard solutions containing 20, 40, 60, 80, and 100 ppm PAA was measured to create 

a standard curve. The UV light absorption of the samples at 205 nm was then measured. 
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The PAA concentration in the samples was calculated by fitting the sample's UV light 

absorption data into the standard curve. (b) PEO Concentration Measurement: The 

permeate samples containing PEO were diluted 10 times with DI water. To 0.8 mL of the 

diluted samples, 0.1 mL of a barium chloride solution (5wt% BaCl2 solution containing 1 

M HCl) and 0.1 mL of an iodine solution (solution containing 1.3wt% I and 5 wt% KI) 

were added. The mixture was gently shaken and stood still for 15 minutes. The UV light 

absorption of the mixture at 535 nm was measured using the UV-Vis spectrophotometer. A 

standard curve of light absorption versus PEO concentration was generated by measuring 

the absorption intensity at 535 nm of the feed with various dilution ratios using the same 

method. The concentration of PEO in the samples was calculated by comparing the UV 

light absorption at 535 nm of the samples with the standard curve. (c) Casein and whey 

protein concentration measurement: A permeate sample, 0.5 mL of the permeate sample 

was mixed with 0.5 mL of Bradford Reagent and stood still for 15 minutes. The UV light 

absorption of the mixture solution at 595 nm was measured using the UV-Vis 

spectrophotometer. A standard curve was generated by measuring the UV absorption of the 

standard bovine serum albumin (BSA) solutions of various concentrations following the 

same method. The protein concentration in the samples was calculated by fitting the UV 

absorption data of the samples into the standard curve. 

3.2.5. Membrane characterization 

ATR-FTIR 

The functional groups of the membrane's surface were determined by the attenuated total 

reflectance-Fourier transform infrared (ATR-FTIR) using the Agilent Tech-Cary 630 

(Agilent, Canada) spectrometer. The membrane samples were washed with DI water and 

dried before the measurement. 
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XPS 

The surface properties of the PVDF and alkaline-modified membranes, including the 

elemental composition ratio, and functional groups, were quantified by X-ray 

photoelectron spectroscopy (XPS) using an Al X-ray source on a Kratos Axis Nova 

spectrometer (Kratos Analytical, Ltd., UK). According to XPS data, the degree of 

substitution, 𝐷𝑂𝑆𝑖%, of fluorine was calculated by the following equation: 

 𝐷𝑂𝑆𝑖% =
(𝐹0−𝐹𝑖)

𝐹𝑖
× 100%  (3-3) 

Where 𝐹0 is the elemental content of fluorine at the surface of the base membrane, and 

𝐷𝑂𝑆𝑖% and 𝐹𝑖 are the degree of substitution and the elemental content of fluorine at the 

surface of the membrane treated at 𝑖℃ (𝑖 = 20, 40, and 60), respectively. 

SEM 

The morphology of the membrane's top surface and cross-section was investigated using 

scanning electron microscopy (SEM) (JSM-7500F FESEM, JEOL, Japan). An accelerating 

voltage of 3 kV and a working distance of 10 mm was utilized. To generate the cross-

sectional image of the membranes, the samples were immersed in liquid nitrogen for 1 

minute and then carefully stretched with tweezers to induce fracture. To prepare the 

samples for SEM analysis, the surface or cross-section of each membrane was coated with 

a 10 nm layer of gold-palladium using a low vacuum coater (Leica EM ACE200, Germany). 

Subsequently, the surface porosity, average pore size, maximum pore size, and pore number 

density were analyzed using the software Image J. The pore size here is the diameter of the 

pore. 
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Contact angle 

The water contact angle of the membranes was measured by the sessile method using the 

VCA Optima Surface Analysis System (AST Product, Inc. Billerica, MA, US) at 25℃. 1 

μL deionized water droplet was placed on the surface of the dry membrane to measure the 

contact angle. The measurement was made at 5 random spots of the membrane surface and 

the average value was reported. 

Bulk porosity 

The porosity of the membrane was measured by the wet-dry method [29]. Briefly, the 

membrane was cut into three 1x1 cm2 square samples and the thickness of each sample was 

measured by a Vernier caliper. Then, the sample was immersed in n-butanol for 24 h, 

ensuring that n-butanol completely wetted the membrane pores. N-butanol on the surface 

of the membrane sample was wiped by a rubber scraper, followed by weighing the wet 

membrane sample. After drying the membrane sample in an oven for 24 h at 50℃ to 

completely evaporate the n-butanol, the dry sample was weighed. The overall porosity of 

membranes can be calculated by the following equation. 

 𝜀 =
𝑤𝑤−𝑤𝑑

𝐴𝑠𝑎𝑚𝑝𝑙𝑒∙𝑙∙𝜌𝑏𝑢𝑡𝑎𝑛𝑜𝑙
  (3-4) 

Where 𝜀 is the bulk porosity, 𝑤𝑤and 𝑤𝑑 are the weight (g) of the wet membrane sample 

and the weight (g) of the membrane sample after drying, respectively. 𝐴𝑠𝑎𝑚𝑝𝑙𝑒 is the area 

of the membrane sample (cm2), 𝑙 is the thickness (cm) of the dry membrane sample and 

𝜌𝑏𝑢𝑡𝑎𝑛𝑜𝑙  is the density (g∙cm-3) of n-butanol. Three samples were used for the 

measurement and the average value was reported. 
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Surface Zeta potential 

The surface charge property of the PVDF and alkaline treated membranes was analyzed by 

the surface zeta potential test, using the surface Zeta potential cell (ZEN1020) which is the 

accessory kit for the Zetasizer Nano Z (Malvern Panalytical, Worcestershire, UK). First, a 

membrane sample was cut into size 3x5 mm2 and glued to the sample holder with double-

sided tape. Then the sample was put into the sample cuvette (DTS0012) containing 1 mL 

electrolytic solution (1 mM KNO3 aqueous solution containing 0.5 wt% of PAA with a 

molecular weight of 450 kDa as tracer particles) with varied pH values (pH 2.6 to 11.2). 

The pH of the electrolytic solution was controlled by adding 5 wt% HNO3 or 0.5 M KOH 

solution. 

3.3. Results and discussion 

3.3.1. Membrane characterization 

Effect on surface hydrophilicity of membranes 

 
Figure 3.2 Contact angle of the PVDF membranes and alkaline treated membranes at different 

temperatures. 
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Figure 3.2 shows the contact angle of the PVDF membranes and the alkaline-treated 

membranes at different temperatures. The contact angle of the PVDF membranes was 

found to be 89.9°, indicating their hydrophobic nature. However, after alkaline treatment, 

the membranes exhibited an increased tendency towards hydrophilicity, leading to a 

decrease in the contact angle. The membranes tend to be more hydrophilic when treating 

temperature increases from 20℃ to 60℃. The contact angle reduces obviously when the 

treating temperature increases from 40℃ to 50℃. Continually increase the treating 

temperature to 60℃, and the contact angle slightly decreases to 57.7°. The observed 

increase in hydrophilicity can be attributed to the replacement of hydrogen and fluorine 

atoms on the PVDF molecules at the membrane surface with hydrophilic hydroxyl and 

carbonyl groups during the alkaline treatment. This chemical transformation enhances the 

membrane's hydrophilic properties and consequently lowers the contact angle. XPS data 

(Figure 3.5) that will be shown later indeed confirmed the replacement of some fluorine 

and hydrogen atoms by hydroxyl and carboxyl groups on the membrane surface. The rates 

of these reactions were influenced to different extents by changes in temperature, 

highlighting the significance of temperature as a crucial factor affecting the reaction 

kinetics. 

Effect on surface zeta potential of membranes 

Figure 3.3 illustrates the surface Zeta potential of PVDF membranes and the Alk20, Alk40, 

and Alk60 membranes at various pH levels ranging from pH 2.6 to pH 11.5. The surface 

Zeta potential of the PVDF membrane decreased from -5.4 mV at pH 2.6 to -42.2 mV at 

pH 6.3, after which it remained relatively constant. When comparing the surface Zeta 

potentials of different membranes at the same temperature, the order of the observed was 

PVDF ≈ Alk20 ≈ Alk40 > Alk60. As an example, at pH 10.0, which is within the level-off 

regime, the surface Zeta potentials for the membranes were -44.1 mV, -42.4 mV, -41.7 mV, 
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and -64.2 mV for PVDF, Alk20, Alk40, and Alk60, respectively. One plausible reason for 

the rise in negative Zeta potential on the membrane surface after alkaline treatment is the 

formation of more negatively charged functional groups (such as -OH) within the 

membrane matrix following exposure to an alkaline solution, which will be discussed in 

section 3.3.1. This indicates that the surface zeta potential of the membrane is significantly 

reduced only at higher treatment temperatures. Importantly, it is worth noting that 

membranes with lower surface Zeta potential exhibit lower contact angles, suggesting that 

the functional groups responsible for the high surface potential also enhance the 

hydrophilicity of the membranes. 

 
Figure 3.3 Surface zeta potential of the PVDF membranes and alkaline treated membranes at different 

treating temperatures, Alk20, Alk40, and Alk60 represent alkaline treatment at 20℃, 40℃, and 60℃ 

respectively. 

Effect on the surface chemistry of the membranes 

Figure 3.4 shows the FTIR spectra of the PVDF membrane and the alkaline-treated 

membranes, labeled as base, Alk20, Alk40, and Alk60, corresponding to PVDF membranes 

and the membranes treated at 20℃, 40℃, and 60℃, respectively. All the membranes 

exhibit double absorbance peaks at 840 cm-1 and 875 cm-1, attributed to C-C backbone 

vibrations, a broad peak at 1180 cm-1 resulting from C-F bond stretching vibrations, and a 
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peak at 1400 cm-1 related to the asymmetrical bending vibration of C-H bonds. Following 

alkaline treatment, the membranes' surface changes from white to brown, indicating the 

occurrence of chemical reactions at the membrane's surface. However, no new peaks 

appear or disappear during alkaline treatment at 20℃ or 40℃. While FTIR did not detect 

the peaks of functional groups generated during alkaline treatment, XPS analysis, discussed 

in the following section, confirms the formation of new functional groups. The lack of 

detection in FTIR may be attributed to the instrument's sensitivity, which might not be 

sufficient to identify the newly formed chemical groups. Raising the treatment temperature 

to 60℃ results in the appearance of new peaks in the FTIR spectra, which are the peaks at 

1580 cm-1, 1650 cm-1, and a broad peak at 3300 cm-1. These are attributed to the C=C bond 

stretching vibration, the C=O bond stretching vibration, and the O-H stretching vibration, 

respectively. This observation suggests the formation of carbon-carbon double bonds, 

carboxyl groups, and hydroxyl groups after the 60℃ alkaline treatments. 

 
Figure 3.4 FTIR spectrum of the PVDF membranes and alkaline treated membranes at different 

treating temperatures, Alk20, Alk40, and Alk60 represent alkaline treated at 20℃, 40℃, and 60℃ 

respectively. 

Table 3.1 presents the elemental composition and DOS value of the PVDF membrane and 

the alkaline-modified membranes, based on the XPS analysis. As the treating temperature 

increased, the extent of alkaline treatment also increased, resulting in a reduction of 
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fluorine (F) content from 45.11 at.% in the PVDF membrane to 29.92 at.% in the membrane 

treated at 60℃. Correspondingly, the DOS value of the film rose to 50.77%, meaning that 

more than half of the fluorine atoms were substituted. Conversely, the oxygen (O) content 

on the membrane surface increased from 0.74 at.% in the PVDF membrane to 6.18 at.% in 

the membrane treated at 60℃. These findings suggest that the significant number of 

fluorine (F) atoms on the membrane surface were replaced by oxygen-containing 

functional groups, likely the hydroxyl group (-OH) and the carboxyl group (-COOH). 

Additionally, the data also revealed that with the decrease of fluorine (F) from the 

membrane, the carbon (C) atoms have not been removed in large quantities, leading to an 

increase in surface carbon content from 54.15 at.% in the base membrane to 63.89 at.% in 

the membrane treated at 60℃. These changes indicate the successful incorporation of 

oxygen-containing functional groups and the subsequent increase in carbon content, 

demonstrating the effectiveness of the alkaline treatment process. 

Table 3.1 Effect of temperature on membrane surface elemental composition and the DOS. 

Element 
PVDF 

(at.%) 
Alk20 

(at.%) 
Alk40 

(at.%) 
Alk60 

(at.%) 
C 1s 54.15 57.88 60.19 63.89 
O 1s 0.74 2.83 4.12 6.18 
F 1s 45.11 39.29 35.69 29.92 
DOSi 0.00 14.81 26.39 50.77 

 

Figure 3.5 shows the XPS spectrum of PVDF membranes and the membranes treated with 

the alkaline solution at various temperatures. Table 3.2 lists the functional group 

composition of the surface of PVDF membranes and alkaline-treated membranes. There 

are two peaks of strong intensity in the C 1s spectrum, the C-C peak (284.8 eV) and the C-

F2 peak (289.3 eV). In addition, the presence of C-OH groups (285.2 eV for C 1s, 531.6 

eV for O 1s) and C-O-C groups (529.6 eV) was detected in the PVDF membrane. This 

could be attributed to the residual pore-forming agent (PEG) we used in membrane 
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fabrication. The sample also contained a small number of C-F3 groups (687.6 eV) and C-

HF clusters (686 eV), which could be attributed to either measurement error or defective 

PVDF molecules in the membranes, or both. 

Table 3.2 Composition of functional groups of PVDF and alkaline modified membranes related with C 

1s, O 1s, and F 1s. 

Element 
Core 

level 
Bond 

Binding 

energy (eV) 
Functional group composition (at.%) 

PVDF Alk20 Alk40 Alk60 

C 

1s 

C=C 283.5 / 11.5 11.4 11.9 
C-C 284.8 41.8 43.6 46.8 50.0 
CH3 284.1 11.2 / / / 

C-OH 285.2 / 0.9 1.3 0.8 
C=O 286.4 0.6 2.1 2.9 5.3 
C-HF 287.8 6.2 3.1 6.1 5.7 
C-F2 289.3 37.7 37.7 27.9 22.6 
CF3 290.0 2.3 1.0 2.3 1.5 

sp3 C-C sp3 291.9 / / 1.1 1.6 

1s 
K+ ions 

absorb 
294.6 / / 0.3 0.6 

O 1s 
C-O-C 529.5 16.0 / / / 
C=O 530.1 / 31.1 30.1 13.7 
C-OH 531.6 84.0 68.9 69.9 86.3 

F 1s C-HF 685.7 13.5 7.5 16.7 19.1 

  C-F2 686.3 81.6 90.2 76.9 75.8 
C-F3 687.5 4.9 2.4 6.4 5.0 

 

After alkaline treatment, the content of C-F2 decreased, and the decrease in C-F2 content 

increased significantly with increasing treatment temperature. However, the C-F3 and C-

HF content did not show significant changes. The mechanism of the alkaline treating 

process of PVDF has been previously reported and different views exist on the subsequent 

reactions. Some researchers suggested that hydroxide ions deprotonate the -CH2- structure 

in the PVDF molecule, forming a -CF2-CH-- structure. Subsequently, the -CH-- causes the 

adjacent -CF2- to lose a fluorine (F) atom and reacts with a water molecule to form a -CHF-

CHOH- structure when the PVDF membranes are treated with KOH or NaOH aqueous 
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solutions [25], [30]. On the other hand, other researchers propose that -CH--causes the 

adjacent -CF2- to lose a fluorine atom, resulting in a -CH=CF- structure. The -CH=CF- 

then reacts with the hydroxide to form -CH--CFOH- [23], [26], [27], [31], [32]. 

 

Figure 3.5 XPS survey spectra, C 1s peaks, O 1s peaks, and F 1s peaks of PVDF membranes, i.e., (a), 

(b), (c), and (d), respectively; of membranes treated at 20℃, i.e., (e), (f), (g) and (h), respectively; at 

40℃, i.e., (i), (j), (k) and (l), respectively; at 60℃, i.e., (m), (n), (o) and (p), respectively. 

In our research, the content of C-HF bonds did not show significant changes after alkaline 

treatment, indicating that the -CH=COH- or -CH--CFOH- structures were formed, rather 

than the -CHF-CHOH- structure. At the same time, the alkaline treatment introduced C-

OH bonds (285.2 eV), C=O bonds (286.4 eV), and C=C bonds (283.5 eV). In a word, the 

defluorination process of PVDF molecules is divided into three steps, which are described 

by Equations (3-5), (3-6) and (3-7). The first step is that OH- deprotonates -CH2- to form a 

negatively charged -CH-- structure. Then -CH--will remove a fluorine atom from adjacent 
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-CF2- to form -CH=CF-. Finally, part of -CH=CF- undergoes an addition reaction with 

water molecules to form a -CH2-CFOH- structure. As the degree of defluorination further 

increases, -CH2-CFOH- is kept deprotonated by OH- to form -CH--CFOH-, which then 

defluorinated to form an unstable -CH=COH- structure. Subsequently the -CH=COH- 

rearranges into a -CH2-CO- structure, as Equations (3-8), (3-9) and (3-10) are shown. After 

alkaline treatment, the content of C=C bonds significantly increased, rising from 0% in the 

PVDF membrane to 11.5% in the membrane treated at 20°C. However, further increases 

in treatment temperature had little effect on the content of C=C bonds. The content of C=O 

bonds linearly increased with increasing treatment temperature, and the C-OH bonds 

reached their maximum when the treatment temperature was 40°C. The ratio of C-OH 

bonds to C=O bonds was 0.45, 0.43, and 0.16 for treatment temperatures of 20°C, 40°C, 

and 60°C, respectively, indicating that higher treatment temperatures favored the formation 

of C=O bonds. 

   (3-5) 

   (3-6) 

   (3-7) 

When the treatment temperature reached 40°C, the peaks of K+ (294.6 eV) and C-C sp3 

(291.9 eV) appeared, and their intensity increased with increasing temperature. Despite 

thorough washing of the samples before testing, these K+ ions were adsorbed on the 

membrane surface by negatively charged functional groups during the treatment of the 

PVDF membrane with KOH solution. Moreover, as the degree of alkaline treatment 
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increased, more K+ ions were adsorbed on the membrane, indicating an increase in the 

number of negatively charged functional groups on the membrane surface that leads to a 

stronger surface charge. Consequently, more K+ ions were adsorbed, and due to the strong 

electrostatic interaction, it was difficult to remove them by washing. 

   
(3-8) 

   (3-9) 

   (3-10) 

In addition, the decrease in surface zeta potential of the membranes is related to the ratio 

of -OH groups to -C=O groups on the surface. The ratios of -OH (531.6 eV) and -C=O 

(530.1 eV) on the surface of Alk20 and Alk40 membranes are 68.9:31.1 and 69.9:30.1 

respectively. However, this ratio is 86.3:13.7 on the surface Alk60 membranes, which 

indicates the amount of -OH groups significant increase. The surface zeta potential of the 

corresponding membranes dropped from around -42 mV to -64.2 mV at pH 10. This shows 

that the surface zeta potential of the membrane is related to the -OH groups content on the 

membrane surface. 

SEM and porosity 

Figure 3.6 shows the SEM cross-sectional images of the PVDF membrane and the 

membrane treated at 60℃. They were very similar to each other being composed of a 

finger-like layer and a sponge-like layer, which is typical of microporous PVDF 
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membranes [29], [33]. These micrographs show that after alkaline treatment, alkaline 

treatment has no significant effect on the morphology of the finger-like layer or sponge-

like layer. The skin layer at the top of the MF or UF membrane acts as the selective layer 

with fine pores. The thickness of the skin layer was estimated by analyzing the cross-

sectional SEM image of the membranes using Image-J software to be approximately 0.3 

μm. This was compatible with the literature data, which are typically in the range of 0.2-

3.0 μm [34]. 

 
Figure 3.6 Cross-sectional SEM images of the PVDF membranes and the membrane alkaline treated at 

60℃. 

Table 3.3 lists the bulk porosity, surface porosity, maximum pore size, average pore size, 

and the pore numbers density of the PVDF membranes and the alkaline-treated membranes 

at different 20℃, 40℃, and 60℃. The analysis excluded pores with an area less than 500 

nm2, focusing on those with a diameter larger than 25nm. The terms "new" and "used" refer 

to measurements conducted before and after a whey filtration test, respectively. At treating 

temperatures of 20℃ and 40℃, the bulk porosity of the membrane matrix is approximately 

79%, which is nearly the same as the PVDF membranes. However, the porosity of the 

membranes slightly decreases from 79% to 71% when treated with 60℃ alkaline solutions. 

This minor difference may be attributed to experimental errors. The surface porosity of the 

membranes increased with treatment temperature, which was 2.0%, 2.1%, 2.6%, and 2.9% 
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for the base membrane, Alk20, Alk40, and Alk60 respectively. 

 

Figure 3.7 Surface SEM images of the PVDF membranes and the membranes alkaline-treated at 

different temperatures; Alk20, Alk40, and Alk60 represent alkaline treatment at 20℃, 40℃ and 60℃ 

respectively; new and used represent the membranes before and after whey filtration respectively. 

Notably, all alkaline-treated membranes exhibited higher surface porosity than the PVDF 

membrane, and the surface porosity increased incrementally with the increase of treatment 

temperature. The surface porosity is defined as the proportion of membrane surface area 

occupied by pores. Meanwhile, as shown in Table 3.3, the maximum pore diameter and 

average pore diameter of different membranes were nearly the same with some exceptions, 

which were 80 nm and 40 nm for maximum and average diameter, respectively. The surface 

pore number density was approximately the same for the base membranes and the 

membranes treated at 20℃ and 40℃, at around 12.6 per μm2. While the pore number 

density increased to 19.1 per μm2 when the membranes were treated at 60℃, this is most 
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likely an outliner since it is unlikely that the alkaline treatment could etch the skin of the 

membrane to generate new pores. 

Table 3.3 Bulk porosity, surface porosity, the maximum, average pore size, and surface pore number 

density of PVDF membranes and alkaline treated membranes at different temperatures; Alk20, Alk40, 

and Alk60 represent alkaline treated at 20℃, 40℃ and 60℃ respectively; new and used represent the 

membranes before and after whey filtration respectively. (Note: Only data for new membranes is 

presented in the table for bulk porosity.) 

Membrane 
Bulk 

porosity 

(%) 

Surface 

porosity 

(%) 

Max pore 

diameter 

(nm) 

Average pore 

diameter (nm) 

Pore number 

density (pores 

perμm2) 

PVDF-new 79±1.3 2.0±0.15 71.4±3.7 40.3±0.5 13.0±0.25 
Alk20-new 79±0.8 2.1±0.07 71.4±4.2 37.4±0.2 12.9±0.52 
Alk40-new 80±0.6 2.6±0.21 87.4±1.6 46.0±1.3 12.6±0.31 
Alk60-new 71±1.1 2.9±0.06 71.4±2.7 39.2±0.8 19.1±0.44 

PVDF-used NA 1.8±0.08 79.8±2.3 42.4±1.3 12.9±0.21 
Alk20-used NA 2.0±0.04 71.4±3.9 45.1±0.7 12.7±0.51 
Alk40-used NA 2.3±0.11 71.4±1.5 38.3±0.9 21.5±0.32 
Alk60-used NA 2.5±0.13 71.4±0.9 39.0±0.4 23.4±0.11 

 

Comparing the micrographs of different new membranes (membranes before any filtration 

tests) shown in Figure 3.7, it can be observed that the edges of the pores become blurred 

after the filtration test. As presented in Table 3.3, while the bulk porosity and maximum 

pore size of all the membranes were similar for all temperatures, except for a few outliers, 

the surface porosity of the treated membranes increased with temperature significantly. 

Specifically, the surface porosity of the base membrane was 2.0%, while that of the 

membranes treated at 20℃, 40℃, and 60℃ were 2.1%, 2.6%, and 2.9%, respectively. 

These values correspond to increases of 5%, 30%, and 45% over the base membrane, 

respectively. These findings suggest that while the treatment did not substantially change 

the bulk structure of the membrane, it effectively modified the surface properties of the 

membrane. Even though the potassium hydroxide solution in isopropanol solution could 

penetrate the membrane pores, it did not significantly alter the overall membrane structure. 
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However, it led to noticeable changes in the surface properties, resulting in increased 

surface porosity. 

Comparing the micrographs of the same membranes before and after whey protein 

filtration tests, as shown in Figure 3.7, the edges of the pores become blurred after the 

filtration test. This observation aligns with the slight decrease in surface porosity after 

filtration (Table 3.3). These findings suggest that, after filtration, some proteins remained 

adsorbed in the membrane pores, indicating that rinsing with deionized water was 

insufficient to completely remove the adsorbed proteins. Furthermore, the pore density of 

the Alk40 and Alk60 increased by 70.1% (21.5 per μm2) and 22.6% (23.4 per μm2), 

respectively. This implies that the transmembrane pressure might have caused irreversible 

deformation of the membrane pores during the filtration process. Consequently, some 

originally small membrane pores were enlarged enough to be detected by SEM, resulting 

in a higher number density of detectable membrane pores. Simultaneously, due to the 

blockage of larger membrane pores by proteins during the filtration process, although the 

number density of membrane pores increased, the surface porosity decreased. However, it 

is worth noting that the surface porosity and the maximum and average pore sizes of the 

same membranes were not significantly affected by the filtration, except for a couple of 

outliers. This indicates that the overall structure of the membranes remained relatively 

unchanged after the filtration process, with the observed alterations primarily confined to 

the surface properties and pore edges. 

3.3.2. Rejection of charged and noncharged macromolecules 

The molecular weights of PAA and PEO used for filtration are both 100 kDa. However, 

their monomer molecular weights are 72 g/mol and 44 g/mol, respectively. As a result, PEO 

molecules form much longer chains than PAA molecules when they have the same 



 

76 

molecular weight. PAA is an anionic polymer due to the presence of negatively charged 

carboxyl groups, while PEO is a noncharged polymer at neutral pH as it lacks charged 

groups. There are four main types of casein proteins, namely α-s1 casein, α-s2 casein, β-

casein, and κ-casein, with molecular weights ranging from 19 kDa to 25 kDa. Their 

isoelectric points fall between pH 4.1 and pH 5.8, indicating they carry a negative charge 

at pH 10 [35]. Whey proteins are composed of various types of proteins, including β-

Lactoglobulin, α-Lactalbumin, proteose peptones, bovine serum albumins, and 

immunoglobulins. These proteins have a wide molecular weight distribution, ranging from 

4.1 kDa to 1000 kDa, with the majority falling between 4.1 kDa and 40.8 kDa. Most of 

their isoelectric points are between pH 4.2 and pH 5.3. Importantly, all of these proteins 

have isoelectric points below pH 10, and therefore carry negative charges at pH 10 as well 

[36]. 

 
Figure 3.8 Rejection of the PVDF membranes and alkaline treated membranes (Alk20, Alk30, Alk40, 

Alk50, and Alk60) at different treating temperatures in PAA, PEO, Casein protein, and whey protein 

filtration. (The pH of the feed solution for PAA, PEO, casein protein, and whey protein filtrations is at 

pH 10.) 

Figure 3.8 presents the rejection of two linear macromolecules, negatively charged PAA, 

and noncharged PEO, along with two different proteins, i.e., casein protein, and whey 

proteins, using various membranes. The data demonstrate that alkaline treatment enhances 
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the rejection of the four macromolecules and the rejection improvements increase with 

treatment temperature in the range of 20-40℃ and reach plateaus beyond 40℃. The only 

exception is the PVDF membrane for whey protein filtration, which has a rejection larger 

than that of the Alk20 and Alk30 membranes, which seems to be an outliner. Furthermore, 

this trend could be partially explained by the increase of the surface zeta potential of the 

membrane with the alkaline treatment temperature. 

It is worth noting that the rejection of both proteins, which have tertiary structures due to 

the folding of peptide chains, is much larger than both the linear polymers, i.e., PAA and 

PEO, even though the molecular weights of the proteins are much smaller than the two 

linear molecules. These data suggest the effective diameter of macromolecules has a larger 

impact on their rejection by a given membrane than the molecular weight. 

It is also of interest to compare the rejections of the two linear polymers. The PAA has a 

pendent carboxyl group for every two carbon atoms in the carbon chain, which is 

negatively charged in the buffer pH and therefore has a very high charge density. However, 

PAA has a rejection smaller than the noncharged PEO of the same molecular weight when 

the filtration of these two polymers is tested with the PVDF membrane. Furthermore, the 

alkaline treatment seems to have a greater impact on the PEO rejection compared to the 

PAA rejection. For example, the PEO rejection of PVDF membranes is 12.6%, but after 

alkaline treatment, it increases to 22.8% at 20℃ and plateaus at 48.4% at 40℃ and beyond. 

Whereas the PAA rejection of PVDF membranes is 24.3%, and after alkaline treatment, 

the PAA rejection is 24.5% at 20℃ and plateaus at approximately 37.1% at 40℃ and 

beyond. This indicates that the surface Zeta potential has a stronger influence on the 

rejection of the noncharged PEO rejection than the heavily charged PAA. These 

counterintuitive observations could be tentatively explained as follows. 
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While the PEO molecule does not have charged pendant functional groups, it still has 

partial negative charges due to the fact that the oxygen atom has a larger electronegativity 

(3.44) than the carbon atom (2.55) and there is one oxygen atom for every two carbon 

atoms in the PEO linear molecule. Furthermore, the PAA has a large pendant group of -

COOH whereas PEO has no pendant group. According to the additivity rule [37], PAA has 

0.35 nm2 and PEO 0.27 nm2 of cross-sectional area. Consequently, the PEO molecules 

would be substantially longer than the PAA molecules of the same molecular weight. 

Therefore, the long PEO molecules may form entanglements. On the other hand, the PAA 

molecules may not be able to form entanglements due to primarily the strong expelling 

forces between a large number of its negatively charged pendant carboxyl groups. In other 

words, the PEO may pass through the membrane pores as entanglements and the PAA as 

linear molecules. The entanglements of PEO would have a much larger diameter than its 

linear chain of PAA. Therefore, the electrostatic rejection by the negative charges on the 

pore walls of the membrane would be much stronger on the PEO entanglements than the 

PAA linear chain. This is because the electrostatic interaction between two charges 

increases quadratically as the distance decreases and linearly with the increase of the charge 

intensity. This reasoning is based on the hypothesis that the treatment of membranes with 

alkaline isopropanol solution also introduces charged groups to the pore walls. This is 

reasonable since the isopropanol solution could completely wet the membrane and 

therefore the reactions that lead to the substitution of fluorine and hydrogen atoms on the 

bulk membrane surface should also happen on the pore surface. Indeed, the mechanical 

strength of the membrane is significantly weakened by the treatment, indicating that the 

polymer chains are interrupted not only on the membrane surface but also in the membrane 

matrices. 

The variation trend of casein rejection and whey protein rejection with treating temperature 

follows a similar pattern to that of PAA and PEO rejection discussed earlier. Between 20℃ 
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and 40℃, the rejection of both casein and whey proteins increases with the rise in treatment 

temperature. However, once the treatment temperature exceeds 40℃, the rejection levels 

off, and further temperature increases do not lead to significant changes in rejection. For 

casein rejection, after alkaline treatment at temperatures above 40℃, there is a notable 

increase. The casein rejection of PVDF membranes is 76.4%, while after 40℃ alkaline 

treatments, it reaches 88.8%. On the other hand, for whey protein rejection, PVDF 

membranes have a rejection of 69.4%. After alkaline treatment at 20℃ or 30℃, the whey 

protein rejection decreases to 57.5% and 59.5%, respectively, both of which are lower than 

the rejection of PVDF membranes. However, when the treating temperature is 40℃, the 

whey protein rejection increases to 81.7%, higher than that of PVDF membranes. As 

discussed earlier, alkaline treatment increases the surface zeta potential of the membrane 

and generates new micropores while enlarging the size of the existing smaller pores. This 

results in some protein leakage. Since whey contains many small molecular proteins, such 

as protease peptones (molecular weight between 4.1 to 40.8 kDa) and glycomacropeptide 

(molecular weight of 7 kDa), as well as casein proteins with molecular weights between 

19 and 25 kDa, the negative impact of this leakage on protein rejection is more significant 

than the positive impact of the membrane's surface zeta potential. Therefore, at 20℃ and 

30℃ treatment temperatures, the whey protein rejection is lower than that of PVDF 

membranes. However, as the treatment temperature increases, the effect of the surface zeta 

potential becomes more pronounced, leading to an increase in whey protein rejection. In 

summary, the rejection behavior of casein and whey proteins with increasing alkaline 

treatment temperature is consistent with the trend observed for PAA and PEO rejection. 

3.3.3. Flux 

Figure 3.9 illustrates the flux of both PVDF membranes and alkaline-treated membranes. 

The pure water flux of the PVDF membranes was 107.4 LMH. However, the alkaline 
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treatment at all temperatures reduced the pure water flux of the membranes and the extent 

of flux decrease increased with treatment temperature, with the pure water flux being 70.2 

LMH and 49.1 LMH at treating temperature 20℃ and 60℃, respectively. This result was 

unexpected considering the SEM image analysis, which indicated an increase in membrane 

surface porosity with the rise in treatment temperature. Typically, the pure water flux of a 

membrane increases with the growth of surface porosity. One possible explanation for the 

decrease in pure water flux after alkaline treatment is that it led to a reduction in the 

elasticity and mechanical strength of the membrane matrix. Consequently, under the 

applied pressure during filtration, the pores of the membrane may have undergone 

deformation and shrinkage, causing a decrease in pure water flux. This effect appeared to 

be more significant than the increase in flux expected from the rise in surface porosity. The 

shrinkage of PVDF membranes after alkaline treatment has been previously reported by 

[38]. 

Regarding the PAA flux, the PVDF membrane had a flux of 36.1 LMH. Except for the 

treatment at 20℃, which seemed to have no significant effect, all other alkaline-treated 

membranes exhibited a PAA flux smaller than that of the PVDF membrane. When the 

treating temperature increased from 20℃ to 40℃, the PAA flux continuously decreased 

from 38.5 LMH to 27.2 LMH, but then slightly increased to 29.5 LMH with 60℃ 

treatments. The increase in surface negative charge after alkaline treatment led to higher 

electrostatic interaction between the membranes and PAA molecules, resulting in an 

increased flow resistance for the PAA solution and a notable decrease in PAA flux. 

However, with the treating temperature increase, more pores were generated due to the 

etching by the alkaline solution, leading to an increase in surface porosity and a reduction 

in flow resistance. This decrease in flow resistance caused by the increased pore size 

dominated the flux behavior when the treating temperature increased from 40℃ to 60℃, 

resulting in a slight increase in PAA flux. 
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For the PEO flux, it initially decreased (20℃ to 30℃) and then increased (30℃ to 60℃) 

as the alkaline treatment temperature rose. The PEO flux of the alkaline-treated membranes 

was lower than the flux of the PVDF membranes, which was 20.5 LMH. The extent of the 

PEO flux decrease was less significant compared to the PAA flux decrease. This is because 

the molecular chain of PEO is longer than that of PAA, leading to higher viscosity for the 

PEO solution and higher flow resistance. Consequently, the resistance created by 

electrostatic interactions had a smaller effect on the overall flow resistance, resulting in a 

less pronounced decrease in PEO flux. Moreover, with the treating temperature increase, 

more micropores were formed on the membrane surface, leading to an increase in PEO 

flux when the treating temperature exceeded 30℃. 

 
Figure 3.9 Flux of the PVDF membranes and alkaline treated membranes (Alk20, Alk30, Alk40, 

Alk50, and Alk60) at different treating temperatures in PAA, PEO, Casein protein, and whey protein 

filtration. Pure water filtration was conducted at pH 7, while PAA, PEO, casein protein, and whey 

protein filtration were performed at pH 10. 

The flux behavior for both casein and whey filtration followed a similar trend. As the 

treating temperature increased, the flux decreased between 20℃ and 40℃ and then is 

stable between 40℃ and 50℃. Finally, the flux increased between 50℃ and 60℃. Based 

on the earlier hypothesis, both the resistance caused by electrostatic interactions and the 

increase in flux due to surface porosity affected the membrane flux. When the treating 
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temperature was between 20℃ and 40℃, the effect of electrostatic interactions dominated 

the flux behavior, leading to a decrease in flux with the increase in temperature. However, 

when the temperature was between 50℃ and 60℃, the effect of increased porosity 

dominated the flux, increasing flux. 

In summary, the unexpected reduction in pure water flux after alkaline treatment can be 

explained by the decrease in membrane matrix elasticity and mechanical strength, leading 

to pore deformation and shrinkage during filtration. The flux behavior for PAA, PEO, 

casein, and whey proteins was influenced by both electrostatic interactions and changes in 

surface porosity, with different temperature ranges leading to different dominant effects on 

the flux behavior. 

3.4. Conclusions 

In this research, PVDF membranes were modified using a KOH isopropanol solution to 

enhance the surface negative charge. Compared to modifying PVDF with an alkaline 

aqueous solution, when using an alkaline propanol solution for modification, a lower 

alkaline concentration, lower processing temperature, and shorter processing time are 

required. This approach allows the reaction to take place under milder conditions, resulting 

in higher processing efficiency. Alkaline treatment of PVDF membranes introduces several 

functional groups, including carbon-carbon double bonds, hydroxyl groups, and carboxyl 

groups. Alkaline treatment did not have a significant influence on the morphology of the 

PVDF membranes. However, after modification, the surface Zeta potential of the 

membranes increased from -44.1 mV to -64.2 mV at pH 10. The rejection for PAA, PEO, 

casein protein, and whey protein with PVDF membranes was 24.3%, 12.6%, 76.4%, and 

69.4%, respectively. The results of the filtration tests showed that alkaline treatment 

effectively increased the rejection of PAA, PEO, casein protein, and whey protein. The 
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membranes achieved their best rejection for PEO, casein protein, and whey protein 

separation when the treating temperature was 40℃, with rejection percentages of 48.4%, 

88.8%, and 81.7%, respectively. The PAA filtration test had a maximum rejection of 37.1% 

when the treating temperature was 50℃. The rejection of membranes treated at 60℃ is a 

little lower than the maximum rejection for all feed solutions, but the flux of membranes 

treated at 60℃ is relatively large. Specifically, the flux of the membrane treated at 60℃ 

was 29.5 LMH for PAA, 20.1 LMH for PEO, 17.5 LMH for casein protein, and 18.4 LMH 

for whey protein. Comparatively, the flux of PVDF membranes was 36.1 LMH for PAA, 

20.5 LMH for PEO, 17.3 LMH for casein protein, and 17.7 LMH for whey protein. 

Therefore, the membrane treated at 60℃ exhibited the best filtration performance. Alkaline 

treatment of the membranes not only increased their negative surface charge but also 

enlarged the membrane pores and formed new microporous structures on the membrane 

surface. Both the rejection and flux performance of the membranes were influenced by the 

membrane surface charge, surface porosity, and the presence of new microporous 

structures. These research findings demonstrate that alkaline treatment can significantly 

enhance the filtration performance of PVDF membranes, with the best overall results 

achieved at a treating temperature of 60℃. The combination of increased negative surface 

charge, surface porosity, and new microporous structures contributes to the improved 

rejection and flux characteristics of the treated membranes. 
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Chapter 4. Surface Modification of Polyvinylidene Fluoride 

Membranes Using KOH/water/alcohol Ternary: Effects of 

Alcohol and Other Conditions 

Abstract 

Alkaline treatment is a cost-effective and easy-to-operate method that can effectively alter 

the hydrophilicity of polyvinylidene fluoride (PVDF) membranes. It makes the surface of 

PVDF membranes chemically active by introducing hydrophilic groups, e.g., hydroxyl and 

carboxyl groups, and therefore could be used as an effective pretreatment for membrane 

surface engineering including the grafting of other target chemical molecules onto to 

membrane surface. This treatment enhances the hydrophilicity of the membrane surface 

and could therefore also improve membrane permeability and reduce fouling. In this 

research, we systematically studied the alkaline treatment using KOH/alcohol/water 

ternaries at different conditions. Results indicate that the inclusion of alcohol in the reaction 

system could impact the efficiency of membrane surface modification through altering the 

chemical reaction mechanism as well as affecting the reacting mixture’s properties such as 

OH- activity and membrane wettability. The effectiveness of different alcohols was in the 

order of methanol > ethanol > isopropanol, which is in accordance with the orders of their 

polarity and reactivity. While the membrane wettability of the ternaries increased with the 

proportion of alcohol (in particular, isopropanol) in a ternary, the extent of membrane 

surface modification decreased due to the consequent reduction of OH- activity. Increase 

of KOH concentration and treatment time both led to the monotonic increase of the extent 

of surface modification in the tested ranges as measured by the decrease of membrane 

contact angle.  
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Acronyms and Symbols 

Abbreviation 

ATR-FTIR attenuated total reflectance-Fourier transform infrared 

DMAc N, N-dimethylacetamide 

NIPS non-solvent induced phase separation 

PA polyamide 

PAN polyacrylonitrile 

PC polycarbonate 

PE polyethylene 

PEG polyethylene glycol 

PEI polyetherimide 

PES polyethersulfone 

PP polypropylene 

PSF polysulfone 

PTFE polytetrafluoroethylene 

PVC polyvinyl chloride 

PVDF polyvinylidene fluoride 

Nomenclature 

𝐴 pre-exponential factor (frequency factor) 



 

91 

𝐴𝜑 Debye-Hückel constant or limiting law constant (mol-1/2∙L3/2) 

𝑎𝑖 ionic activity of ion 𝑖 

𝐵 Debye-Hückel parameter or distance parameter (nm-1∙mol-1/2∙L3/2) 

𝑏 empirical parameter in the Pitzer model 

𝐶𝜑 ternary interaction parameter, describing interactions involving three ions 

𝑐𝑖 molar concentration of ion 𝑖 (M) 

𝐸𝑎 activation energy 

𝑓 fraction of the droplet that is actually in contact with the surface of the 

membrane 

𝐼 molar ionic strength (M) 

𝑘 reaction rate constant 

𝑚𝑗 molar fraction of ion 𝑗 

𝑛 reaction order 

𝑅 ideal gas constant 

𝑟 roughness ratio 

𝑟𝑖 Stokes radius of ion 𝑖 

𝑇 temperature (K) 

𝑣 reaction rate 

𝑧𝑖 charge number of that ion 𝑖 
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𝛼 parameter related to the distance of the closest approach of ions in the Pitzer 

model 

𝛽𝑖,𝑗
(0)

 first virial coefficient, the short-range interactions between ions 𝑖 and 𝑗 

𝛽𝑖,𝑗
(1)

 second virial coefficient, accounting for additional interaction effects 

𝛾𝑖 activity coefficient 

𝜖 dielectric constant 

𝜃𝑎𝑖𝑟 contact angle between the air and the droplet 

𝜃𝐶𝐵 heterogeneous contact angle 

𝜃𝑊 contact angle on a rough surface 

𝜃𝑌 contact angle on a smooth surface 
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4.1. Introduction 

Membrane filtration is a very efficient separation method, which is widely used in many 

fields, such as protein purification, heavy metal removal, gas separation, and water 

purification. Materials used to make separation membranes come from a wide range of 

sources, such as metal, metal oxide, ceramic[1], and polymer [2]. Compared with other 

materials, using polymers to fabricate filtration membranes has many significant 

advantages. These advantages have led to the widespread use and development of polymer 

membranes in various filtration applications [3]. These advantages include: (1) There are 

many types of polymers. By selecting different polymers, separation membranes with 

specific properties can be produced. For example, by adjusting preparation conditions 

(such as polymer concentration, additives, gel bath components, etc.), the pore size of the 

membrane can be precisely controlled to achieve different degrees of separation such as 

microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) 

[4]. (2) Membranes made of polymers are easy to modify and their surface properties can 

be engineered through different modification methods to better cope with different 

separation needs. For example, the surface hydrophilicity and hydrophobicity of polymer 

membranes can be adjusted through various modification methods (such as plasma 

treatment, chemical grafting, etc.) to adapt to different filtration needs [5]. (3) Polymers 

usually have good mechanical strength and toughness. Not easy to break during use [6]. (4) 

The preparation process of polymer membranes is relatively simple, such as the phase 

inversion method, solution casting method, electrospinning method, etc., and can achieve 

large-scale production [7]. Common materials used to make filtration membranes include 

polyvinylidene fluoride (PVDF), polytetrafluoroethylene (PTFE), polyethersulfone (PES), 

polysulfone (PSU), polyacrylonitrile (PAN), nylon (polyamide, PA), polycarbonate (PC), 

polyethylene (PE), polypropylene (PP), polyetherimide (PEI), polyvinyl chloride (PVC), 
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cellulose esters (such as cellulose acetate), etc. [7]. 

Among them, PVDF membrane is widely used in fields such as water treatment, gas 

separation, and biomedicine due to its excellent chemical stability, mechanical strength, 

and thermal stability [8]. However, PVDF membranes are inherently hydrophobic, which 

limits their antifouling performance and permeability in water treatment applications. The 

boundary layer between the membrane interface of a hydrophobic membrane and water 

has almost no hydrogen bonding interactions. The repulsion of water molecules from the 

hydrophobic membrane surface is a spontaneous process accompanied by an increase in 

entropy, so pollutant molecules tend to adsorb to the membrane surface and occupy the 

boundary layer. Hydrophobic membranes will hinder the passage of water molecules, 

resulting in reduced membrane flux, and are more likely to adsorb organic and biological 

pollutants, increasing the risk of membrane fouling [9], [10]. To improve the hydrophilicity 

of PVDF membranes, a variety of surface modification methods have been developed in 

recent years, such as plasma treatment [11], [12], ultraviolet (UV) radiation [13], [14], [15], 

[16], ozone treatment [17] and chemical treatment [18], [19], [20], [21]. Plasma treatment 

uses high-energy plasma to introduce oxygen or nitrogen-containing functional groups on 

the surface of the PVDF membrane to increase hydrophilicity. High-energy UV radiation 

can break and reorganize PVDF molecules. Thereby generating active free radicals on the 

surface of the PVDF membrane. In contrast, chemical treatment, especially alkaline 

solution treatment, has become an important modification method because of its simple 

operation and significant effect. 

Alkaline solution treatment uses alkaline solution, such as KOH solution and NaOH 

solution, to treat the PVDF membrane. It can introduce hydrophilic functional groups, such 

as hydroxyl and carboxyl groups, on to the membrane surface, thereby significantly 

improve the hydrophilicity of the membrane. The reaction conditions of alkaline solution 



 

95 

treatment are mild, the treatment process is easy to control, and it does not require 

expensive equipment, making it suitable for large-scale industrial production. Studies have 

shown that alkaline solution treatment can improve the surface hydrophilicity of PVDF 

membrane and reduce the membrane surface free energy [22]. Hydrophilic membranes 

have high surface tension and can form hydrogen bonds with surrounding water molecules, 

thereby forming a thin water boundary layer between the membrane and the solution. The 

water boundary layer reduces the potential energy barrier for water molecules when passing 

through the membrane, so it is easier for water molecules to pass through the membrane 

and improve the permeability of the membrane. At the same time, the water boundary layer 

can prevent pollutants from contacting the membrane and improve the anti-fouling 

performance of the membrane [9], [10]. In addition, alkaline treatment can increase the 

chemical activity of PVDF membranes, making them easier to be modified by other 

advanced materials, such as graphene oxide (GO) [23], [24], carbon nanotubes (CNTs) [25], 

MXene [26] and dendrimer [27], [27]. In summary, This modification method improves 

the performance of the membrane and provides strong support for the widespread 

applications of PVDF membranes [28]. 

Studies have shown that the hydrophilicity of PVDF membranes can be improved by 

treatment with alkaline solutions. However, most of these studies focus on the influence of 

a single treatment parameter, such as treatment time, temperature, or alkaline concentration. 

Although these single-parameter studies have provided fundamental insights, they have not 

fully revealed the complex interaction mechanisms during alkaline solution treatment. 

There is a lack of systematic research on the types and contents of solvents in solutions, 

which limits the in-depth understanding and optimization of the modification process. 

Alcoholic solvents can play an important role in alkaline solution processing. In this study, 

we examined the effects of alkaline treatment on the efficiency of surface modification of 

PVDF membranes using contact angle (hydrophilicity) and color change as the primary 
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indicators. Various parameters were investigated, including treatment time, treatment 

temperature, isopropanol proportion, KOH concentration, and types of mixed alcohols in 

alkaline solution. 

4.2. Experimental 

4.2.1. Materials 

The polymer of membranes, PVDF, Kynar® 740 (Pellet, Mw = 410 kDa), was kindly 

supplied by Arkema Inc. (Philadelphia, PA). The pore former agent, polyethylene glycol 

(PEG) (Mw = 1 kDa), and the solvent for casting solution, anhydrous N, N-

dimethylacetamide (DMAc) with a purity of 99.8% were purchased from Sigma-Aldrich 

Inc. (St. Louis, MO). Potassium hydroxide, methanol with a purity of 99.5%, ethanol with 

a purity of 99%, isopropanol with a purity of 99.5%, and n-butanol with a purity of 99.5% 

were purchased from Sigma-Aldrich Inc. 

4.2.2. PVDF membrane fabrication 

In this chapter, the PVDF membrane was fabricated using the non-solvent phase separation 

(NIPS) method, as discussed in detail in Chapter 3. The casting solution used for membrane 

fabrication consisted of 82 wt% DMAc, 15 wt% PVDF, and 3 wt% PEG. 

4.2.3. Alkaline treatment of PVDF membranes 

The PVDF membrane was treated with an alkaline solution under various conditions, as 

detailed below: 

Effects of Treatment Time 
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The membrane was treated with an aqueous solution containing 0.5 M KOH and 25 vol% 

isopropanol at 60°C for different durations: 2 minutes, 5 minutes, 10 minutes, 30 minutes, 

60 minutes, and 180 minutes. 

Effects of Treatment Temperature 

To study the effects of treatment temperature, the membrane was treated with an aqueous 

solution of 0.5 M KOH and 25 vol% isopropanol for 30 minutes at various temperatures, 

ranging from 20°C to 80°C in 10°C intervals. 

Effects of Isopropanol Concentration 

The membrane was treated with an aqueous solution of 0.5 M KOH containing varying 

proportions of isopropanol at 60°C for 30 minutes. The proportions of isopropanol used 

were 0 vol%, 5 vol%, 10 vol%, 15 vol%, 20 vol%, 25 vol%, 50 vol%, 75 vol%, 90 vol%, 

95 vol%, and 100 vol%. 

Effects of KOH Concentration 

The effect of KOH concentration was investigated by treating the PVDF membrane with 

an aqueous solution containing 25 vol% isopropanol and different concentrations of KOH 

at 60°C for 30 minutes. The KOH concentrations used were 0.1 M, 0.5 M, 1 M, and 2 M. 

Effects of Different Alcohols 

The effect of different alcohols was studied by treating the PVDF membrane with an 

aqueous solution of 0.5 M KOH containing 25 vol% of different alcohols at 60°C for 30 

minutes. The alcohols used for treatment were methanol, ethanol, isopropanol, and n-

butanol. 



 

98 

For the alkaline treatment, the membrane was immersed in the KOH solution with the 

selected layer facing down. After the treatment, the membrane was washed twice with 

ethanol and three times with water at room temperature. Finally, the membrane was dried 

by blowing with compressed air at room temperature. 

4.2.4. Membrane characterization 

ATR-FTIR 

The chemical properties on the membrane's surface were analyzed using attenuated total 

reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy, employing the Agilent 

Tech-Cary 630 spectrometer (Agilent, Canada). 

Contact angle 

The water contact angle of the membrane samples was measured using the sessile drop 

method with the VCA Optima Surface Analysis System (AST Product, Inc., Billerica, MA, 

US) at room temperature. A 1 μL deionized water droplet was carefully placed on the 

surface of the dry sample to measure the contact angle. Measurements were taken with 3 

replicated samples, at 5 random spots on each sample. The average value of these 

measurements was then reported. 

4.2.5. Activity of the hydroxide ions 

Ionic strength 

The process of KOH dissolving in aqueous solution can be expressed by Equation (4-1). 

The molar ionic strength (𝐼) can be calculated by Equation (4-2). 
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 𝐾𝑂𝐻 → 𝐾+ + 𝑂𝐻−  (4-1) 

 𝐼 = 0.5 ∑ 𝑐𝑖 ∙ 𝑧𝑖
2𝑛

𝑖=1   (4-2) 

Where 𝑐𝑖 is the molar concentration of ion 𝑖 (M), 𝑧𝑖 is the charge number of that ion 𝑖. 

Since KOH is completely dissolved in water, the concentration of K+ or the concentration 

of OH- is equal to the concentration of KOH. Therefore, the molar ionic strength of the 

KOH solution can be calculated by Equation (4-3). 

 𝐼 = 𝑐𝐾𝑂𝐻  (4-3) 

Dielectric constant 

The dielectric constant (𝜖 ) of the mixed solution is determined by taking the volume-

weighted average of the dielectric constants of its components as Equation (4-4) is shown. 

The dielectric constants of pure water, methanol, ethanol, isopropanol, and n-butanol are 

80.1, 32.7, 24.5, 17.9, and 17.1, respectively [29]. 

 𝜖 = 𝑎𝑙𝑐𝑜ℎ𝑜𝑙 𝑣𝑜𝑙% ∙ 𝜖𝑎𝑙𝑐𝑜ℎ𝑜𝑙 + (1 − 𝑎𝑙𝑐𝑜ℎ𝑜𝑙 𝑣𝑜𝑙%) ∙ 𝜖𝑤𝑎𝑡𝑒𝑟  (4-4) 

Activity coefficient 

There are two models for activity coefficient calculations, the Debye-Hückel model and 

the Pitzer model. By the Debye-Hückel model [30], the activity coefficient (𝛾𝑖) of ion 𝑖 

can be calculated by Equation (4-5). 

 log 𝛾𝑖 = −
𝐴𝜑∙𝑧𝑖

2∙√𝐼

1+𝐵∙𝑎𝑖∙√𝐼
  (4-5) 

Where 𝑎𝑖 is Stokes radius of ion 𝑖. Debye-Hückel constant (or limiting law constant) 𝐴𝜑 
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(mol-1/2∙L3/2) and Debye-Hückel parameter (or distance parameter) 𝐵 (nm-1∙mol-1/2∙L3/2) 

are related with the dielectric constant and the temperature, which can be calculated by 

Equations (4-6) and (4-7), respectively. 

 𝐴𝜑 =
1.824×106

(𝜖∙𝑇)
3

2⁄
  (4-6) 

 𝐵 =
50.29√𝜖

𝑇
  (4-7) 

The Debye-Hückel model is suitable for low-concentration solution systems. For a high-

concentration solution system, the activity coefficient (𝛾𝑖) of ion 𝑖 can be calculated by 

the Pitzer model. For a monovalent solution containing only one salt (or base), the Pitzer 

model can be simplified as Equation (4-8) [31]. 

 ln(𝛾𝑖) = −𝐴𝜑 ∙ 𝑧𝑖
2 ∙ √𝐼 ∙ (1 +

√𝐼

1+𝑏∙√𝐼
) + ∑ 𝑚𝑗 ∙ (2 ∙ 𝛽𝑖,𝑗

(0)
+ 2 ∙ 𝛽𝑖,𝑗

(1)
∙ 𝑒𝑥𝑝(−𝛼 ∙ √𝐼))𝑗 + 𝑚𝑗 ∙ 𝐶𝜑  (4-8) 

Where the first item is the deformation of the Debye-Hückel model. 𝐴𝜑 can be calculated 

by Equation (4-6). 𝑚𝑗 is the molar fraction of ion 𝑗. 𝛽𝑖,𝑗
(0)

 is the first virial coefficient, 

representing the short-range interactions between ions 𝑖 and 𝑗 (here is K+ and OH-). 𝛽𝑖,𝑗
(1)

 

is the second virial coefficient, accounting for additional interaction effects, including some 

specific ion-pair formation. 𝐶𝜑 is a ternary interaction parameter, describing interactions 

involving three ions, which becomes significant at higher concentrations. The 𝛽𝑖,𝑗
(0)

, 𝛽𝑖,𝑗
(1)

, 

and 𝐶𝜑  for KOH are 0.1298, 0.32, and 0.0041, respectively [32]. 𝑏  an empirical 

parameter with a value of 1.2. 𝛼  is a parameter related to the distance of the closest 

approach of ions and affects the Debye-Hückel limiting law term in the model. It 

commonly is 2 for aqueous solution. The ionic activity of ion 𝑖, 𝑎𝑖, can be described by 

Equation (4-9). 
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 𝑎𝑖 = 𝛾𝑖 ∙ 𝑐𝑖  (4-9) 

4.2.6. Reaction rate 

As Equations (3-5), (3-6), and (3-7) are shown, OH-
 reacts with the PVDF molecule, 

removing a fluorine atom on the PVDF molecule and introducing a -OH group [22], [33], 

[34]. 

  

 (4-10)

 

  

 (4-11) 

  

 (4-12) 

By combining Equations (3-5), (3-6), and (3-7), we obtain the Equation (4-13). 

   

(4-13) 

As the reaction proceeds, OH- will further remove another fluorine atom from the PVDF 

molecule and introduce a ketone group, which was shown by Equations (4-14), (4-15), and 

(3-10). 

   
(4-14) 



 

102 

 

  

(4-15) 

  

(4-16) 

By combining Equations (4-14), (4-15), and (3-10), we obtain the Equation (4-17). 

 

  (4-17)

 

The reaction rate (𝑣) of the alkaline treatment of the PVDF membranes can be described 

as the function of OH- activity, as Equation (4-18) shown. 

 𝑣 = 𝑘 ∙ 𝑎𝑂𝐻−
𝑛   (4-18) 

Where 𝑎𝑂𝐻− and 𝑛 are the activity of OH- and the reaction order (n is 1, since it is first 

order reaction). 𝑘 is the rate constant. The PVDF defluorination in an alkaline solution 

(or the alkaline treatment reaction) is a first-order kinetic reaction [33]. Therefore Equation 

(4-18) can be written as Equation (4-19). 

 𝑣 = 𝑘 ∙ 𝑎𝑂𝐻0
−  (4-19) 

The rate constant 𝑘, is the function of the temperature (𝑇), as Equation (4-20) is shown. 

 𝑘 = 𝐴 ∙ 𝑒𝑥𝑝 (
−𝐸𝑎

𝑅∙𝑇
)  (4-20) 

Where 𝐴 and 𝐸𝑎 are the pre-exponential factor (frequency factor) and activation energy, 

respectively. 𝑅 is the gas constant (8.314 J·mol-1·K-1). Combining Equation (4-20) and 
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Equation (4-18), the reaction rate can be described by Equation (4-21). 

 𝑣 = 𝐴 ∙ 𝑒𝑥𝑝 (
−𝐸𝑎

𝑅∙𝑇
) ∙ 𝑎𝑂𝐻0

−  (4-21) 

4.2.7. KOH concentration in aqueous or alcoholic phase 

Under some conditions, the KOH alcohol-aqueous solution will separate into two phases. 

The concentration of KOH in the aqueous or alcoholic phase was measured as follows. 10 

mL of the upper (aqueous phase) or lower liquid (alcoholic phase) was taken and placed in 

an evaporating dish and heated the evaporating dish to 200℃ on a hot plate until all the 

liquid evaporated. Then the evaporating dish was placed in an oven at 70℃ for 24 h. Weigh 

the mass of the clean dry dish before loading the sample and after drying with the sample 

to obtain the mass of residual solid (KOH) in it. The concentration of KOH in the liquid 

phase can be calculated using Equation (4-22). 

 𝑐𝐾𝑂𝐻 =
𝑚−𝑚0

𝑣𝑠
  (4-22) 

where, 𝑐𝐾𝑂𝐻 is the KOH concentration in the aqueous or alcoholic phase, m0 and m the 

masses of the evaporating dish before loading the sample (i.e., the clean dry dish) and after 

drying with the sample, respectively; and vs the volume of the liquid added into the 

evaporating dish, which was 10 mL here. 

4.3. Results and discussion 

4.3.1. Effect of treatment time 

Figure 4.1 shows the effect of alkaline treatment time on the contact angle of the 

membranes. The alkaline treatment causes PVDF molecules to lose hydrophobic fluorine 
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atoms while introducing hydrophilic hydroxyl groups, thereby making the membrane more 

hydrophilic. Longer alkaline treatment results in more hydrophilic hydroxyl groups being 

introduced on the membranes. Consequently, the contact angle decreases with increased 

treatment time. As shown in Figure 4.1, within the first 30 minutes of the alkaline treatment, 

the contact angle decreased slightly. For example, after 30 minutes of treatment, the contact 

angle decreased by only 1%. However, beyond 30 minutes, the contact angle decreased 

significantly with a further increase in treatment time. When the membrane was treated for 

180 minutes, the contact angle decreased by 15%. 

 
Figure 4.1 Contact angle change of membranes treated by the 0.5 M KOH alkaline solution containing 

25 vol% isopropanol at 60℃ for different treatment times. 

4.3.2. Effect of treatment temperature 

Figure 4.2 shows the surface images of the membranes treated by the 0.5 M KOH alkaline 

solution containing 25 vol% isopropanol for 30 min at different treatment temperatures.  

The surface of the pristine PVDF membrane was whitish. After being treated with an 

alkaline solution, the color of the membrane surface changed to light brown or brown. As 

the alkaline treatment temperature increased, the color of the treated membrane surface 

becomes darker, which indicates that the degree of alkaline treatment increased with the 
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increase of treatment temperature. 

 

Figure 4.2 Surface images of the PVDF membrane and membranes treated by the 0.5 M KOH alkaline 

solution containing 25 vol% isopropanol for 30 min at different treatment temperatures. 

Figure 4.3 shows the effect of alkaline treatment temperature on the contact angle of the 

membranes. According to Equations (4-19) and (4-20), the temperature affects the reaction 

rate in two ways, i.e., via the reaction rate constant and the activity coefficient. Since the 

activation energy of reaction is positive, increased temperature led to an increase of 

reaction rate. The OH- activity also increases with temperature as shown in Table 4.1. 

Therefore, it is expected that the contact angle decreases monotonically as the temperature 

increases. However, the experimental data show an unexpected sudden jump in contact 

angle when treatment temperature increased from 50℃ to 60℃, which is quite 

counterintuitive. It can be concluded from Figure 4.2 that the degree of alkaline treatment 

increases with the increase of treatment temperature. Therefore, the change of the contact 

angle of the membrane surface is not only affected by the degree of alkaline treatment. 

According to Equation (4-22), the rate of the chemical reactions in the alkaline treatment 

were expected to increase monotonically with the increase of the reaction temperature due 
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to two reasons: (1) an exponential increase of reaction rate constant with temperature, as 

shown in Equation (4-20). (2) the mild increase of OH- activity (Table 4.1). Therefore, 

sudden reduction in contact angle change at 60℃ in comparison to that at 50℃ indicate 

that there might be some other factors than the surface chemistry that affected the 

measurement of contact angle. 

 
Figure 4.3 Relationship of alkaline treatment temperature on the contact angle change of the 

membranes treated by the 0.5 M KOH alkaline solution containing 25 vol% isopropanol for 30 min. 

As an illustrative example, the formation of air pockets at membrane surface is one of the 

factors beside the surface chemistry that may affect the measured contact angle. The 

membrane is not entirely wetted by the liquid during contact angle measurement unless the 

contact angle approaches zero. In such a scenario, air pockets can form at the interface 

between the membrane matrix and the droplet. This results in the measured contact angle, 

𝜃𝐶𝐵, being greater than the actual contact angle on rough surface 𝜃𝑤. In some cases, this 

can lead to the measured contact angle on hydrophilic membrane surfaces falling within 

the hydrophobic range [35]. This relationship is described by Cassie-Baxter equation, i.e., 

Equation (4-23) [36]. 
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Table 4.1 OH- activity of the alkaline treatment at different treatment conditions. 
Variable Level OH- activity (M) 

Temperature (℃) (25 

vol% iso-PrOH, 0.5 M 

KOH) 

20 0.311 
30 0.321 
40 0.332 
50 0.341 
60 0.350 
70 0.359 
80 0.367 

KOH concentration 

(M) (25 vol% iso-

PrOH, 60℃) 

0.1 0.108 
0.5 0.350 
1 0.514 
2 0.668 

Alcohol type (0.5M 

KOH, 25 vol% 

alcohol 60℃) 

MeOH 0.367 
EtOH 0.358 

iso-PrOH 0.350 
n-BtOH 0.349 

MeOH: methanol; EtOH: ethanol; iso-PrOH: isopropanol; n-

BtOH: n-butanol. 
 

Where 𝑓 is fraction of the droplet that is actually in contact with the surface of membrane. 

𝜃𝑎𝑖𝑟  is the contact angle between the air and the droplet. The increase of treatment 

temperature might cause an increase in the surface porosity of the membrane, which might 

increase the fraction of membrane surface occupied by air pockets and therefore, according 

to Equation (4-23), an increase in porosity results in an increase of contact angle. This, 

however, still cannot explain the sudden reduction of the extent of contact angle change 

when treatment temperature increased from 50℃ to 60℃, while temperature increase in 

other ranges, i.e., from 30℃ to 50℃ and from 60℃ to 90℃, caused the increase of contact 

angle change. 

 𝑐𝑜𝑠(𝜃𝐶𝐵) = 𝑓 ∙ 𝑐𝑜𝑠(𝜃𝑊) + (1 − 𝑓) ∙ 𝑐𝑜𝑠(𝜃𝑎𝑖𝑟)  (4-23) 

Another factor that could contribute to the measured contact angle is surface roughness, 
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which cause the measured contact angle to change in opposite directions when they change 

monotonically, depending on the value of the intrinsic contact angle, according to the 

Wenzel equation, i.e., Equation (4-24) [37]. 

 𝑐𝑜𝑠(𝜃𝑊) = 𝑟 ∙ 𝑐𝑜𝑠(𝜃𝑌)  (4-24) 

The measured contact angle on a rough surface, 𝜃𝑊, is the product of the roughness factor 

𝑟 and the intrinsic contact angle, 𝜃𝑌. Since the roughness factor is always larger than 1, 

the decrease of membrane roughness, and therefore 𝑟, would cause the overestimation of 

the contact angle of a hydrophilic surface and the underestimation of the contact angle of 

a hydrophobic surface. Therefore, one possible explanation is that the hydrophobic PVDF 

membrane had an intrinsic contact angle above 90o, which would decrease after the alkaline 

treatment. As the extent of surface modification by the alkaline treatment increased with 

temperature, the intrinsic contact angle would become less than 90o and being transformed 

into a hydrophilic surface. If the alkaline treatment caused the surface roughness to 

decrease, then, it would cause the underestimation of the contact angle when the treatment 

temperature was 50℃ or low but an overestimation of the contact angle when the treatment 

temperature was 60℃ or higher. 

The above explanation, however, has a difficulty, i.e., the measured contact angle of PVDF 

membranes, both those reported by our group [38] and other researchers [39], [40] have 

often been smaller than 90o. This contradiction could be hypothetically explained by the 

existence of factor(s) that would result in the underestimation of the measured contact angle 

of hydrophobic membranes, although we do not have data to allow an informed speculation 

on the nature of such factor(s) at present. 
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4.3.3. Effects of KOH concentration 

Figure 4.4 shows the influence of KOH concentration in the alkaline solution on the contact 

angle of the membranes. After treatment with the 0.1 M KOH solution, the contact angle 

of the membranes increased by 1.7%. As the KOH concentration increases, the contact 

angle decreases monotonically. The contact angle decreased by 12.5% when the KOH 

concentration reached 2 M. This trend coincides with the increase in OH- activity, as shown 

in Table 4.1. According to Equation (4-19), the reaction rate increased with the increase of 

OH- activity. 

 
Figure 4.4 Effect of the KOH concentration on the contact angle change of the membrane. The 

membranes were treated by the KOH alkaline solution containing 25 vol% isopropanol at 60℃ for 30 

min. 

It's worth noting that the solution separated into two phases when the KOH concentration 

was 2 M or above. The concentrations of KOH in the alcoholic phase and aqueous phase 

are 0.317 M and 2.561 M, respectively, when the overall concentration was 2.0 M. In the 

case of phase separation, the membrane sits at the interface of the two phases and the side 

facing down, i.e., facing the aqueous phase, was subjected to contact angle measurement 

after the treatment was completed. It can be seen from Figure 4.4 that the slope of the 

contact angle versus KOH concentration curve was much smaller from 0.1 M to 1.0 M than 
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from 1.0 M to 2.0 M. The disproportional increase in the contact angle decrease due to 

alkaline treatment at 2.0 M seems to reflect the fact that the actual KOH concentration in 

the aqueous phase was 28% higher than the overall KOH, i.e., 2.0 M. 

4.3.4. Effect of isopropanol concentration 

Figure 4.5 shows the surface images of the membranes treated by the 0.5 M KOH alkaline 

solution containing different isopropanol concentration at 60℃ for 30 min. After being 

treated with an alkaline solution without isopropanol (0 vol% isopropanol), the membrane 

surface exhibited a slight yellowish discoloration. As the isopropanol content in the 

alkaline solution increased, the membrane's surface color deepened to a darker brown. This 

indicates that the degree of alkaline treatment intensified with higher isopropanol 

concentrations in the solution. 

 

Figure 4.5 Surface images of the membranes treated by the 0.5 M KOH alkaline solution containing 

different isopropanol concentration at 60℃ for 30 min. 

Notably, when the isopropanol concentration ranged from 0 vol% to 25 vol%, the 

membrane surface color was not uniform, with many darker spots appearing. This may be 
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due to residual pore former agent, hydrophilic PEG molecules, within the PVDF membrane 

matrix. Since the alkaline solution cannot immerse the PVDF membrane at lower 

isopropanol concentrations (0 vol% to 25 vol%), the membrane does not come into proper 

contact with the solution, reducing the effectiveness of the alkaline treatment. However, 

these residual PEG molecules may decrease the local hydrophobicity of the membrane’s 

surface, improving its contact with the alkaline solution. Consequently, these localized 

areas undergo more intense alkaline treatment, resulting in darker spots on the membrane 

surface. 

Figure 4.6 (a) illustrates the influence of the concentration of isopropanol in the 

KOH/isopropanol/water ternary on the contact angle change of the membrane. When the 

isopropanol concentration was 0 vol%, the contact angle changed by -27.2%. As the 

isopropanol concentration increased the extent of contact angle reduction decreased 

monotonically until 50 vol% isopropanol, indicating a continued reduction of the rate of 

the surface modifying reactions. However, when the isopropanol proportion exceeds 50 

vol%, the trend was reversed and the degree of contact angle reduction increased with 

increasing isopropanol concentration. At 100 vol% isopropanol, the contact angle 

decreased by 36.1%, which was the largest contact angle reduction. In the previous 

discussion of Figure 4.5, it was concluded that the degree of alkaline treatment increased 

with the rising isopropanol content. However, this trend does not align with the relationship 

between the contact angle change and the isopropanol content. This suggests that multiple 

reactions may be occurring simultaneously during the alkaline treatment and that the 

reactions responsible for the color change on the membrane surface require the 

participation of alcohol. As will discuss later, there is evidence showing that these alcohols 

involving reactions may also contribute to the reactions affecting the membrane's surface 

hydrophilicity. 
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Since the pristine PVDF membrane is hydrophobic and may expel the polar aqueous 

solution of KOH, adding isopropanol may increase the wettability of membrane surface 

and therefore increase the contact angle reduction of membrane surface. However, the 

experimental data of contact angle change does not support this hypothesis. As shown in 

Figure 4.6 (b), the contact angle of the single-phase ternary on to the pristine PVDF 

membrane surface decreased monotonically with the increase of the alcohol concentration, 

corresponding to the increase of membrane surface wettability but is opposite to the 

decrease of the extent of surface modification, i.e., membrane contact angle reduction, as 

indicated in Figure 4.6 (a). Apparently, the contribution of the membrane wettability to the 

surface modifying reactions, if any, was not sufficient to balance the rate reduction due to 

the decrease of OH- activity caused by the increase of alcohol concentration. 

 
Figure 4.6 Effect of the isopropanol proportion on the contact angle change of the membranes (a). The 

membranes were treated by the 0.5 M KOH alkaline solution at 60℃ for 30 min. Contact angle of 

pristine PVDF with 0.5 M KOH solution containing different isopropanol contents (b). 

Depicts the FTIR spectrum (Figure 4.7) of the PVDF membranes and the membranes 

treated with alkaline solutions of different isopropanol concentrations. The peak at 1180 

cm-1 corresponds to the stretching vibrations of the C-F bond. When the isopropanol 

concentration increases from 0 vol% to 75 vol%, there is no significant influence on the 

peak at 1180 cm-1. However, when the concentration of isopropanol exceeds 75 vol%, an 
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increase in isopropanol concentration significantly weakens the peak at 1180 cm-1. This 

suggests that a large number of fluorine atoms are removed when the isopropanol content 

is over 75 vol%. Additionally, a peak at around 1600 cm-1 appears at the isopropanol 

concentration equal to and above 90 vol%. This peak is attributed to either the stretching 

vibration of the C=C bond (1580 cm-1) or the C=O bond (1650 cm-1). 

 

Figure 4.7 FTIR spectrum of the PVDF membranes and the membranes treated by alkaline solution 

with different proportions of the isopropanol. 

The sharp contrast of the treatments by 0.5 M KOH solutions containing 50 vol% or less 

isopropanol and 75 vol% or more isopropanol coincided with the transform of the ternary 

from a single-phase to a two-phase system. The ternary was a single-phase system with 50 

vol% or less isopropanol but became a two-phase system when containing 75% or more 

isopropanol. These two phases are the alcohol phase at the top and the aqueous phase at 

the bottom. The membrane treated in such a two-phase system located at the interface with 

the treated surface facing the aqueous phase. 

As shown in Table 4.2, the OH- activity of the aqueous phase of a two-phase system was 

much higher than that in the single-phase system and it increased with the proportion of 
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isopropanol in the ternary. This is because the solubility of KOH in isopropanol is 

magnitudes lower than that in water and majority of KOH was dissolved in the aqueous 

phase (Table 4.2). Therefore, when the overall KOH concentration in the ternary system 

was constant (0.5 M), the KOH concentration in the aqueous phase would increase with 

the increase of isopropanol phase and consequently the decrease of water in the system. 

Table 4.2 OH- activity of KOH/ isopropanol /water ternary at different concentration of isopropanol 

(vol%) with 0.5 M KOH at 60℃. 
Isopropanol 

concentration 

(vol%) 

OH- activity of single-

phase system (M) 
OH- concentration/activity b of two-

phase system (M) 
Single phase a Alcohol phase Aqueous phase 

0 0.410   
5 0.399   
10 0.389   
15 0.377   
20 0.364   
25 0.350   
50 0.262   
75  0.064/0.027 1.809/0.899 
90  0.040/0.023 4.638/1.256 
95  0.079/0.028 8.496/1.300 

a: The OH- concentration in single phase was 0.5 M. 
b: The assumptions were made during activity calculation: (1) the alcohol phase 

contains no water; (2) the aqueous phase contains no isopropanol. 
 

It is interesting to notice that, when the PVDF membrane was treated with an alkaline 

solution containing 15 vol% isopropanol, which was a single-phase system with an OH- 

activity of 0.35 M, the contact angle of membrane decreased by 15.4%. This reduction is 

close to the contact angle (15.9%) of the membrane treated with an alkaline solution 

containing 90 vol% isopropanol, which was a two-phase system with its reacting phase, 

i.e., the aqueous phase, having a vastly larger OH- activity of 1.256 M. Apparently, the 25% 

isopropanol in the single-phase system, which was the reacting phase, contributed to the 

surface modifying reactions and the contribution of isopropanol was able to balance the 
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effects of its low OH- activity, which was only 7.5% that of the reacting phase of the two-

phase system containing 90% isopropanol. 

4.3.5. Effect of alcohols: wettability, polarity, and reactivity 

Figure 4.8 (a) shows the contact angle of membranes treated with 0.5 M alkaline solutions 

containing 25 vol% methanol, ethanol, isopropanol, or n-butanol at 60℃. Compared to the 

contact angle of the original PVDF membrane, that of the membrane treated with the 

alkaline solution containing 25 vol% methanol decreased by 27%, which was the most 

significant decrease, while the contact angle decreases of membrane treated with 0.5 M 

KOH in 25 vol% isopropanol aqueous solution was only 1%. For the alkaline solution 

system containing n-butanol, phase separation occurs, and it will be discussed later. 

Excluding n-butanol, the extent of contact angle change followed the order of methanol > 

ethanol > > isopropanol, which shows a linear relationship with the polarity of alcohol as 

shown in Figure 4.8 (b) and the OH- activities of the ternaries containing different alcohols 

are similar to each other (Table 4.1). While the polarity was related to the membrane 

wettability of the ternaries as shown in Figure 4.8 (c), the afore discussed data of ternaries 

containing different concentrations of isopropanol already showed that wettability did not 

contribute to the contact angle change of membrane surface. Considering that the 

reactivities of these alcohols follow the order of methanol > ethanol > isopropanol, it seems 

evident that the alcohol in the ternary participated in the surface modifying reactions, the 

rate of which depends on the reactivity of the alcohol, in addition to the OH- activity, of 

reacting phase [41]. 

As shown in Table 4.1, the OH- activities of 0.5 M KOH in 25 vol% aqueous solutions of 

different alcohols are similar to each other. The decrease in contact angle could be 

hypothetically related to the polarity of the alcohol added to the solution. The polarity index 
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of water, methanol, ethanol, isopropanol, and n-butanol are 10.2, 5.1, 4.3, 3.9, and 3.9 

respectively [42]. As the polarity of the alcohol in the alkaline solution increased, the 

contact angle of the membrane decreased, as shown in Figure 4.8 (c). The OH- activity in 

solution decreased with decrease of polarity of the alcohol added in the solution. For 

example, the activity of OH- in a KOH aqueous solution is 0.410 M. If the solution contains 

25 vol% methanol or isopropanol, the activity of OH- decreases to 0367 M or 0.350 M, 

respectively. As a result of OH- activity decrease, the reaction rate decreased, leading to a 

decrease in the degree of contact angle change. 

 
Figure 4.8 Contact angle change of membrane treated by the alkaline solution containing 25 vol% 

methanol, ethanol, isopropanol, or n-butanol with 0.5 M KOH at 60℃ for 30 min (a). Contact angles 

of pristine PVDF with alkaline solutions containing 25 vol% methanol, ethanol, isopropanol, or n-

butanol (b). Contact angle change of the membrane treated by the alkaline solution containing the 

alcohol with different polarity index (c). The number below the label is the polarity index of alcohol. 

It's worth noting that KOH in n-butanol aqueous solution of 25 vol% or above is separated 

into two phases and KOH is partitioned between the two phases. The alkaline solution 

containing n-butanol separated into two phases, which might be the reason for the greater 

reduction in contact angle. Even though the polarity index of n-butanol is the same as that 

of isopropanol, treatment with the n-butanol solution resulted in a 3% decrease in contact 

angle. In contrast, the membrane treated with the isopropanol solution, which did not 

separate into two phases, only showed a 1% decrease in contact angle. In the KOH aqueous 

n-butanol solution, the concentrations of KOH in the alcohol phase and aqueous phase are 

0.026 M and 0.658 M, respectively. After phase separation, the concentration of KOH in 
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the aqueous phase increased, which enhanced the OH- activity and thus strengthened its 

ability to modify the membrane surface. 

Figure 4.8 (b) shows the wetting ability of alkaline solutions containing 25 vol% methanol, 

ethanol, isopropanol, or n-butanol on the PVDF membrane. The wetting ability of the 

alkaline solution on the PVDF membrane gradually increased from methanol to n-butanol. 

However, the membrane treated with the methanol alkaline solution, which had the weakest 

wetting ability, exhibited the greatest decrease in contact angle. This indicates that when 

the solution contains 25 vol% alcohol, the wetting ability of the alkaline solution has a 

minimal impact on the alkaline treatment process for the PVDF membrane. 

4.4. Conclusions 

In this research, the impact of alkaline treatment on the hydrophilicity of the membranes 

was investigated. The hydrophilicity of the treated membrane demonstrated an increase 

with longer alkaline treatment times, higher treatment temperatures, and increased KOH 

activity. Moreover, hydrophilicity was found to be significantly influenced by the addition 

of alcohol in the reaction mixture, and in particular the OH- activity of the ternary, polarity 

and reactivity of the alcohol, and the alcohol concentration. On one hand, the addition of 

an alcohol to form a KOH/alcohol/water ternary would reduce the OH- activity of the 

tertiary and therefore the extent of membrane modification. On the other hand, the added 

alcohol apparently participated in the reactions, which cause the color change of the 

membrane and increased extent of membrane surface modification when compared with 

alcohol-free binary at the same OH- activity. The ternary may have phase separation to 

become a two-phase system when KOH or alcohol concentration reaches a certain 

threshold. In such a scenario, most KOH would be dissolved in the aqueous phase, which 

would acquire a KOH concentration and therefore OH- activity higher than the overall 
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concentration, resulting in higher extent of surface modification than a single-phase system 

at similar overall KOH concentration. When comparing between different alcohols, the 

extent of membrane modification follows the order of methanol > ethanol > iso-propanol, 

which is consistent with the orders of the polarity and reactivity of these alcohols. The 

addition of alcohol in the reaction mixture might also cause color change of the treatment 

membrane and severe conditions, e.g., high temperature and large alcohol in ternary may 

lead to weakening of membrane mechanical strength. 
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Chapter 5. Polyamidoamine Dendrimer Modified 

Polyvinylidene Fluoride Microporous Membranes for 

Protein Separation 

The content of this chapter has been published in: Reactive and Functional Polymers, 2024, 

106021. Doi: 10.1016/j.reactfunctpolym.2024.106021. 

Abstract 

The separation efficiency of pressure-driven filtration membranes is primarily dictated by 

the membrane pore size. Membranes with larger pores typically demonstrate high flux but 

low or zero rejection when it comes to separating small molecules. In protein separation, 

ultrafiltration (UF) membranes with pore sizes smaller than the molecular dimensions of 

target proteins are commonly used for size rejection. Taking inspiration from the separation 

mechanism of nanofiltration (NF) membranes, we hypothesize that introducing charged 

groups into membranes of appropriate pore sizes could significantly enhance the 

electrostatic interaction between membrane charges and protein charges. This enhancement, 

occurring at the nanoscale distance when protein molecules approach or pass through 

charged nanoscale membrane channels, may enable the rejection of proteins substantially 

smaller than the pore size. Using membranes with relatively large pore sizes could lead to 

an increase in flux. To test this hypothesis, we conducted experiments involving the 

modification of polyvinylidene fluoride (PVDF) membranes with suitable pore sizes, using 

polyamidoamine (PAMAM) dendrimers to introduce negative charges to the membranes. 

The performance of the PVDF membranes and the modified membranes were investigated 

in the separation of whey proteins. To evaluate the contribution of steric and electrostatic 
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hindrance to the solute separation, filtration experiments were performed using 

polyethylene oxide (PEO) and polyacrylic acid (PAA). The membranes were characterized 

using techniques such as attenuated total reflectance-Fourier transform infrared (ATR-

FTIR), X-ray photoelectron spectroscopy (XPS), and scanning electron microscopy (SEM). 

The results indicate that the modification enhances the rejection efficiency of whey proteins. 

The whey protein rejection and permeate flux for PVDF membranes were 58.9% and 15.3 

LMH, respectively. Following alkaline treatment (Alk60) or PAMAM-G3.5 dendrimer 

modification (G3PA), the whey protein rejection increased to 97.3% and 98.8%, 

respectively. However, alkaline treatment (Alk60) and PAMAM-G3.5 dendrimer 

modification (G3PA) resulted in a reduction of permeate flux to 5.6 LMH and 2.3 LMH, 

respectively. This suggests that increasing membrane charge effectively enhances the 

separation ability of filtration membranes in charged macromolecule separation. 
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Acronyms and Symbols 

Abbreviation 

ATR-FTIR attenuated total reflectance-Fourier transform infrared 

BSA bovine serum albumin 

CNTs carbon nanotubes 

DMAc N, N-dimethylacetamide 

EDA ethylenediamine 

GO graphene oxide 

HA humic acid 

MA methyl acrylate 

MF microfiltration 

MOFs metal-organic frameworks 

MWCO molecular weight cutoff 

NF nanofiltration 

NIPS non-solvent induced phase separation 

PAA polyacrylic acid 

PAMAM polyamidoamine 

PCTFE polychlorotrifluoroethylene 

PEG polyethylene glycol 
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PEO polyethylene oxide 

PES polyether sulfone 

PVDF polyvinylidene fluoride 

RO reverse osmosis 

SEM scanning electron microscopy 

UF ultrafiltration 

WP whey protein 

XPS X-ray photoelectron spectroscopy 

Nomenclature 

𝐴 effective area of the membrane 

𝐴𝑠𝑎𝑚𝑝𝑙𝑒 area of the membrane sample during porosity measurement 

𝑐𝑖,𝑓 concentration of the feed 

𝑐𝑖,𝑝 concentration of the permeate 

𝐶𝑁𝑃𝐴𝑀𝐴𝑀 elemental composition of nitrogen in the PAMAM dendrimer 

𝐶𝑁𝑚𝑒𝑚𝑏 elemental composition of nitrogen on the surface of the membrane 

𝐿 loading of the PAMAM dendrimer on the surface of the membrane 

𝑙 thickness of the dry membrane sample 

𝑀 molecular weight of the polymer 

𝑁𝐶−𝑁 numbers of nitrogen atoms in C-N bonds 
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𝑁𝐶−𝑁𝐻 numbers of nitrogen atoms in C-NH bonds 

𝑁𝐶−𝑁𝐻2
 numbers of nitrogen atoms in C-NH2 bonds 

𝑅𝑖 rejection of solute 𝑖 

𝑟𝑠 Stokes radius of polymer 

𝑡 filtration time 

𝑣 volume of the permeate 

𝑤𝑑 weight of the dry membrane sample 

𝑤𝑤 weight of the wet membrane sample 

[𝜂] intrinsic viscosity of the polymer 

𝜀 bulk porosity 

𝜌𝑏𝑢𝑡𝑎𝑛𝑜𝑙 density of n-butanol 
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5.1. Introduction 

Membrane filtration technology, as a novel separation method, boasts several advantages, 

including high separation efficiency, simple separation devices, and ease of operation. 

Various fabrication processes can produce filtration membranes with a wide range of pore 

sizes, ranging from micrometers to nanometers. This wide range enables the separation of 

molecules across a broad size spectrum, encompassing fine particles, macromolecules like 

bacteria, viruses, and proteins [1], [2], [3], as well as small molecules or ions such as metal 

ions [4]. These versatile capabilities make membrane filtration technology widely 

applicable across various fields. According to the pore size of the filtration membranes, 

they are classified as microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and 

reverse osmosis (RO) membranes. In the dairy industry, MF and UF membranes play a 

prominent role. MF membranes are typically employed for separating impurity particles, 

fat globules, and bacteria in milk [5], [6]. However, due to their relatively large pore size, 

MF membranes are hard to effectively separate proteins in milk. On the other hand, UF 

membranes feature a smaller pore size compared to MF membranes. Consequently, UF 

membranes not only serve to separate bacteria and fat globules in milk but also facilitate 

the separation of proteins in dairy products, such as whey protein [7]. However, the smaller 

pore size of UF membranes results in a reduced flux compared to MF membranes, leading 

to a slower separation speed. 

MF and UF membranes primarily separate substances in a solution through steric hindrance, 

which is governed by both the molecular size of the substance and the pore size of the 

membrane. NF membranes also employ the mechanisms to retain uncharged solutes, 

involving steric hindrance from membrane pores and diffusion differences in the 

membrane matrix [8]. However, due to the charged surface of NF membranes, an 

electrostatic interaction arises between the charged solute or multivalent ions and the NF 
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membrane [9]. Consequently, NF membranes can reject charged solutes that are 

considerably smaller than the membrane pores. Drawing inspiration from the NF 

membrane separation mechanism, we propose a hypothesis that introducing charged 

groups into membranes with appropriate pore sizes could significantly enhance the 

electrostatic interaction between membrane charges and protein charges. This enhancement 

occurs at the nanoscale distance when protein molecules approach or pass through charged 

nanoscale membrane channels. As a result, it may enable the rejection of proteins 

substantially smaller than the pore size, and the use of membranes with relatively large 

pore sizes could potentially lead to an increase in flux. 

Polyvinylidene fluoride (PVDF), a polymer, exhibits exceptional mechanical strength, 

particularly in resistance to creep and fatigue. Additionally, it has several other outstanding 

properties, such as high thermal stability, enabling its use across a temperature range from 

-100 to 300℃. PVDF demonstrates good chemical resistance, radiation resistance, and UV 

resistance, remaining unaffected by sunlight [9]. Given these remarkable attributes, PVDF 

finds widespread applications in various fields, including sensors, spin valve devices, 

energy harvesting and storage, as well as membrane filtration. PVDF is widely used in the 

fabrication of various types of filtration membranes, such as hollow fibers, tubular 

membranes, and flat sheets. Over the past decade, there has been a notable increase in the 

number of published research articles related to PVDF membranes [10]. In the pursuit of 

enhancing PVDF membrane performance, numerous studies on PVDF membrane 

modification have been published. These modification methods include blending, 

copolymerization, coating, and grafting [10], [11], [12]. 

In the blending approach, additives are introduced into the casting solution of membranes. 

The addition of different additives can alter the hydrophilicity, modify morphology, or 

decorate the pores of membranes. Various additives have been reported for PVDF 
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membrane modification, including (1) inorganic nanoparticles such as SiO2 [13], TiO2 [14], 

(2) graphene oxide (GO) [15], (3) carbon nanotubes (CNTs) [16], (4) metal-organic 

frameworks (MOFs), (5) Ti3C2Tx (MXene), (6) surfactant [17], and (7) polymer [10]. 

Some polymers can be utilized to modify PVDF membranes not only through blending but 

also through copolymerization [9]. For example, Zheng et al., using poly(vinylidene 

fluoride-co-chlorotrifluoroethylene) (PVDF-CTFE) copolymer, fabricated filtration 

membranes via the non-solvent induced phase separation (NIPS) method, achieving more 

hydrophobic membranes than traditional PVDF membranes [13]. In copolymerization, the 

copolymer is synthesized before membrane fabrication. Strictly speaking, PVDF 

copolymer membranes are no longer classified as PVDF membranes. In surface coating, 

chemically active monomers, polymers, nanoparticles, or other agents for modification are 

immobilized on the surface of PVDF membranes. No chemical reaction occurs between 

the coating layer and the PVDF membrane matrix, and the bonding of the coating layer 

with the PVDF membrane matrix is achieved through van der Waals or electrostatic forces 

[18]. Some researchers have explored pretreating PVDF membranes via high-energy 

radiation or chemical reactions to enhance the adsorption to the coating layer [19], [20]. 

Coating methods include direct precipitation, which involves the direct precipitation of 

molecules or nanoparticles on the surface of PVDF membranes, followed by curing 

through heating or a cross-linking process. Surface polymerization is another coating 

method, where monomers polymerize on the membrane surface, and additives may be 

added and embedded in the polymerized layer. In the grafting method, molecules or 

nanoparticles are anchored on the surface of PVDF membranes through chemical bonds. 

Due to the good chemical stability of PVDF membranes, pretreatment such as alkaline 

treatment [21], UV-irradiation [22], and plasma [23] is necessary before grafting. 

Dendrimers, characterized by a hyperbranched polymer structure resembling the branches 

of trees or starburst formations [24], possess precise molecular weight and structure, 
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abundant peripheral sites for functional groups, and a large internal cavity capable of 

encapsulating drugs or catalysts [25]. Due to these unique properties, dendrimers are 

widely used in drug delivery, catalysis, sensors, and energy storage [26]. As research on 

dendrimers progresses, an increasing number of researchers are exploring their applications 

in modifying filtration membranes. For example, Karmipour et al. incorporated a 

melamine-based dendrimer with peripheral amine groups bonded to GO into polyether 

sulfone (PES) membranes. This modification resulted in a membrane with high flux (pure 

water flux increased from 19.9 LMH for PES membrane to 53.9 LMH for modified 

membrane at 0.3 MPa), super hydrophilicity, and improved anti-fouling properties during 

divalent metal ions filtration [27]. Zhu et al. grafted polyamidoamine dendrimers (PAMAM) 

onto PES hollow fiber membranes, which significantly enhanced the pure water flux and 

the rejection of various multivalent heavy metal ions [28]. Li et al. immobilized PAMAM 

dendrimers, which were decorated with silver nanoparticles, on the surface of PVDF 

membranes, leading to improved hydrophilicity, antibacterial performance, and anti-

fouling ability against bovine serum albumin (BSA) or humic acid (HA) [29]. 

In this study, we attempted to graft the PAMAM-G3.0 dendrimer onto PVDF membranes, 

with further modification to the PAMAM-G3.5 dendrimer. Before dendrimer grafting, a 

simple alkaline pretreatment was employed. The performance of both PVDF and PAMAM 

dendrimer-modified membranes was assessed by whey protein filtration. Furthermore, 

filtration experiments were conducted using polyacrylic acid (PAA) and polyethylene 

oxide (PEO) as the solutes to assess the effects of the steric and electrostatic hindrance in 

membrane filtration. 
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5.2. Experimental 

5.2.1. Materials 

Polyvinylidene fluoride (PVDF), Kynar® 740 (Pellet, Mw = 410 kDa), kindly supplied by 

Arkema Inc. (Philadelphia, PA) were used in this experiment as host polymers. The pore 

former agent polyethylene glycol (PEG) (Mw = 1 kDa) was purchased from Sigma-Aldrich 

Inc. (St. Louis, MO). Anhydrous N, N-dimethylacetamide (DMAc) with a purity of 99.8%, 

potassium hydroxide, methanol, and isopropanol with a purity of 99.5% were purchased 

from Sigma-Aldrich Inc. (St. Louis, MO). The ethylenediamine (EDA), with a purity of 

99%, and methyl acrylate (MA), with a purity of 99% for PAMAM dendrimer synthesis 

were purchased from Sigma-Aldrich Inc. (St. Louis, MO). The polyacrylic acid (PAA) (Mw 

= 100 kDa), polyethylene oxide (PEO) (Mw = 100 kDa), and whey protein for filtration 

were purchased from Sigma-Aldrich Inc. (St. Louis, MO). Barium chloride, hydrochloric 

acid, iodine, and potassium iodide for PEO concentration analysis were purchased from 

Sigma-Aldrich Inc. (St. Louis, MO). The Bradford Reagent for whey protein analysis was 

purchased from Sigma-Aldrich Inc. (St. Louis, MO). The PAA (Mw = 450 kDa), and 

potassium nitrate for surface zeta potential measurement were purchased from Sigma-

Aldrich Inc. (St. Louis, MO). 

5.2.2. PAMAM dendrimer synthesis 

The PAMAM dendrimer was synthesized in this research using the divergent method, 

starting from the EDA core and building one generation at a time, as Figure 5.1 shows. The 

synthesis process involved the sequential generation of PAMAM dendrimers. The initial 

step involved the synthesis of the 0.5 generation PAMAM dendrimer through a Michael 

addition between MA and EDA. Specifically, 15.74 g of MA (with a 10% excess) was 
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slowly added dropwise to a mixture of 2.5 g of EDA in 10 mL of methanol within a flask 

at room temperature. Subsequently, the flask was purged off the air with a nitrogen gas 

stream, and the neck was sealed. The flask was placed in a shaker and shaken at a speed of 

160 rpm for 48 hours at 10℃. Following the reaction, the flask was transferred to an oil 

bath and connected to a vacuum to remove methanol and residual MA for vacuum 

evaporation. 

 

Figure 5.1 Synthesis route of generation 2.0 PAMAM dendrimer. 
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During vacuum distillation, the solution was stirred by a magnetic rotor at 100 rpm to 

facilitate gasification. It was crucial to evenly heat the flask to avoid local high 

temperatures that could lead to serious structural defects in the PAMAM dendrimer. The 

temperature during vacuum distillation was maintained below 120℃. The vacuum 

distillation was terminated once the temperature reached 120℃. The residual material in 

the flask constituted the 0.5 generation PAMAM dendrimer, designated as PAMAM-G0.5. 

This product appeared as a pale-yellow syrup-like substance at 120℃, solidifying at room 

temperature. The theoretical weight of the product was 16.82 g. 

Table 5.1 Theoretically required and actual amounts of EDA and MA for the synthesis of PAMAM 

with different generations. 

Reaction 
Weight of EDA or full-generation 

PAMAM (g) 
Weight of MA or half-generation 

PAMAM (g) 
Theoretical Actual (excess wt %) Theoretical Actual (excess wt %) 

G0.0 → G0.5 G0.0: 2.50 - MA: 14.31 15.74 (10%) 

G0.5 → G1.0 EDA: 9.98 10.98 (10%) 
G0.5: 

16.82 
- 

G1.0 → G1.5 G1.0: 5.00 - MA: 6.66 7.33 (10%) 

G1.5 → G2.0 EDA: 4.65 5.12 (10%) 
G1.5: 

11.66 
- 

G2.0 → G2.5 G2.0: 5.00 - MA: 4.81 5.29 (10%) 
G2.5 → G3.0 EDA: 3.36 36.96 (1000%) G2.5: 9.82 - 

Notice: PAMAM-G0.0 is the core of the PAMAM molecule, which is EDA 
 

The synthesis of the generation 1.0 PAMAM dendrimer (PAMAM-G1.0) involves the 

amidation of PAMAM-G0.5. To achieve this, 16.82 g of PAMAM-G0.5 was dissolved in 

15 mL of methanol, and 10.98 g of EDA (with a 10% excess) was slowly added dropwise 

to the solution mixture at room temperature. Subsequently, the container (flask) was sealed 

with nitrogen gas and shaken for 48 hours at a speed of 160 rpm at 10℃. The purification 

step for PAMAM-G1.0 was the same as that for PAMAM-G0.5, involving vacuum 

distillation. The synthesis of generation 2.0 and generation 3.0 PAMAM dendrimers 
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followed the same procedure as the synthesis of PAMAM-G1.0, involving repeated steps 

of Michael addition and amidation. It is worth noting that a higher excess of EDA is 

required to eliminate defects in the PAMAM dendrimer structure, especially in the 

synthesis of higher-generation PAMAM dendrimers. The necessary and actual amounts of 

EDA and MA for the synthesis of PAMAM with different generations are detailed in Table 

5.1. 

5.2.3. Membrane fabrication 

In this study, the PVDF membrane was fabricated using the non-solvent phase separation 

(NIPS) method, which was discussed in detail in Chapter 3. The casting solution used for 

membrane fabrication consisted of 82 wt% DMAc, 15 wt% PVDF, and 3 wt% PEG. 

5.2.4. Alkaline modification of PVDF membranes 

The methods for alkaline treatment have been discussed in detail in Chapter 3. Briefly, the 

PVDF membrane was immersed in a 0.5 M KOH isopropanol solution at different 

temperatures: 40℃, 50℃, and 60℃, for 1 minute, followed by immersion in ethanol at 

room temperature. Then, the membrane was subjected to two ethanol and two deionized 

water washes to eliminate any residual chemicals, preparing it for the subsequent 

modification with PAMAM dendrimer grafting and filtration processes. The membranes 

subjected to alkaline treatment at 40℃, 50℃, and 60℃ were labeled as Alk40, Alk50, and 

Alk60, respectively. 

5.2.5. PAMAM dendrimer-modified membranes 

The immobilization of PAMAM-G3.0 on the membrane pretreated with the alkaline 

solution at 60℃ (Alk60) was carried out as follows. The alkaline-pretreated membrane was 
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immersed in a methanol solution containing 2.5 wt% PAMAM-G3.0 and 0.5 M KOH and 

shaken for 24 hours at 10℃. Subsequently, the membrane underwent ethanol wash twice 

and distilled water wash twice. The membrane modified with PAMAM-G3.0 was labeled 

as G3.0. Since the peripheral groups of PAMAM-G3.0 were amines, an additional step was 

taken to react carboxyl groups onto the peripheral layer of the PAMAM dendrimer, through 

a Michael addition. The G3.0 membrane was immersed in a methanol solution containing 

MA (50 wt%) and shaken at 10℃ for 24 hours, followed by rinsing with ethanol and 

deionized water and drying at room temperature. Subsequently, the PAMAM-G3.5 grafted 

membrane was immersed in a 0.5 M NaOH aqueous solution at room temperature for 30 

minutes to hydrolyze the ester groups of PAMAM dendrimer on the membrane into 

carboxyl groups. This modified membrane was labeled as G3PA. The G3.0 membrane 

possesses amine groups, which are the positively charged functional groups, whereas the 

G3PA membrane has carboxylic groups, leading to negative surface charges. 

5.2.6. Membrane filtration 

A dead-end filtration setup was employed for the evaluation of filtration performance, as 

detailed in our previous work [30]. Briefly, the membrane was positioned beneath the feed 

chamber, which contained 200 mL of the feed solution. Nitrogen gas from the nitrogen 

cylinder was utilized to generate a transmembrane pressure of 60 psig (4.14 bar). The 

effective area of the membranes was 0.00159 m2 and the filtration was conducted at room 

temperature. For the filtration of protein solution, a diluted whey solution containing 100 

ppm protein was used as feed. To investigate the separation mechanism, two dissolvable 

polymer solutions, PAA and PEO solutions were used, each with a concentration of 100 

ppm. To enhance the accuracy of the experiment, 10 mL of permeate was discarded before 

sample collection. All filtration tests were carried out in triplicate using three new coupons 

fabricated from different batches. The flux of the membranes was calculated using 
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Equation (5-1). 

 𝐹𝑙𝑢𝑥 =
𝑣

𝑡∙𝐴
  (5-1) 

Where 𝑣 is the volume (L) of the permeate collected during the time 𝑡 (h) and the 𝐴 is 

the effective area of the membrane (m2). 

The polymer and the whey protein rejection 𝑅𝑖 were calculated by Equation (5-2). 

 𝑅𝑖 =
𝑐𝑖,𝑓−𝑐𝑖,𝑝

𝑐𝑖,𝑓
× 100%  (5-2) 

Where 𝑐𝑖,𝑓 and 𝑐𝑖,𝑝 are the concentration of the feed and permeate respectively. 

The solute concentrations both in feed and permeate were determined by UV-Vis 

spectrophotometry, which were discussed in Chapter 3. The filtration performance of 

membranes treated with alkaline solutions at different temperatures for whey protein, PAA, 

and PEO at high pH (pH = 10) has been discussed in Chapter 3. In this section, the filtration 

performance of PVDF and modified membranes was examined under the natural pH of 

each feed solution. The pH of the whey protein and PEO feed solutions was approximately 

6, while the pH of the PAA feed solution was around 4. 

5.2.7. Membrane characterization 

ATR-FTIR 

The chemical properties on the membrane's surface were determined by the attenuated total 

reflectance-Fourier transform infrared (ATR-FTIR) using the Agilent Tech-Cary 630 

(Agilent, Canada) spectrometer. 
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XPS 

The elemental composition and functional groups of the base PVDF and alkaline-modified 

membrane surface were quantified using X-ray photoelectron spectroscopy (XPS) using 

Kratos Axis Nova spectrometer (Kratos Analytical Ltd., UK) with an Al X-ray source. 

The loading of the PAMAM, 𝐿, which refers to the mole fraction of atoms constituting 

PAMAM dendrimer molecules among all the atoms on the membrane surface, was 

determined by Equations (5-3).  

 𝐿 = 𝐶𝑁𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒/𝐶𝑁𝑃𝐴𝑀𝐴𝑀  (5-3) 

Where 𝐶𝑁𝑃𝐴𝑀𝐴𝑀  and 𝐶𝑁𝑚𝑒𝑚𝑏  are the elemental composition of nitrogen in the 

PAMAM dendrimer and on the surface of the membrane, respectively. When 𝐿 is 100%, 

the membrane surface is completely covered by PAMAM dendrimer. In that case, the 

nitrogen atoms molar percentage on the membrane surface is equal to the nitrogen atoms 

percentage in PAMAM. 

The proportion of nitrogen atoms in C-NH2 bonds to the total number of nitrogen atoms is 

calculated by Equation (5-4). 

 𝑅𝑎𝑡𝑖𝑜𝐶−𝑁𝐻2
=

𝑁𝐶−𝑁𝐻2

𝑁𝐶−𝑁𝐻2+𝑁𝐶−𝑁𝐻+𝑁𝐶−𝑁
  (5-4) 

Where 𝑅𝑎𝑡𝑖𝑜𝐶−𝑁𝐻2
  is the proportion of nitrogen atoms in C-NH2 bonds to the total 

number of nitrogen atoms on the membrane surface. 𝑁𝐶−𝑁𝐻2
, 𝑁𝐶−𝑁𝐻, and 𝑁𝐶−𝑁 are the 

numbers of nitrogen atoms in C-NH2 bonds, C-NH bonds, and C-N bonds, respectively. 
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SEM 

The morphology of the membrane's top surface and cross-section was investigated using a 

JSM-7500F field-emission scanning electron microscope (FESEM) from JEOL, Japan. 

The details of surface and cross-section SEM measurements were mentioned in Chapter 3. 

The surface porosity, average pore size, maximum pore size, and pore number density were 

determined using Image J software. The pore size here is the diameter of the pore. 

Contact angle 

The water contact angle of the membranes was measured by the sessile method using the 

VCA Optima Surface Analysis System (AST Product, Inc., Billerica, MA, US) at 25℃. A 

1 μL deionized water droplet was carefully placed on the surface of the dry sample to 

measure the contact angle. Measurements were made at 5 random spots on the sample, and 

the average value was reported. 

Bulk porosity 

The porosity of the membrane was determined using the wet-dry method [31], which was 

mentioned in Chapter 3. The bulk porosity of the membranes (𝜀 ) was calculated using 

Equation (5-5). 

 𝜀 =
𝑤𝑤−𝑤𝑑

𝐴𝑠𝑎𝑚𝑝𝑙𝑒∙𝑙∙𝜌𝑏𝑢𝑡𝑎𝑛𝑜𝑙
  (5-5) 

Where 𝑤𝑤 and 𝑤𝑑 are the weight (g) of the wet membrane sample and the membrane 

sample after drying, respectively. 𝐴𝑠𝑎𝑚𝑝𝑙𝑒 is the area of the membrane sample (cm2), 𝑙 

the thickness (cm) of the dry membrane sample and 𝜌𝑏𝑢𝑡𝑎𝑛𝑜𝑙 the density (g/cm3) of n-

butanol. Three samples were used for the measurement and the average value was reported. 
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Surface zeta potential 

The surface charge characteristics of the membranes were assessed through the surface zeta 

potential test, utilizing the surface Zeta potential cell (ZEN1020) with an accessory kit for 

the Zetasizer Nano Z (Malvern Panalytical, Worcestershire, UK). The details of surface 

zeta potential measurement were mentioned in Chapter 3. 

Particle size and particle zeta potential 

The size and zeta potential of PAA (100 kDa), PEO (100 kDa), and whey protein were 

analyzed by the Zetasizer Nano Z (Malvern Panalytical, Worcestershire, UK). The 

concentration of polymer or whey protein solution for particle size measurement was 100 

ppm which was the same as the feed concentration. The solutions were ultrasonicated for 

30 minutes and degassed for 30 minutes, to well dissolve the polymer and eliminate the 

gas that may affect the measurement. The Stokes radius of the linear polymer, which is 

PEO and PAA here, can be calculated by Equation (5-6) [32]. 

 𝑟𝑠 = 2.122 × 10−8 ∙ (𝑀 ∙ [𝜂])1/3  (5-6) 

Where 𝑟𝑠  is the Stokes radius with the unit of cm, 𝑀  is the molecular weight of the 

polymer with the unit of g/mol, and [𝜂] is the intrinsic viscosity of the polymer, whose 

unit is dL/g. The intrinsic viscosity of PAA and PEO polymer can be calculated by 

Equations (5-7) and (5-8). 

For PAA [33], 

 [𝜂] = 12.4 × 10−4 ∙ 𝑀0.5  (5-7) 

For PEO [32], 
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 [𝜂] = 1.192 × 10−4 ∙ 𝑀0.76  (5-8) 

5.3. Results and discussion 

5.3.1. Membrane characterization 

Surface chemistry 

 

Figure 5.2 FTIR spectrum of the PVDF, Alk60, G3.0, and G3PA membranes. 

The alkaline treatment caused the membrane to change color from white to brown and the 

color became deeper when the extent of the alkaline treatment, which was defined by the 

alkaline concentration, time, and temperature of treatment, increased. Additionally, 

alkaline treatment led to a reduction in the membrane's mechanical strength, which also 

became more severe with the extent of treatment. For instance, extending the alkaline 

treatment time to 5 minutes at 0.5 M KOH and 60℃ resulted in the modified membrane 

(either alkali-treated or PAMAM dendrimer-grafted) having such low mechanical strength 

that filtration experiments cannot be conducted. Considering both the mechanical strength 

of the membrane and the efficiency of PAMAM dendrimer grafting, the alkaline treatment 
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time was set to 1 minute. After grafting the PAMAM dendrimer, the color of the membranes 

did not change significantly and remained brown. As will be discussed more in detail in a 

later section, the alkaline treatment can cause the formation of C=C double bonds and even 

the breakup of the carbon chain of PVDF molecules, thereby reducing the mechanical 

strength of the membrane. 

Table 5.2 Membrane surface elemental composition of PVDF (Pristine), alkaline treated (Alk60), 

PAMAM-G3.0 dendrimer modified (G3.0) and PAMAM-G3.5 dendrimer modified (G3PA) 

membranes. 

Element PVDF (at. %) Alk60 (at. %) G3.0 (at. %) G3PA (at. %) 

C 1s 47.4 59.6 57.6 63.7 
N 1s 0 0 7.6 4.2 
O 1s 1.0 14.1 13.7 10.0 
F 1s 51.5 26.3 21.0 22.2 

 

Figure 5.2 shows the FTIR spectra of the PVDF, Alk60, G3.0, and G3PA membranes. All 

membranes had double absorption peaks at 840 cm-1 and 875 cm-1, caused by C-C 

backbone vibrations, a broad peak at 1180 cm-1, caused by C-F bond stretching vibrations, 

and a peak at 1400 cm-1, caused by asymmetrical bending vibration of C-H bonds. After 

alkaline treatment, three new peaks appeared, a peak at 1600 cm-1, a peak at 1650 cm-1, 

and a broad peak at 3300 cm-1. These can be attributed to the stretching vibrations of the 

C=C bond, the C=O bond, and the O-H bond, respectively. In G3.0 with dendrimer grafting, 

the broad peak at 3300 cm-1 disappeared, while the peaks at 1600 cm-1 and 1650 cm-1, 

formed during alkaline treatment, persisted. G3PA also exhibits these two peaks. This 

suggests that hydroxyl groups react with amine groups of PAMAM dendrimer during 

PAMAM-G3.0 dendrimer grafting, whereas the C=C bonds or C=O bonds do not react 

with the PAMAM dendrimer. However, the absorption peak of C-NH2, 1580 cm-1, is 

located very close to the absorption peak of C=C, 1600 cm-1, the FTIR spectra cannot 

directly certify if the dendrimers are immobilized on the membranes. Thus, the surface 
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chemical properties of membranes were further analyzed by the XPS measurement. 

The elemental compositions of carbon, nitrogen, oxygen, and fluorine in the top surface 

layer of PVDF, Alk60, G3.0, and G3PA membranes are listed in Table 5.5. The 

experimentally determined ratio of fluorine to carbon content, i.e., 51.5:47.4, is close to the 

stoichiometric ratio of fluorine to carbon atoms in the PVDF, which is 1:1. The oxygen 

content of 1% in the PVDF membrane can be attributed to the residue of the pore-forming 

agent PEG. Alkaline treatment reduces the fluorine content from 51.5% to 26.3% and 

increases the oxygen content from 1.0% to 14.1% in the membranes. The alkaline treatment 

replaces fluorine atoms with oxygen-containing groups, i.e., hydroxyl groups (-OH) and 

carboxyl groups (-COOH). No nitrogen element is detected in the PVDF membrane and 

Alk60. There is 7.6% and 4.2% nitrogen in the G3.0 and G3PA membranes, respectively. 

The nitrogen detected in the G3.0 and G3PA membranes is from the PAMAM-G3.0 

dendrimer. The decrease of fluorine content from 26.3% of Alk60 to 21.0% in G3.0 and 

22.2% in G3PA, respectively, is due to the immersion of Alk60 membranes in a strongly 

alkaline solution during dendrimer immobilization, which causes further loss of fluorine. 

The PAMAM-G3.0 dendrimer contains 228 atoms (excluding hydrogen atoms), with 58 of 

them being nitrogen atoms. Therefore, the nitrogen composition in PAMAM-G3.0, 

𝐶𝑁𝑃𝐴𝑀𝐴𝑀, is 25.4%. The XPS data indicates that the nitrogen composition in the G3.0 

membrane is 7.6%. Therefore, according to Equation (5-3), the loading (𝐿) of PAMAM-

G3.0 dendrimer on membranes is 29.9%. For the PAMAM-G3.5 dendrimer, it contains 420 

atoms (excluding hydrogen atoms), including 58 nitrogen atoms. The nitrogen composition 

in PAMAM-G3.5 is 13.8%. Based on the 4.2% nitrogen content in the G3PA membrane 

from XPS, the loading rate of the G3PA membrane is 30.4%. 

The contents of functional groups related to carbon, nitrogen, oxygen, and fluorine 
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elements in the PVDF, and modified membranes are listed in Table 5.3. These data are 

generated by analyzing and fitting the XPS spectrum. Figure 5.3 shows the XPS spectrum 

for PVDF and the alkaline-treated membrane, while Figure 5.5 shows the XPS spectrum 

for the PAMAM-G3.0 modified (G3.0) and PAMAM-G3.5 modified (G3PA) membranes. 

This analysis was conducted using Thermo Advantage software. 

Table 5.3 Composition of functional groups of base PVDF, alkaline treated, and dendrimer-modified 

membranes related with C 1s, N 1s, O 1s, and F 1s. 

Element 
Core 

level 
Functional 

group 
Binding 

energy (eV) 
Functional group composition (at. %) 

PVDF Alk60 G3.0 G3PA 

C 

1s 

C=C 283.5 0 12.0 13.9 11.0 
C-C 284.8 40.8 50.2 50.3 53.6 
C-H3 284.1 10.9 0 0 0 
C-OH 285.2 4.0 0 0 0 
C=O 286.4 0 9.8 11.3 12.9 
C-HF 287.8 0 0.8 0.6 1.6 
C-F2 289.3 44.3 25.0 22.8 20.9 
C-F3 290 0 0 0 0 

sp3 C-C sp3 291.9 0 1.6 0.8 0 

1s 
K ions 

absorption 
294.6 0 0.6 0.2 0 

N 1s 
C-N 398.39 NA NA 82.8 89.0 

C-NH 400.26 NA NA 10.3 11.0 
C-NH2 405.43 NA NA 6.9 0 

O 1s 
C=O 530.1 16.0 13.7 37.1 14.9 
C-OH 531.6 84.0 86.3 62.9 85.1 

F 1s 
C-HF 685.7 13.5 19.1 2.2 22.2 
C-F2 686.3 81.6 75.8 95.9 77.8 
C-F3 687.5 4.9 5.0 1.9 0 

 

The alkaline treatment not only causes the membrane to contain abundant oxygen-

containing functional groups but also introduces many carbon-carbon (C=C) double bonds. 

Some researchers have reported that the elimination reaction during alkaline treatment can 

form C=C bonds in PVDF membranes. 
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Figure 5.3 XPS whole survey spectra, C 1s peaks, O 1s peaks, and F 1s peaks of the base PVDF 

membrane {(a), (b), (c), and (d)} and Alk60 {(e), (f), (g) and (h)}. 

There are two methods for immobilizing amine-containing molecules on a PVDF 

membrane. The first method involves directly immersing the membrane in an alkaline 

solution containing molecules with amine groups [34]. The second method involves 

initially treating the PVDF membrane with an alkaline solution, followed by immersion in 

the amine-containing molecule solution [35]. Previous studies have generally found that in 

an alkaline solution, or an alkaline solution containing molecules with amine groups, 

PVDF molecules will lose fluorine atoms and form -CH=CF- structures on the carbon chain, 

as shown by Equations (5-9) and (5-10). 
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  (5-10) 

The amine group can react with this structure, forming a C-N bond with the PVDF 

molecule. In the meantime, the remaining fluorine atom on the carbon can be further 

removed, resulting in the formation of a -CH=CN- structure [34], [35], [36], [37], as shown 

in Equation (5-11), (takes the PAMAM dendrimer as an example of amine-containing 

molecules). 

 

PAMAM

PAMAM
 

(5-11)

 

In Table 5.3, the C=C bond composition does not significantly decrease after PAMAM-

G3.0 dendrimer grafting. Alk60 contains 12.0% C=C bonds in the C 1s spectrum, while 

G3.0 and G3PA are 13.9% and 11.0%, respectively, which indicates the PAMAM 

dendrimer was immobilized on PVDF membranes by -CH=CN- structure, as shown by 

Equation (5-11). On the other hand, a carbon-carbon double bond can react with water and 

form a hydroxyl group on the backbone of PVDF molecules, as shown by Equation (5-12). 

  

(5-12) 

the hydroxyl (C-OH) group content decreased from 86.3% of Alk60 to 62.9% in G3.0 

according to the O 1s spectrum, indicating that the hydroxyl groups are consumed during 

PAMAM dendrimer grafting. Therefore, the peripheral amine group of PAMAM dendrimer 

also reacts with the hydroxyl (C-OH) group to form a C-O-N structure during dendrimer 

grafting, as shown in Equation (5-13). 
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PAMAM

PAMAM
  

(5-13) 

As Figure 5.4 shows, there are 14 C-N bonds, marked green, 28 C-NH bonds, marked 

orange, and 16 C-NH2 bonds, marked blue. Therefore, there are a total of 16 + 28 + 14 = 

58 nitrogen atoms, among which 16 are from C-NH2. According to Equation (5-4), the 

proportion of C-NH2 bonds to the total number of nitrogen-containing bonds in PAMAM-

G3.0 is 16 ÷ 58 = 27.6%. 

 
Figure 5.4 Molecular formula of PAMAM-G3.0 dendrimer. 

The hydroxyl (C-OH) group content in the G3PA membranes increased to 85.1% when 

transferring the PAMAM-G3.0 to PAMAM-G3.5, which was contributed by the peripheral 

carboxyl groups of PAMAM-G3.5 dendrimer. 

    

        

        

        



 

148 

 
Figure 5.5 XPS whole survey spectra, C 1s peaks, N 1s peaks, O 1s peaks, and F 1s peaks of G3.0 

{ (a), (b), (c), (d), (e)} and G3PA { (f), (g), (h), (i) and (j)}. 

However, the C-NH2 bonds ratio in the G3.0 membrane is 6.9%, according to the N 1s 

spectrum. This indicates that about 75% of the C-NH2 bonds are consumed during grafting. 

Therefore, one PAMAM-G3.0 dendrimer molecule connects with membranes through 12 

amine groups, not just 1 amine group. Since the small PAMAM dendrimer cannot be 

viewed as rigid spheres, but more like star-like branched molecules (disk-like) [38], the 

PAMAM-G3.0 dendrimer grafted on the membrane is more like a plate lying on the 

membrane surface. The 12 peripheral amine groups react with the hydroxyl groups on the 

membrane surface to form covalent bonds, anchoring the dendrimer on the membrane 

surface. There are 4 unreacted amine groups for every PAMAM-G3.0 dendrimer, which is 

immobilized on membranes. 
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Figure 5.6 Sketch of the connection structure between PAMAM dendrimer and PVDF membrane. 

In the schematic diagrams reported on dendrimer-modified filtration membranes, it is often 

shown that the dendrimers are spherical and protrude from the surface of the membrane. 

However, our observations suggest that the dendrimer immobilized on the membrane 

surface is more like a plate lying on the surface of the membranes, as shown in Figure 5.6. 

Here, we take the mechanism shown in Equation (5-13) as an example. 

Surface morphology and porosity 

Figure 5.7 displays cross-sectional SEM images of PVDF, Alk60, G3.0, and G3PA 

membranes. The thickness of both PVDF and modified membranes ranges from 35 to 40 

μm, comprising a finger-like layer and a sponge-like layer. The finger-like layer constitutes 

approximately 60% of the membrane thickness, with smooth pore walls in this layer. 

The SEM surface images of PVDF membranes and modified membranes are shown in 
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Figure 5.8. For all membranes, the surface appears smooth and flat, with a uniformly 

distributed pore structure. Some cracks are visible on the membrane surfaces, with Alk60 

exhibiting the most, followed by the PVDF membrane. In contrast, the G3.0 surface 

displays the fewest cracks. It is important to note that these cracks are a result of electron 

beam irradiation during SEM analysis. 

 

Figure 5.7 Cross-sectional SEM images of the base PVDF membranes, 60℃ alkaline treated (Alk60), 

PAMAM-G3.0 modified (G3.0), and PAMAM-G3.5 modified (G3PA) membranes. 

Surface porosity, maximum pore size, average pore size, and surface pore number density 

were calculated using Image J software and are summarized in Table 5.4. The analysis 

excluded pores with an area less than 500 nm2, focusing on those with a diameter larger 

than 25 nm. The surface porosity of the PVDF membrane is 1.8%. Following 60°C alkaline 

treatment, membrane surface porosity increases to 2.5% due to the etching effect of the 



 

151 

alkaline solution. Notably, the PAMAM-G3.0 treatment solution containing 0.5 M KOH 

continues the alkaline etching effect, even at a treatment temperature as low as 10°C. 

Consequently, surface porosity further increases to 2.8% after PAMAM-G3.0 modification. 

However, after transferring from G3.0 to G3PA, the surface porosity reduces to 2.5%. This 

reduction may be attributed to the larger size of the PAMAM-G3.5 dendrimer, occupying 

more space within the membrane pore. 

 

Figure 5.8 Surface SEM images of base PVDF membranes, 60℃ alkaline treated (Alk60), PAMAM-

G3.0 modified (G3.0), and PAMAM-G3.5 modified (G3PA) membranes. 

The maximum pore size of PVDF, Alk60, and G3.0 membrane is consistently around 71 

nm. However, the maximum pore size of G3PA slightly deviates at 79.8 nm, which might 

be out of line. The modification has a minimal impact on the average pore size of 

membranes, which ranges between 38.6 nm and 41.7 nm for PVDF and modified 



 

152 

membranes. Pore density on the membrane surface is significantly affected by the 

modification process, particularly during the 60°C alkaline treatment. After alkaline 

treatment, pore density increases from 13.0 per μm2 of PVDF membrane to 19.1 per μm2 

for Alk60. The alkaline etching process generates new micropores on PVDF membranes, 

contributing to the observed increase in pore density. As mentioned earlier, alkaline etching 

continues during PAMAM-G3.0 treatment, leading to a further increase in pore density to 

22.0 per μm2. However, subsequent transfer from G3.0 to G3PA results in a slight decrease 

in pore density to 20.2 per μm2. This reduction can be attributed to the larger size of the 

PAMAM-G3.5 dendrimer, occupying more space within the membrane pore, and causing 

the sealing of some small pores. 

The alkaline treatment reduces the bulk porosity of the membrane from 79% for PVDF 

membrane to 71% for Alk60. Subsequent PAMAM-G3.0 and PAMAM-G3.5 treatments 

further contribute to the reduction in bulk porosity, reaching 67% and 61%, respectively. It 

is reasonable that G3PA has a lower bulk porosity than G3.0 since the PAMAM-G3.5 

dendrimer will occupy more space than the PAMAM-G3.0 dendrimer inside the pores. 

Table 5.4 Bulk porosity, surface porosity, the maximum, average pore size, and surface pore number 

density of the base PVDF membrane, 60℃ alkaline treated (Alk60), PAMAM-G3.0 modified (G3.0) 

and PAMAM-G3.5 modified (G3PA) membranes. 

Membrane 
Bulk 

porosity 

(%) 

Surface 

porosity 

(%) 

Maximum 

pore diameter 

(nm) 

Average pore 

diameter (nm) 

Pore number 

density (pores 

perμm2) 
PVDF 79 ± 2 1.8 ± 0.1 70.3 ± 4.1 40.3 ± 0.5 13.0 ± 0.1 
Alk60 71 ± 1 2.5 ± 0.3 72.4 ± 2.4 39.2 ± 0.3 19.1 ± 0.3 
G3.0 67 ± 3 2.8 ± 0.1 71.4 ± 1.5 41.7 ± 0.3 22.0 ± 0.2 
G3.5 61 ± 2 2.5 ± 0.1 79.8 ± 2.0 38.6 ± 0.2 20.2 ± 0.2 

 

In summary, alkaline etching of the surface generates new micropores, increasing surface 

porosity and pore number density. However, alkaline etching inside the membrane matrix 
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reduces the bulk porosity. The PAMAM-G3.5 dendrimer occupies more space in the pores 

compared to the PAMAM-G3.0 dendrimer, leading to a decrease in surface porosity, pore 

number density, and bulk porosity. 

Surface hydrophilicity 

The contact angles of the PVDF membranes, as well as those treated at 40°C, 50°C and 

60°C with alkaline (Alk40, Alk50 and Alk60), PAMAM-G3.0 (G3.0), and PAMAM-G3.5 

(G3PA), are illustrated in Figure 5.9. The alkaline treatment introduces numerous 

hydrophilic hydroxyl and carboxyl groups to the membrane, enhancing its hydrophilicity. 

The contact angle of the PVDF membrane is 89.9°, and after alkaline treatment at 50°C, 

the contact angle decreases to 59.0°. Further increases in temperature beyond 50°C have a 

minimal impact on the density of the polar functional groups. Therefore, when the 

temperature is raised from 50°C to 60°C, the contact angle only slightly decreases, reaching 

57.7°. 

 
Figure 5.9 Contact angle of the PVDF membranes, 40℃, 50℃, 60℃ alkaline treated (Alk40, Alk50 

andAlk60), PAMAM-G3.0 modified (G3.0), and PAMAM-G3.5 modified (G3PA) membranes. 

Subsequent treatment with PAMAM-G3.0 dendrimer introduces more hydrophilic amine 

groups on the membrane, further enhancing its hydrophilicity, and the contact angle of the 
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membrane decreases to 48.9°. However, as the peripheral functional groups of PAMAM-

G3.5 dendrimer are carboxyl groups, the hydrophilicity of the membrane decreases when 

PAMAM-G3.0 on membranes is converted to PAMAM-G3.5. Consequently, the contact 

angle increases to 57.4°. The contact angles of the membranes treated at 60°C and the 

PAMAM-G3.5 modified membranes are similar. 

Surface zeta potential 

 
Figure 5.10 Surface zeta potential of the PVDF membranes, 40℃, 60℃ alkaline treated (Alk40, 

Alk60), PAMAM-G3.0 modified (G3.0) and PAMAMG3.5 modified (G3PA) membranes. 

The surface zeta potential of the PVDF and modified membranes is illustrated in Figure 

5.10. The surface zeta potential tends to decrease with the pH increase. The surface zeta 

potential of PVDF is -5.4 mV at pH 2.6, reducing to -42.2 mV when the pH increases to 

6.3; after pH 6.3, the surface zeta potential of the PVDF membrane enters a plateau stage. 

The surface zeta potential of Alk40 membranes is slightly lower than that of PVDF 

membranes. The increase in the alkaline treatment temperature decreases the surface zeta 

potential of the membrane, which also exhibits a plateau region at the higher pH. For 

instance, the 40°C alkaline treated membrane enters a plateau area at pH 5.1, with a surface 

zeta potential of -36.4 mV. In contrast, the membrane alkaline treated at 60°C reaches a 

surface zeta potential of -55.7 mV at pH 6.9 before entering the plateau region. 
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Generally, surfaces with amine groups tend to exhibit positive charges. However, in our 

measurements, the surface charge of the membrane after grafting PAMAM-G3.0 dendrimer 

slightly increased, e.g., the surface zeta potential of membranes decreases from -59.2 mV 

for the Alk60 membrane to -61.5 mV for the G3.0 membrane at pH 8.7. This is because 

alkaline etching continued during dendrimer grafting in the presence of a strong alkaline 

solution, leading to an increase in the carboxyl group, whose effect surpassed that of the 

peripheral amine groups of the dendrimer. When transferring the PAMAM-G3.0 on the 

membranes to PAMAM-G3.5, the negative charge on the membrane surface is further 

enhanced due to the conversion of the peripheral amine groups to the carboxyl groups. The 

peripheral functional groups of PAMAM-G3.5 dendrimer are carboxyl groups, which are 

the same groups present on the 60°C alkaline-treated membranes. However, due to the 

branch structure of the PAMAM-G3.5 dendrimer, the PAMAM-G3.5 modified membranes 

have a higher carboxyl group density than that of the 60°C alkaline-treated membranes. 

Therefore, the G3PA membranes have a lower surface zeta potential of -64.0 mV. 

5.3.2. Rejection of solutes of different sizes and charges 

Three macromolecules, including two linear polymers, i.e., PAA, which is negatively 

charged, and PEO, which is noncharged, and whey proteins, were selected strategically in 

this study to characterize the rejection of membranes. The Stokes radius of PAA and PEO 

with molecular weight 100 kDa is 7.13 nm and 8.96 nm, respectively, based on Equations 

(5-6), (5-7) and (5-8). The radius of PAA and PEO measured by the Zetasizer Nano Z 

instrument were 100.1 nm and 156.6 nm, respectively. The measured radii of PAA and PEO 

were 14 and 17.5 times their Stokes radius, respectively. Since the concentration of 

polymers in the solution was low (100 ppm), the interaction between different polymer 

molecules was weak. Therefore, we cannot use the formation of agglomerates to explain 

the vast differences between the Stokes radii and their measured radii. 
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Figure 5.11 Molecular formula of PAA (a) and PEO (b). 

As shown in Figure 5.11, the PAA polymer has a carboxyl group as the side group for each 

monomer, which has a molecular weight of 72 Da. Therefore, a 100 kDa PAA would have 

approximately 1389 monomers. The fully extended length of PAA would be approximately 

340.8 nm. On the other hand, the monomer of PEO has a molecular weight of 44 Da. The 

fully extended length of 100 kDa PEO is 633.3 nm. The extended lengths of PAA and PEO 

were 3.4 and 4.0 times their measured radii, respectively. Since the Zetasizer determines 

the radius of particles by measuring the dynamic light scattering, it appears that the much 

larger radii of PAA and PEO reported by the Zetasizer than their hydrodynamic radii were 

caused by the bending and loose folding of the polymer molecules in the solution. 

The average measured radius of whey proteins in the feed solution was 99.8 nm. Unlike 

PAA and PEO polymers, which both have uniform molecular weights of 100 kDa, whey 

proteins are a mixture of various proteins with molecular weights ranging from 6.7 to 80 

kDa [39] and Stokes radii reported to be in the range of 1.0 nm to 6.1 nm [40]. Also, unlike 

PAA and PEO polymers, which are both linear molecules, each kind of whey protein has 

its stable and unique nonlinear configuration. Therefore, the much larger average particle 

size of ~90 nm as reported in Table 5.5 cannot be explained by the loose folding of these 

protein molecules. The major components of whey proteins, i.e., β-Lactoglobulin and α-

Lactalbumin have molecular weights of 18.3 kDa and 14 kDa, respectively, which are 18.3% 
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and 14.0% of the 100 kDa PAA and PEO, pointing to an average molecular weight several 

times smaller than that of PAA and PEO. Therefore, at the same mass concentration of 100 

ppm, the number of molecules in a whey protein solution would be several times that of 

PAA and PEO. They hence have a much larger probability of forming agglomerates than 

PAA or PEO, which was probably the major reason for the ~ 90 nm average radius of whey 

proteins recorded by the Zetasizer, which was much larger than the aforementioned Stokes 

radii of all the whey proteins. 

Table 5.5 dimensional properties and the zeta potential of PAA, PEO and whey proteins as in feed 

solution 

Material PAA PEO 
Whey 

proteins 
Molecular weight (kDa) 100 100 6.7 – 80 [39] 

The molecular weight of monomer (Da) 72 44 NA 
Number of monomers 1388 2272 NA 

Fully extended length (nm) 340.8 [41] 633.3 [42] NA 
Measured radius (nm) 100.1 156.6 99.8 

Stokes radius 7.13 8.96 1.0-6.0 
Feed solution pH 4 6 6 

Zeta potential (mV) -32.4 -3.8 -18.9 
 

The zeta potential of PAA, PEO and whey were -32.4 mV, -3.8 mV and -18.9 mV 

respectively. The PAA has the lowest zeta potential. The zeta potential of PEO is close to 

0 mV. 

The rejection of PEO, PAA, and whey protein by PVDF, Alk40, Alk50, Alk60, G3.0 and 

G3PA membranes is presented in Figure 5.12. Herein PEO rejection as shown in Figure 

5.12 (a) is due to the steric hindrance since PEO is electrically neutral. PEO rejection 

increased progressively with the increase in treatment temperature. While the PEO 

rejection by the PVDF membrane was 16.4%, it eventually increased to 55.1% by the 

Alk60 membrane, which had an alkaline treatment temperature of 60℃. It seems that the 
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alkaline treatment not only introduces charged groups on the membrane surface but also 

etches the membrane matrix, generating new micropores. This is reflected in the increase 

of pore number density and surface porosity after alkaline treatment as shown in Table 5.4. 

However, the maximum and average pore sizes remained almost the same after alkaline 

treatment. 

 

Figure 5.12 Rejection of the PVDF membranes, alkaline treated membranes (Alk40, Alk50, and 

Alk60) at different treating temperatures, PAMAM-G3.0 modified (G3.0), and PAMAM-G3.5 

modified (G3PA) membranes ((a) PEO solute, (b) PAA solute, and (c) whey protein). 

Subsequent treatment of the alkaline treated membranes with PAMAM dendrimer grafting 

reduced the PEO rejection, e.g. PEO rejection of G3.0 is 42.3%. This is probably due to 

the continuing pore etching that occurs in the strong alkaline environment during the 

dendrimer grafting, which contributed more to the pore size enlargement than the 

generation of micropores. Finally, grafting the PAMAM-G3.5 dendrimer onto the 

membrane surface resulted in a rejection of 46.8%, which is slightly higher than that of 

G3.0. This is probably because the PAMAM-G3.5 dendrimer occupies more of the space 

in the pore, reducing the pore size. Based on the PEO rejection data, the order of the 

membrane pore sizes of different membranes is Alk60<G3PA<G3.0<Alk50<Alk40< 

PVDF. 

As for the PAA rejection, shown in Figure 5.12 (b), the PVDF membrane and G3.0 cannot 

reject PAA molecules, exhibiting a PAA rejection of 0%. The PAA rejection for alkaline-

treated membranes increased from 2.8% of Alk40 to 11.2% of Alk60. G3PA showed the 
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highest PAA rejection of 14.3%. These results are understandable by considering that PAA 

rejection is primarily governed by the interactions between the charged PAA molecules and 

the charges on the surface and inside the pores of a membrane. Electrically neutral PVDF 

membrane and G3.0, which have positively charged amine groups on the surface, did not 

exert any electrostatic repulsion on PAA molecules. It is worth noting that the measured 

size of PAA (Table 5.5) is larger than the pore size of the PVDF or G3.0 membranes (Table 

5.4). This phenomenon could be tentatively attributed to the fact that, as afore discussed, 

the PAA molecules might not have behaved as rigid spheric bodies but rather existed in the 

form of loosely folded filamentous molecules. Indeed, as aforementioned, the 

hydrodynamic radius of PAA was much smaller than the average pore radius of membranes. 

Therefore, the steric exclusion from the membrane cannot effectively prevent PAA 

molecules, which have a Stokes radius of 7.13 nm, from passing through the membranes 

(average pore diameter around 40 nm). It is interesting to note that the positively charged 

G3.0 shows no rejection, while the negatively charged Alk50 has a rejection of 3.8% even 

though the pore size of G3.0 is smaller. This suggests that the separation by Alk50 is 

dominated by electrostatic hindrance rather than steric hindrance in PAA filtration. Even 

though PAA has the same molecular weight as PEO the rejection of PAA was much lower 

than PEO by electrically neutral PVDF membrane. This could be explained by the larger 

Stokes radius of PEO (8.96 nm) than that of PAA (7.13 nm). 

The whey protein rejection for PVDF membranes, which relied solely on steric hindrance 

since PVDF carries no charges, was 58.9%. After 40℃ alkaline treatments, the rejection 

significantly increased to 77.1%. The proteins rejected by the PVDF membrane might be 

primarily agglomerates that were large enough to be retained by size rejection of the 

membrane.  Further increases in alkaline treatment temperature led to additional rejection 

enhancement, eventually reaching 97.3% at 60℃. These increases in whey protein 

rejection are attributed to the increase in surface negative charge. Following PAMAM-G3.0 
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dendrimer grafting on Alk60 membranes, the whey protein rejection is only slightly 

reduced to 95.7%, despite the presence of positively charged amine groups in G3.0 and 

negatively charged carboxylic group in Alk60. The whey protein rejection of G3.0 was 

only slightly lower than that of G3PA (98.8%), which was the highest rejection observed 

in this work. Both Alk60 and G3PA are negatively charged but G3PA had a much larger 

charge density than Alk60, hence, the increased rejection of whey proteins, which are 

negatively charged at the pH of the feed solution, which is pH6. 

As discussed before, when proteins are a mixture of a variety of proteins of different 

molecular weights and Stokes radii. While relatively large proteins, e.g., Immunoglobulins 

(75-95 kDa), Bovine serum albumin (66.3 kDa), β-Lactoglobulin (Mw = 18.3 kDa) and α

-Lactalbumin (Mw = 14 kDa) are the major proteins in whey, small proteins still account 

for a significant portion. For instance, glycomacropeptide, which has a molecular weight 

of only 6.7 kDa, may account for ~24% of whey proteins in some cases [43].  In other 

words, to have a high rejection of whey proteins as observed with the Alk60 and G3PA 

membrane, which is 97.3% or higher, a membrane must be able to reject small proteins 

such as glycomacropeptides, which have Stokes radii of approximately 1.0 nm. Since the 

membrane radius was approximately 20 nm (pore size 40 nm), the rejection of such small 

protein molecules would require static electric rejection caused by the negative charges 

introduced onto the membrane surfaces and pores by the respective treatments. It should 

be pointed out that the G3.0 membrane was positively charged and the enhanced retention 

of whey proteins achieved by it in comparison to that of the PVDF membrane was likely 

achieved by adsorption. 

5.3.3. Flux 

The pure water flux and permeate flux in PEO, PAA, and whey protein filtration are shown 
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in Figure 5.13. The pure water flux of the PVDF membrane is 274.1 LMH. Alkaline 

treatment significantly reduces the pure water flux, with Alk60 exhibiting a flux of 115.7 

LMH. Subsequent PAMAM-G3.0 dendrimer grafting further decreases the pure flux to 

92.3 LMH. G3PA membrane displays the lowest pure water flux at 60.6 LMH. 

 
Figure 5.13 Pure water flux (a) and permeate flux of the PVDF membranes, alkaline treated 

membranes (Alk40, Alk50, and Alk60) at different treating temperatures, PAMAM-G3.0 modified 

(G3.0), and PAMAM-G3.5 modified (G3PA) membranes in PEO (b), PAA (c), and whey protein (d) 

filtration. 

While alkaline etching increases surface porosity by generating micropores, it affects both 

the membrane surface and matrix. During the alkaline treatment, the entire PVDF 

membrane was immersed in an alkaline isopropanol solution, impacting both the surface 

and internal matrix. As a result, the bulk porosity is decreased (see Table 5.4, second 

column), leading to a decrease in pure water flux. The transition from G3.0 to G3PA further 

reduces the bulk porosity and pure water flux due to the bulkiness of the G3.5 dendrimer. 

As the same as pure water flux, the alkaline treatment reduced the permeate flux in PEO, 
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PAA or whey protein filtration. The permeate flux further decreased, after PAMAM-G3.0 

dendrimer grafting. The G3PA membrane had the lowest permeate flux in PEO, PAA and 

whey protein filtration In PEO filtration, the permeate flux of PVDF, Alk60, G3.0, and 

G3PA was 48.2, 17.0, 6.1, and 5.0 LMH, respectively. In PAA filtration, the PVDF 

membrane had the highest permeate flux of 193.1 LMH. The permeate flux of Alk60, G3.0, 

and G3PA membranes is 65.7 LMH, 38.4 LMH, and 13.6 LMH, respectively. During whey 

protein filtration, the permeate flux of PVDF, Alk60, G3.0, and G3PA membranes is 15.3 

LMH, 5.6 LMH, 3.1 LMH, and 2.3 LMH, respectively. For the same membrane, the flux 

follows the order: of pure water filtration > PAA filtration > PEO filtration > whey protein 

filtration. 

The fluxes of different solutes, when compared for the same membrane, follow the order 

of pure water > PAA > PEO > whey protein. This phenomenon cannot be attributed to a 

single factor but may be related to the size, shape, and charge density of molecules that 

could all affect the texture of the cake layer on the membrane surface formed during 

filtration, including cake thickness, pore size, porosity, etc. For the two linear polymers, 

i.e., PAA and PEO, the Zetasizer measured radius of PEO in the solution is 1.56 times of 

PAA, corresponding to fully extended molecular lengths of 340.8 and 633.3 nm, 

respectively. The smaller extended length of PAA plus its large density negative charges, 

may result in more rigid linear molecules than the much longer and electrically neutral 

PEO molecules and therefore form a cake layer on the membrane surface that is much more 

porous. On the other hand, the structure of proteins is more complex with quaternary 

structure, resulting in complex particle shapes and interactions between (including possible 

agglomeration) and membranes. Furthermore, whey proteins are composed of different 

proteins of a variety of molecular sizes, with the majority of them being much smaller than 

PAA and PEO. This may lead to the formation of a dense cake on the membrane surface 

and hence high flow resistance during filtration. 
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5.3.4. Comparison with other membranes 

As shown in Table 5.6, the research on modified filtration membranes for protein 

separation has been reported in numerous articles. Most of them use BSA to estimate the 

filtration performance. For example, Lee et al. fabricated a multiwall carbon nanotube-

enhanced membrane (MWCO 12 kDa) and achieved a BSA rejection of 90%. The permeate 

flux of this membrane was 200 LMH [44]. He et al. synthesized an aluminum oxide 

membrane whose BSA rejection and permeate flux is 80% and 351 LMH (at 1 bar), 

respectively [45]. Hartinger et al. estimated the performance of commercial PVDF 

membranes with 0.1 μm by whey protein filtration. The membrane achieved whey protein 

rejection of 62% and a permeate flux of 17.5 LMH (at 3 bar) [46]. 

Table 5.6 Filtration performance of the separation membranes reported in other articles. 
Pore radius / 

MWCO  
Modification method 

Solute 

(protein) 
Rejection 

Permeate flux 

(LMH) 
Ref. 

12 kDa 
MOF-modified 

PVDF membrane 
BSA 90% 200 [44] 

/ Al2O3 membrane BSA 80% 351 @ 1 bar [45] 

100 nm 
Commercial PVDF 

membranes 
WP 62% 17.5 @ 3 bar [46] 

98 nm 
TiO2-modified 

PVDF membrane 
BSA 97% 8 [47] 

38.6 nm Alk60 WP 97.3% 5.6 @ 4.14 bar  

38.6 nm G3PA WP 98.8% 2.3 @ 4.14 bar  

WP: whey protein 

 

In comparison, the G3PA membrane has the highest whey protein rejection of 98.8% in our 

research, which is higher than the membranes mentioned above. However, the permeate 

flux of the G3PA membrane is 2.3 LMH (at 4 bar). In this experiment, the permeate flux 
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of the modified membrane was significantly lower than that of membranes reported by 

other researchers. This was partly due to the trade-off between rejection and permeability. 

Additionally, the flux of the PVDF membrane used for modification was relatively low, 

which further limited the flux of the modified membrane. 

5.4. Conclusions 

In this research, the PAMAM dendrimers were successfully grafted onto the PVDF 

membranes after a simple, one-step alkaline pretreatment. Subsequent modifications 

involved transferring the peripheral functional groups of the PAMAM dendrimer from 

positively charged amine groups to negatively charged carboxyl groups. 

The alkaline etching on the membrane surface generates new micropores, leading to an 

increase in surface porosity and pore number density during both alkaline treatment and 

the PAMAM-G3.0 grafting process. However, alkaline etching inside the membrane matrix 

reduces the bulk porosity. The PAMAM-G3.5 dendrimer, being larger than PAMAM-G3.0, 

occupies more space inside membrane pores. Therefore, transferring from PAMAM-G3.0 

to PAMAM-G3.5 not only reduces bulk density but also slightly decreases surface porosity 

and pore number density. The newly formed micropores increased PEO rejection in 

alkaline-treated and PAMAM-modified membranes, indicating the average pore size 

decrease. Both alkaline treatment and PAMAM dendrimer modification introduce charges 

to the PVDF membrane. Negatively charged membranes (alkaline-treated and PAMAM-

G3.5 modified (G3PA)) exhibit electrostatic repulsion to the negatively charged PAA 

polymer, while electrically neutral PVDF membranes and G3.0 membranes, which have 

positively charged amine groups, cannot reject any PAA polymer. This indicates that the 

separation process is dominated by electrostatic repulsion rather than steric exclusion 

during PAA filtration. 
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All modified membranes exhibit an improvement in whey protein rejection, including the 

G3.0 membrane, which has positively charged amine groups. The G3PA membrane 

demonstrates the highest whey protein rejection of 98.8%, while the G3.0 membranes also 

exhibit a whey protein rejection of 95.7%. In comparison, the whey protein rejection for 

PVDF membranes is 58.9%. This suggests that steric exclusion dominates whey protein 

separation. Electrostatic repulsion can also enhance the obstruction of whey protein, but 

the effect is limited. The separation process is governed by either steric hindrance or 

electrostatic repulsion. This strongly correlates with the charges carried by the membrane 

and the target molecules, as well as the relative sizes of membrane pores and target 

molecules. In our research, the separation process of smaller PAA molecules is 

predominantly governed by electrostatic repulsion, whereas the separation of larger whey 

proteins is dominated by steric hindrance. Due to the decrease in bulk porosity, there is a 

reduction in pure water flux and permeate flux after modification. The pure water flux of 

PVDF membranes is 274.1 LMH. After modification, the pure water flux decreases to 

115.7 LMH, 92.3 LMH, and 60.6 LMH for Alk60, G3.0, and G3PA membranes, 

respectively. The permeate flux of PVDF membranes during whey protein filtration is 15.4 

LMH. After modification, the permeate flux decreases to 5.6 LMH, 3.1 LMH, and 2.3 LMH 

for Alk60, G3.0, and G3PA membranes, respectively, during whey protein filtration. 

In this research, the modification of the membrane enhances the repulsion effect of the 

membrane on charged macromolecules, increasing the rejection of whey protein. However, 

alkaline treatment reduces bulk porosity, resulting in a significant decrease in membrane 

flux. 
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Chapter 6. Engineering Polyvinylidene Fluoride Membranes 

Using Charge Tunable Dendrimer Polyamidoamine to 

Enable Microporous Membranes for Protein Separation 

The content of this chapter has been published in: Separation and Purification Technology, 

Volume 354, Part 4, 2025, 128887, ISSN 1383-5866. Doi: 10.1016/j.seppur.2024.128887. 

Abstract 

Dendrimers are structurally precise molecules, whose peripheral layer provides ample sites 

for anchoring functional groups of different charges and charge densities. This 

characteristic renders them capability of providing numerous target functional groups on 

the surface of filtration membranes when modified by dendrimers. Consequently, there has 

been a growing interest in dendrimer-modified membranes. In this study, we investigated 

the engineering of polyvinylidene fluoride (PVDF) membranes using polyamidoamine 

(PAMAM) dendrimers anchoring different functional groups to tune the charges and charge 

density of membrane to enable microporous membranes for separation of charged 

macromolecules. PVDF membranes were functionalized by grafting PAMAM-G3.0 

(generation 3) dendrimers with amine groups onto their surfaces and internal surfaces of 

membrane pores. Subsequently, the peripheral functional groups of dendrimers on the 

membranes were replaced by carboxyl groups, quaternary ammonium groups, or sulfonic 

acid groups for charges of different nature and densities. Surface chemical properties, 

electrical properties, and morphology were characterized using various techniques, 

including attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy, 

X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), and 
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surface zeta potential measurement. The filtration performance of both PVDF and modified 

membranes was evaluated using polyethylene oxide (PEO), polyacrylic acid (PAA), and 

whey protein filtration. Among the modified membranes, the G3PA membranes, with 

carboxyl functional groups, exhibited the most effective whey protein separation 

performance. The whey protein rejection and permeate flux of the G3PA membranes were 

79% and 30.3 LMH, respectively. As a comparison, the whey protein rejection and 

permeate flux of the pristine PVDF membranes were 58.9% and 15.3 LMH, respectively. 
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Acronyms and Symbols 

Abbreviation 

1,3-PS 1,3-propane sultone 

ATR-FTIR attenuated total reflectance-Fourier transform infrared 

BSA bovine serum albumin 

CMC carboxymethyl chitosan 

DMAc N, N-dimethylacetamide 

EDA ethylenediamine 

EPTAC glycidyltrimethylammonium chloride 

FESEM field-emission scanning electron microscope 

HT hydrotalcite 

MA methyl acrylate 

MPD m-phenylenediamine 

MWCO molecular weight cutoff 

NIPS non-solvent induced phase separation 

PAMAM polyamidoamine 

PAA polyacrylic acid 

PAN polyacrylonitrile 

PC polycarbonate 
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PDA polydopamine 

PEG polyethylene glycol 

PEO polyethylene oxide 

PES polyethersulfone 

PPI polypropylene 

PVDF polyvinylidene fluoride 

RO reverse osmosis 

SEM scanning electron microscopy 

TMC trimesoyl chloride 

XPS X-ray photoelectron spectroscopy 

Nomenclature 

𝐴 effective area of the membrane 

𝐴𝑠𝑎𝑚𝑝𝑙𝑒 area of the membrane sample during porosity measurement 

𝑐𝑖,𝑓 concentration of the feed 

𝑐𝑖,𝑝 concentration of the permeate 

𝑙 thickness of the dry membrane sample 

𝑅𝑖 rejection of solute 𝑖 

𝑡 filtration time 

𝑣 volume of the permeate 
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𝑤𝑑 weight of the dry membrane sample 

𝑤𝑤 weight of the wet membrane sample 

𝜀 bulk porosity 

𝜌𝑏 density of n-butanol 
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6.1. Introduction 

Membrane filtration technology finds widespread application across various fields owing 

to its high separation efficiency, selectivity, and minimal or zero chemical usage. Pressure-

driven membranes operate by obstructing molecules larger than the membrane pore size 

through steric hindrance. Membranes with different pore sizes can thus segregate 

molecules based on their molecular size or weight. Consequently, by choosing membranes 

with appropriate pore sizes, membrane filtration can be deployed across a broad spectrum 

of separation scenarios. For example, reverse osmosis (RO) membranes effectively 

separate NaCl from water, widely employed in ultrapure water production [1]. 

Microfiltration membranes, typically featuring pore sizes ranging from 0.05 to 10 μm, are 

extensively utilized for removing fine particles or bacteria from solutions [2]. 

Polyvinylidene fluoride (PVDF) boasts excellent chemical resistance, thermal stability, 

aging resistance, and high mechanical strength [3], [4], making it a preferred material for 

fabricating filtration membranes. Over the past decade, there has been a notable surge in 

research efforts focusing on PVDF membranes. In 2014, the number of articles related to 

PVDF membranes was less than 500. However, by 2020, this figure had surpassed 700 [5]. 

Surface modification of PVDF membranes can significantly enhance filtration 

performance, resulting in higher rejection of target molecules, increased permeate flux, and 

improved anti-fouling properties. Such modifications render PVDF membranes applicable 

across a diverse range of separation systems. For instance, Bubela et al. grafted carboxyl-

functionalized Fe3O4 nanoparticles onto PVDF membranes to augment permeability and 

anti-fouling properties, leading to a 100% increase in pure water flux for the modified 

membranes [6]. Similarly, Fan et al. observed that PVDF membranes with in-situ grown 

MnO2 nanorods exhibited superior anti-fouling properties in bovine serum albumin (BSA) 

filtration [7]. Zhang et al. applied a quaternized chitosan cross-linked layer onto PVDF-
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SiO2 membranes to amplify the positive charge on the membrane surface. This resulted in 

an increase in the rejection of BSA from 63.97% for PVDF-SiO2 membranes to 81.59% 

for the membrane coated with quaternized chitosan cross-linking. Remarkably, the 

permeate flux only decreased by 27.1% [8]. 

Dendrimers are star-burst-like polymers, first synthesized by Tomalia et al. in 1984 [9]. 

They boast a highly branched and well-defined molecular architecture, affording numerous 

sites for anchoring functional groups. Both the interior and the peripheral layers of 

dendrimers can be precisely engineered with different functional groups, enabling a high 

degree of control over their chemical and physical properties [10]. This distinction in 

properties between the peripheral layer and interior allows dendrimers to encapsulate 

nanoparticles or molecules, such as drugs and catalysts, inside their structure [11]. These 

unique properties have spurred extensive research in various fields, including drug delivery, 

gene delivery, sensors, and catalysis [12]. As a low-cost and easy-to-synthesize dendrimer, 

polyamidoamine (PAMAM) dendrimers are widely used in many fields including filtration 

membrane modification. PAMAM dendrimers provide a large number of reactive sites due 

to the presence of a high density of amine groups on its periphery layer [13]. The amine 

groups of PAMAM dendrimers can be easily converted to other functional groups through 

chemical reactions. Therefore, a large number of functional groups of choice can be 

anchored on the filtration membranes by the grafting of PAMAM dendrimers. The 

peripheral functional groups of PAMAM could be replaced with other functional groups to 

render membrane surfaces tailored polarity, hydrophilicity, charge nature (+/-), and charge 

density. Consequently, they can significantly impact the performance of filtration 

membranes, such as anti-fouling ability, permeability, and rejection of inorganic and 

organic ions. For instance, Qiu et al. [14] investigated the different functional groups of 

PAMAM dendrimer on the performance of NF membranes for metal ion removal. They 

found that NF membranes with PAMAM dendrimers possessing strongly positive 
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functional groups, e.g., quaternary ammonium, exhibited the highest rejection of divalent 

metal cations. Conversely, NF membranes with PAMAM dendrimers possessing strongly 

negative functional groups, sulfonic acid groups, showed the highest rejection of divalent 

anions. We hypothesize that a similar approach could be applied to the engineering of 

microporous membranes to introduce tailored charges (+/-) and charge densities to enable 

microporous membranes for the separation of charge macromolecules that are much 

smaller than the membrane pores to elevated fluxes, antifouling performance. 

There are three methods to immobilize dendrimers on filtration membranes: blending, 

coating, and grafting. In the blending approach, dendrimers are added to the casting 

solution of membranes as additives, altering the membranes' hydrophilicity or influencing 

their formation process. Blending is a straightforward method that significantly enhances 

membrane performance without requiring additional treatment. For instance, Borgohain et 

al. incorporated PAMAM dendrimers and hydrotalcite (HT) into carboxymethyl chitosan 

(CMC) membranes, increasing the CO2/N2 selectivity from 49 to 312 during CO2/N2 gas 

separation [15]. Algarra et al. embedded thiol polypropylenimine (DAB-3-(SH)16) 

dendrimers in cellulosic membranes and observed enhancement in membrane elasticity and 

anti-penetration properties against Pb2+, Cd2+, and Hg2+ [16]. 

According to the coating method, the dendrimers are coated or deposited on the surface of 

membranes. To strengthen the dendrimer layer, methods such as polymerization (where the 

dendrimer acts as the monomer), cross-linking, or heating are employed [17]. The 

dendrimer or dendrimer layer adheres to the membranes through electrostatic or van der 

Waals forces during coating [18]. Numerous studies have explored coating dendrimers onto 

membranes. For instance, Savariar et al. coated polypropylene imine (PPI) dendrimers onto 

polycarbonate (PC) membranes by adsorbing polyacrylic acid (PAA) onto the pore walls 

of the membrane via simple filtration. Subsequently, PPI dendrimers were electrostatically 
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adsorbed onto the PAA layer by filtration through the PAA/PC membrane [19]. Zhang et 

al. developed an interfacial polymerization method to coat PAMAM dendrimers. In their 

approach, PAMAM dendrimers were embedded within the polyamide layer formed by the 

interfacial polymerization of m-phenylenediamine (MPD) and trimesoyl chloride (TMC) 

[20]. Dopamine showed promise as a chemical for coating dendrimers onto membranes. A 

thin, robust polydopamine (PDA) layer was formed through automatic oxidative 

polymerization at a membrane surface and served as a selective layer as well as providing 

the sites for dendrimer grafting [14], [21]. 

In grafting methods, dendrimers are immobilized onto membranes via covalent bonds. 

Since most membranes cannot directly react with dendrimers, pretreatments such as UV 

irradiation, plasma treatment, or chemical treatment are required before grafting 

dendrimers. For example, Li et al. pretreated PVDF membranes with a mixture of KOH 

and KMnO4 solutions, then reacted TMC on the membrane to provide grafting sites for 

dendrimer immobilization. Subsequently, they immobilized PAMAM dendrimers, in which 

Ag nanoparticles are encapsulated, by connecting the dendrimers with the acyl chloride 

groups of TMC [22]. Wei et al. sequentially immobilized PAA layers, SiO2 layers, TMC 

layers, and PAMAM dendrimers onto PVDF membranes. These modified PVDF 

membranes exhibited excellent water permeability and separation efficiency during oil-

water separation [23]. Zhang et al. proposed an interesting method for grafting dendrimers 

onto membranes. They first immobilized the core of the dendrimer, ethylenediamine 

(EDA), onto hollow fiber membranes, and then synthesized the dendrimer layer by layer 

on the membranes [24]. Sun et al. used PVDF membranes modified with PAMAM 

dendrimers to adsorb Cu2+ ions from water, achieving a maximum adsorption capacity of 

153.8 mg/g [25]. Zhang et al. enhanced the maximum adsorption capacities for Cu2+, Ni2+, 

and Cd2+ to 155.19 mg/g, 124.28 mg/g, and 125.55 mg/g, respectively, by modifying PVDF 

membranes with hyperbranched polyamidoamine-palygorskite (PAMAM-Pal) [26]. 



 

181 

In a previous study [27], we grafted PAMAM dendrimers onto PVDF membranes treated 

with a KOH isopropanol solution. The solution can fully immerse the PVDF membranes, 

allowing the alkaline to act on both the interior surfaces of membrane pores and the 

membrane surface. Consequently, the PAMAM dendrimer was able to be immobilized on 

both the interior and surface of the membranes in the subsequent grafting step to introduce 

charges onto these surfaces. As a result, the rejection of negatively charged Polyacrylic 

acid from 0% to 14.4%, proving the hypothesis that introducing charges onto membrane 

surface and pores could enable the separation of charged macromolecules using 

membranes of pore radii much larger than their dynamic radii. It was further demonstrated 

that the rejection of whey proteins was increased from 58.9% by the pristine PVDF 

membrane to 98.8% by the modified membrane, pointing to the great potential of such 

membranes for commercial applications. However, the pretreatment of the PVDF 

membranes using KOH isopropanol solution showed two disadvantages: (1) the membrane 

became fragile; and (2) the permeate fluxes were several times lower than the pristine 

PVDF membranes due to the formation of double carbon bonds (-C=C-) in the membrane 

matrices, which might result in breakup of some of the polymer carbon backbones. We 

further hypothesize that by using KOH aqueous solution for PVDF membrane pretreatment, 

the modification will be limited to the exterior surface of the membrane and therefore retain 

the integrity and strength of the membrane matrices and pore structures and hence avoid 

severely impacting the fluxes. 

In this research, to test the aforementioned hypotheses, we used KOH aqueous solution for 

the pretreatment of the PVDF membrane to limit the functionalization and therefore the 

grafting of PAMAM dendrimers onto the exterior surfaces of membranes only since the 

aqueous solution of KOH cannot immerse the hydrophobic PVDF membrane. The 

peripheral functional groups of the dendrimers were then replaced with carboxyl groups, 

quaternary ammonium groups, or sulfonic acid groups to render the membranes with varied 
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charge and charge density. These membranes were then characterized and evaluated for the 

filtration of PAA, PEO, and whey proteins. Results indicate that appropriate modifications 

of membrane exterior surfaces could significantly improve both the rejection of charged 

macromolecules including PAA and whey proteins and permeate fluxes while preserving 

the mechanical strength of the membrane. 

6.2. Experimental 

6.2.1. Materials 

The host polymer of membranes, PVDF, Kynar® 740 (Pellet, Mw = 410 kDa), was kindly 

supplied by Arkema Inc. (Philadelphia, PA). The pore former agent, polyethylene glycol 

(PEG) (Mw = 1 kDa), and the solvent for casting solution, anhydrous N, N-

dimethylacetamide (DMAc) with a purity of 99.8% were purchased from Sigma-Aldrich 

Inc. (St. Louis, MO). Potassium hydroxide, methanol with a purity of 99.5%, and 

isopropanol with a purity of 99.5% were purchased from Sigma-Aldrich Inc. The 

ethylenediamine (EDA), with a purity of 99%, and methyl acrylate (MA), with a purity of 

99% for PAMAM dendrimer synthesis were purchased from Sigma-Aldrich Inc. (St. Louis, 

MO). The 35 wt% PAA (Mw = 100 kDa) aqueous solution, polyethylene oxide (PEO) (Mw 

= 100 kDa), and whey protein for filtration were purchased from Sigma-Aldrich Inc. (St. 

Louis, MO). Barium chloride, hydrochloric acid, iodine, and potassium iodide for PEO 

concentration analysis were purchased from Sigma-Aldrich Inc. (St. Louis, MO). The 

Bradford Reagent for whey protein analysis was purchased from Sigma-Aldrich Inc. (St. 

Louis, MO). The PAA (Mw = 450 kDa), and sodium nitrate for surface zeta potential 

measurement were purchased from Sigma-Aldrich Inc. (St. Louis, MO). n-butanol with a 

purity of 99.5% for bulk porosity measurement was purchased from Sigma-Aldrich Inc. 

(St. Louis, MO).  Glycidyltrimethylammonium chloride (EPTAC) with a purity of 90%, 
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and 1,3-propane sultone (1,3-PS) with a purity of 98% for functional group modification 

of PAMAM dendrimer were purchased from Sigma-Aldrich Inc. (St. Louis, MO). 

6.2.2. PAMAM dendrimer synthesis 

In this study, PAMAM generation 3.0 (PAMAM-G3.0) dendrimers were synthesized using 

the methods outlined in Chapter 5. The PAMAM dendrimer synthesis employed the 

divergent method, involving sequential Michael and amidation reactions starting from the 

EDA core [9], [28], [29]. The resulting products and intermediates underwent purification 

via vacuum distillation to remove residual MA or EDA. The final product manifested as a 

pale-yellow syrup-like substance at 120℃, solidifying at room temperature. The molecular 

formula is depicted in Figure 6.1. 

 
Figure 6.1 Chemical structure of PAMAM-G3.0 dendrimer. 

6.2.3. Membrane fabrication 

In this study, the PVDF membrane was fabricated using the non-solvent phase separation 

(NIPS) method, which was mentioned in Chapter 3. The casting solution used for 
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membrane fabrication consisted of 82 wt% DMAc, 15 wt% PVDF, and 3 wt% PEG. 

6.2.4. Alkaline pretreatment of PVDF membranes 

Alkaline pretreatment is a prerequisite before PAMAM dendrimer grafting. The PVDF 

membrane underwent the treatment with a 10 M KOH aqueous solution at 80℃ for 30 

minutes. Due to the hydrophobic nature of the PVDF membrane and its lower density 

compared to the KOH aqueous solution, the membrane could float on alkaline aqueous 

solution. The membrane was positioned with its selective layer facing downward in the 

KOH aqueous solution during the pretreatment. Care was taken so that the membrane 

floated at the top of the solution without any air bubbles between the selective surface and 

the solution. The KOH aqueous solution was stirred using a magnetic stir bar at 80 rpm 

throughout the process. After alkaline pretreatment, the membrane was cooled down by 

immersion in room temperature ethanol. Subsequently, the membrane underwent two 

ethanol washes followed by two deionized water washes to remove any residual chemicals, 

preparing it for subsequent modification with PAMAM dendrimer and filtration processes. 

The membranes treated with alkaline were labeled as Alk. 

6.2.5. Grafting PAMAM dendrimer on membranes 

PAMAM generation 3.0 (PAMAM-G3.0) dendrimers were immobilized on alkaline-

pretreated PVDF membranes via the grafting method. The alkaline-pretreated (Alk) 

membranes were immersed in a methanol solution containing 2.5 wt% PAMAM-G3.0 and 

0.5 M KOH, under vigorous stirring for 24 hours at 10℃. Subsequently, the membranes 

underwent two washes with ethanol and two washes with deionized water. The PAMAM-

G3.0 grafted membranes were labeled as G3.0. The peripheral groups of PAMAM 

dendrimers on the surface of the membrane were converted from amine groups to carboxyl 
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groups, quaternary ammonium groups, or sulfonic acid groups using the following steps. 

Carboxyl groups 

To convert the peripheral groups of PAMAM dendrimer on membranes from amine groups 

to carboxyl groups, the G3.0 membranes were immersed in a 50 wt% MA methanol 

solution at 10℃ under stirring at 80 rpm for 24 hours. Then, the membranes underwent 

three washes with ethanol and were dried at room temperature. This reaction resulted in 

the presence of ester groups on the dendrimer surface of the membranes. Subsequently, the 

membranes were immersed in a 0.5 M NaOH aqueous solution at room temperature for 30 

minutes to hydrolyze the ester groups into carboxyl groups. The membranes were then 

washed three times with deionized water and dried at room temperature. This modified 

membrane was labeled as G3PA. 

Quaternary ammonium groups 

To convert the amine groups to quaternary ammonium groups, the G3.0 membranes were 

immersed in a mixture of 0.1296 g EPTAC and 4 mL MeOH and under stirring at 50℃ for 

6 hours at a speed of 80 rpm. Afterward, the membranes underwent three washes with 

ethanol and were dried at room temperature. The resulting membranes with quaternary 

ammonium groups were labeled as G3TAC. 

Sulfonic acid groups 

To convert the amine groups to sulfonic acid groups, the G3.0 membranes were immersed 

in a methanol solution containing 0.1044 g 1,3-PS and 0.5 M KOH under stirring at 50℃ 

for 6 hours at a speed of 80 rpm. Then, the membranes underwent three washes with ethanol 

and were dried at room temperature. The resulting membranes with sulfonic acid groups 



 

186 

were labeled as G3PS. 

 
Figure 6.2 Sketch of process transferring functional groups of PAMAM dendrimer on PVDF 

membranes from amine groups to quaternary ammonium groups or sulfonic acid groups. 

Indeed, amine groups and quaternary ammonium groups impart weak and strong positive 

charges to the membranes, respectively. Conversely, carboxyl groups and sulfonic acid 

groups confer weak and strong negative charges to the membranes, respectively. 

6.2.6. Membrane filtration 

A dead-end filtration setup was utilized to assess the filtration performance, following the 

methodology outlined in our previous research [30]. In this setup, the membrane is situated 

beneath the feed chamber, which holds 200 mL of the feed solution. The membrane, with 

an effective area of 0.00159 m2, is positioned at the bottom of the feed chamber. The entire 

process is conducted at room temperature. An operating pressure of 60 psig (4.14 bar) is 

maintained using nitrogen gas supplied from a cylinder. 
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Two dissolvable polymer solutions, PAA and PEO, each with a concentration of 100 ppm, 

were subjected to filtration to investigate the separation mechanism during macromolecule 

separation. To ensure the accuracy of the experiment, 10 mL of permeate was discarded 

before sample collection. Then, continue the filtration until collecting 10 mL of permeate 

as a sample for subsequent analysis. All filtration tests were carried out in triplicate using 

three new coupons fabricated from different batches. The flux of the membranes was 

calculated using Equation (6-1) [30], as shown below. 

 𝐹𝑙𝑢𝑥 =
𝑣

𝑡∙𝐴
  (6-1) 

Where 𝑣 is the volume (0.010 L) of the permeate, 𝑡 (hour) the time required to collect 

0.010 L of permeate, and 𝐴 the effective area of the membrane (m2). 

The polymer and the whey protein rejection 𝑅𝑖 were calculated by Equation (6-2) [30] 

below. 

 𝑅𝑖 =
𝑐𝑖,𝑓−𝑐𝑖,𝑝

𝑐𝑖,𝑓
× 100%  (6-2) 

Where 𝑐𝑖,𝑓 and 𝑐𝑖,𝑝 are the concentration of the feed and permeate respectively. 

The solute concentrations both in feed and permeate were determined by UV-Vis 

spectrophotometry, which were discussed in Chapter 3. The filtration performance of 

PVDF and modified membranes was examined under the natural pH of each feed solution. 

The pH of the whey protein and PEO feed solutions was approximately 6, while the pH of 

the PAA feed solution was around 4. Pure water filtration and whey protein filtration of 

commercial membranes were conducted under the same operational conditions as those for 

the homemade membranes. 
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6.2.7. Membrane characterization 

ATR-FTIR 

The chemical properties on the membrane's surface were analyzed using attenuated total 

reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy, employing the Agilent 

Tech-Cary 630 spectrometer (Agilent, Canada). 

XPS 

The chemical properties on the surface of the membranes were quantified using X-ray 

photoelectron spectroscopy (XPS) technology. This analysis was performed using a Kratos 

Axis Nova spectrometer (Kratos Analytical, Ltd., UK) equipped with an Al X-ray source. 

SEM 

The morphology of the membrane's top surface and cross-section was investigated using 

scanning electron microscopy (SEM) on a JSM-7500F field-emission scanning electron 

microscope (FESEM) from JEOL, Japan. The details of surface and cross-section SEM 

measurements were in Chapter 3. Subsequently, the surface porosity and average pore size 

were analyzed using Image J software. The pore size here is the diameter of the pore. 

Contact angle 

The water contact angle of the membrane samples was measured using the sessile drop 

method with the VCA Optima Surface Analysis System (AST Product, Inc., Billerica, MA, 

US) at room temperature. A 1 μL deionized water droplet was carefully placed on the 

surface of the dry sample to measure the contact angle. Measurements were taken at 5 

random spots on the sample, and the average value was reported. 
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Bulk porosity 

The bulk porosity of the membrane was determined using the wet-dry method [31], which 

was mentioned in Chapter 3. The bulk porosity of the membranes (ε) can be calculated 

using Equation (6-3) [31]. 

 𝜀 =
𝑤𝑤−𝑤𝑑

𝐴𝑠𝑎𝑚𝑝𝑙𝑒∙𝑙∙𝜌𝑏
  (6-3) 

Where 𝑤𝑤 and 𝑤𝑑 are the weight (g) of the wet and dry sample, respectively. 𝐴𝑠𝑎𝑚𝑝𝑙𝑒 

is the area of the sample (cm2), 𝑙 is the thickness (cm) of the dry sample and 𝜌𝑏 is the 

density (g/cm3) of n-butanol, which is 0.81 g·cm-3 at 25℃. Three samples were used for 

the measurement and the average value was reported. 

Surface zeta potential 

The surface charge characteristics of the membranes were analyzed through surface zeta 

potential testing, utilizing the surface zeta potential cell (ZEN1020), an accessory kit for 

the Zetasizer Nano Z (Malvern Panalytical, Worcestershire, UK). The details of surface 

zeta potential measurement were mentioned in Chapter 3. 

6.3. Results and discussion 

6.3.1. Membrane characterization 

Morphology 

Figure 6.3 presents cross-sectional SEM images of PVDF membranes, and the membranes 

grafted by PAMAM dendrimers with different functional groups, such as amine groups 
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(G3.0), carboxyl groups (G3PA), quaternary ammonium groups (G3TAC), and sulfonic 

acid groups (G3PS). The PVDF membranes have a thickness of 33 μm and consist of a 

finger-like layer and a sponge-like layer. The finger-like layer is located on the side of the 

membranes with the selective layer, and the thickness ratio of the finger-like layer to the 

sponge-like layer is approximately 3:2. The modified membranes, including alkaline-

treated and dendrimer-grafted membranes, exhibit similar cross-sectional morphology to 

PVDF membranes, indicating that the modifications do not impact the internal structure of 

the membrane matrix. 

 

Figure 6.3 Cross-sectional SEM images of the PVDF membranes (PVDF), alkaline treated (Alk), and 

PAMAM dendrimer with different functional groups modified membranes. 

The influence of alkaline treatment on the surface morphology of the membranes (Alk) is 

indeed significant, as depicted in Figure 6.4. Initially, the surface of the PVDF membranes 

exhibits uniformly distributed pores. However, after alkaline treatment, there is a 

noticeable enlargement of pores on the surface. This alteration can be attributed to the 

etching effect of the alkaline solution. 
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Figure 6.4 Surface SEM images of the PVDF membranes, alkaline treated, and PAMAM dendrimer 

with different functional groups modified membranes. 

Based on the surface SEM images of the membranes, the surface porosity, and the average 

pore size were determined using Image J software and the results are listed in Table 6.1. 

As shown in Table 6.1, the PVDF membranes have a bulk porosity of 78% and a surface 

porosity of 1.7%. However, due to the alkaline etching during alkaline treatment, the 

surface porosity of the membranes (Alk) dramatically increased to 9.7%, and the average 

pore size increased from 34.8 nm to 81.2 nm. Additionally, since the alkaline treatment 

only affected the surface of the membranes, the bulk porosity of the membranes did not 

experience a significant change. 

The morphology of the membranes did not undergo significant changes after grafting 

PAMAM dendrimers or converting the functional groups of dendrimers to carboxyl groups, 

quaternary ammonium groups, and sulfonic acid groups. The G3.0 membranes exhibited a 

bulk porosity of 77% and a surface porosity of 9.3%, similar to that of Alk membranes. 

However, the average pore size increased from 81.2 nm to 106.8 nm. This increase in pore 

size may be attributed to the presence of 0.5 M KOH in the dendrimer grafting solution, 



 

192 

leading to alkaline etching and enlargement of pore size during dendrimer grafting. The 

different processes for modifying the functional groups showed varying influences on 

porosity and pore size. For instance, converting G3.0 membranes to G3PA membranes 

resulted in a decrease in bulk porosity, surface porosity, and average pore size to 63%, 6.0%, 

and 56.4 nm, respectively. The decrease in bulk porosity and surface porosity is due to the 

swelling effect of MA on the membrane, during the functional group converting step. On 

the other hand, converting G3.0 membranes to G3TAC membranes only led to a decrease 

in surface porosity and average pore size to 3.1% and 51.6 nm, respectively. Lastly, 

converting to G3PS membranes only resulted in a decrease in bulk porosity to 64%. 

Table 6.1 Bulk porosity, surface porosity, and the average pore size of the PVDF membranes, and 

modified membranes. 

Membrane 
Bulk porosity 

(%) 
Surface 

porosity (%) 
Average pore 

diameter (nm) 
PVDF 78 ± 2 1.7 ± 0.2 34.8 ± 1.6 
Alk 76 ± 1 9.7 ± 0.2 81.2 ± 1.8 
G3.0 77 ± 3 9.3 ± 0.3 106.8 ± 2.4 
G3PA 63 ± 2 6.0 ± 0.1 56.4 ± 0.6 

G3TAC 74 ± 1 3.1 ± 0.1 51.6 ± 0.4 
G3PS 64 ± 2 8.5 ± 0.2 107.6 ± 1.8 

 

Surface chemical properties 

Figure 6.5 illustrates the ATR-FTIR absorption difference between the top surface and the 

bottom surface of the PVDF and the modified membranes. The top surface of the 

membrane refers to the surface on the selective layer side of the membranes, which 

underwent further treatment with the alkaline solution and PAMAM dendrimer. All the 

modified membranes exhibit peaks above the baseline (red dashed line) at 1180 cm-1 and 

1400 cm-1. These peaks correspond to the stretching vibrations of the C-F bond [32] and 

the asymmetrical bending vibration of the C-H bonds [33], respectively. The peaks at 1180 
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cm-1 and 1400 cm-1 are above the baseline indicating a reduction in C-F bonds and C-H 

bonds on the modified surface. 

 

Figure 6.5 ATR-FTIR adsorption difference between the top surface and the bottom surface of the 

PVDF and the modified membranes. The peak above the baseline (red dashed line) indicates that this 

peak of the top surface is stronger than the peak of the bottom surface. Correspondingly, the peak 

below the baseline indicates that the peak of the top surface is weaker than the peak of the bottom 

surface. 

Additionally, the absorption peak at 1650 cm-1 is attributed to the stretching vibrations of 

the C=C bond [34]. The peak at 1650 cm-1, below the baseline, observed for the modified 

membranes suggests an increase in C=C bonds. Furthermore, the absorption peak of R-

NH2 (amine groups) is typically observed at 1580 cm-1 [35], which is close to the absorption 

peak of the C=C bond. Therefore, the peak of G3.0, G3PA, G3TAC, and G3PS membranes 

around 1650 cm-1, which is below the baseline, may also be caused by the presence of 

amine groups. To differentiate whether the absorption peak around 1600 cm-1 is caused by 

C=C or amine groups, further XPS analysis is required. 

The surface element composition of the membranes is presented in Table 6.2, as analyzed 

from the XPS spectrum (Figure 6.6). In PVDF membranes, the oxygen composition is 0.6 
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at%. The presence of oxygen detected on the surface of the PVDF membranes is attributed 

to the residual pore former agent PEG. The carbon-fluorine ratio on the surface of PVDF 

membranes is 0.93, slightly lower than 1, possibly due to defects in the PVDF molecules. 

For Alk membranes, the fluorine composition on the surface is 4.2 at%, indicating the 

removal of many fluorine atoms during alkaline treatment. Additionally, the oxygen 

composition increases from 0.6 at% to 21.3 at%, suggesting the introduction of abundant 

oxygen-containing groups, such as hydroxide groups and carboxyl groups, on the 

membrane surface. 

Table 6.2 Membrane surface elemental composition of PVDF and modified membranes. 

Membrane 
Element composition (at%) 

C 1s N 1s O 1s F 1s S 1s 
PVDF 47.9 0.0 0.6 51.5 0.0 
Alk 74.5 0.0 21.3 4.2 0.0 
G3.0 73.3 5.5 18.1 3.1 0.0 
G3PA 72.9 5.1 19.9 2.1 0.0 

G3TAC 70.5 6.3 19.5 3.8 0.0 
G3PS 69.7 2.8 21.2 5.2 1.1 

 

Furthermore, the nitrogen composition increases from 0 at% for PVDF and Alk membranes 

to 5.5 at% for G3.0 membranes. This increase provides evidence that PAMAM dendrimers 

were successfully grafted onto the surface of the membranes. The mechanism of grafting 

PAMAM dendrimer on alkaline treated PVDF membranes was discussed in our previous 

research. Briefly, the alkaline treatment introduced the hydroxyl groups on the surface of 

PVDF membranes [22]. The amine group of PAMAM dendrimer formed a C-O-N structure 

with a hydroxyl group on membranes during dendrimer grafting. 

Converting G3.0 membranes to G3PA membranes resulted in a decrease in nitrogen 

composition to 5.1 at%, as the introduction of carboxyl groups increases the carbon and 

oxygen composition on the membrane surface. Extra nitrogen atoms were introduced on 
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the surface of the membranes, by converting the functional groups of dendrimers on the 

surface to quaternary ammonium groups. Consequently, the introduction of quaternary 

ammonium groups increases the nitrogen composition from 5.5 at% to 6.3 at%. 

Furthermore, there is 1.1 at% sulfur detected on the surface of G3PS membranes, indicating 

the presence of sulfonic acid groups immobilized on the membranes. Notably, the nitrogen 

composition of G3PS membranes is 2.8 at%, significantly lower than that of G3.0 

membranes. This suggests that the treatment with 1,3-PS solution caused parts of the 

PAMAM dendrimer to peel off from the membrane surface. 

 

Figure 6.6 XPS full survey spectra of the PVDF (a), Alk (b), G3.0 (c), G3PA (d), G3TAC (e), and G3PS (f) membranes. 

Surface hydrophilicity of membranes 

The contact angles of the PVDF and modified membranes are shown in Figure 6.7. The 

PVDF membrane exhibited the highest contact angle, measuring at 77.8°. The alkaline 

treatment introduced numerous hydrophilic hydroxyl and carboxyl groups to the membrane, 

causing the contact angle to decrease to 52.6°. The following dendrimer grafting introduced 

amine groups causing a further contact angle decrease to 29.5°. The G3.0 and G3PS 
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membranes have the lowest contact angle. The contact angle of the G3PA membrane is 

approximately equal to that of the Alk membrane because the functional groups of 

dendrimers on the G3PA membranes are carboxyl groups, which are the same groups on 

the Alk membranes. The G3TAC membranes, with quaternary amine functional groups, 

have a contact angle of 39.8°. 

 
Figure 6.7 Contact angle of the PVDF membranes, alkaline treated, and PAMAM dendrimer with 

different functional groups modified membranes. 

Surface zeta potential of membranes 

Figure 6.8 illustrates the surface zeta potential of both the PVDF membranes and the 

modified membranes. The surface zeta potential exhibited a rapid decrease followed by 

reaching a plateau stage with an increase in pH. Initially, the surface zeta potential of the 

PVDF membranes measures at -41.5 mV at pH 6. After the alkaline treatment, there was a 

slight reduction in the surface zeta potential to -43.1 mV (for Alk membranes), attributed 

to the formation of carboxyl groups during the alkaline treatment process. Following the 

grafting of PAMAM-G3.0 dendrimer, positively charged amine groups were introduced, 

resulting in an increase in the surface zeta potential to -42.4 mV. Notably, the alkaline-

treated membranes contain numerous negatively charged carboxyl groups, which 

counteract the positive charge of the amine groups. Consequently, the membranes continue 
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to exhibit a negative potential even after dendrimer grafting. 

 
Figure 6.8 Surface zeta potential of the PVDF membranes, alkaline treated, and PAMAM dendrimer 

with different functional groups modified membranes. 

The G3PA membranes, featuring negative functional groups, exhibited a smaller surface 

zeta potential (-55.4 mV) compared to the zeta potential of Alk or G3.0 membranes. 

Remarkably, the G3PS membranes, possessing strong negatively charged sulfonic groups, 

demonstrate the lowest surface zeta potential (-60.7 mV) at pH 6. Despite the strong 

positively charged quaternary ammonium groups present in G3TAC membranes, the 

membranes displayed a lower surface zeta potential than Alk membranes at pH 6. The 

surface zeta potential of G3.0 membranes decreased more rapidly as pH increased from 6 

to 8. At pH 8, G3.0 membranes exhibited a lower surface zeta potential than G3TAC 

membranes. Similarly, membranes grafted with dendrimer exhibited abundant negatively 

charged carboxyl groups, which counteract the positive charge from quaternary ammonium 

groups. Consequently, G3TAC membranes displayed a negative surface zeta potential. 

Although the surface zeta potential of all membranes is negative, the magnitude of the 

surface zeta potential correlates with the charge intensity of functional groups on the 

membrane when the surface zeta potential reaches a plateau stage (pH > 8). For example, 

the order of surface zeta potential for dendrimer-grafted membranes is G3TAC (strong 
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positive) > G3.0 (weak positive) > G3PA (weak negative) > G3PS (strong negative). 

Notably, PVDF and Alk membranes exhibited a larger surface zeta potential than all 

dendrimer-grafted membranes. 

6.3.2. Filtration performance of membranes 

Figure 6.9 illustrates the pure water flux (a), permeate flux, and rejection of PEO (b), PAA 

(c), and whey protein (d) by PVDF and modified membranes. Initially, the pure water flux 

of the PVDF membranes was 274.1 LMH. Following alkaline treatment, the pure water 

flux increased to 577.8 LMH (for Alk membranes), marking a 2.1-fold increase compared 

to the PVDF membrane's pure water flux. G3.0 membranes exhibited a flux of 576.0 LMH, 

approximately equal to the flux of Alk membranes, whereas G3PA and G3TAC membranes 

experienced a decrease in flux to around 487 LMH. G3PS membranes demonstrated the 

lowest pure water flux at 424.5 LMH. The increase in pure water flux for Alk and G3.0 

membranes is attributed to the increase in surface porosity. Specifically, the surface 

porosity of Alk and G3.0 membranes, which is 9.7% and 9.3%, respectively, is 5.6 times 

higher than PVDF membranes' surface porosity. This elevation in surface porosity reduced 

flow resistance as water traversed the membrane surface, consequently boosting pure water 

flux. Conversely, the decrease in pure water flux for G3PA, G3TAC, and G3PS membranes 

is attributed to a decrease in surface porosity. Although G3TAC membranes possess a 

smaller surface porosity (3.1%) compared to G3PA membranes (6.0%), their pure water 

flux remains approximately the same. This observation suggests that the decrease in both 

surface and bulk porosity contributes to the reduction in pure water flux. Notably, G3PA 

membranes exhibit a lower bulk porosity (63%) than G3TAC membranes (74%), resulting 

in higher flow resistance as water traversed the membrane matrix, thus maintaining similar 

water flow resistance across the membranes. 
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Figure 6.9 Pure water flux (a), permeate flux and rejection of PEO (b), PAA (c), and whey protein (d) 

of PVDF, alkaline treated and dendrimer grafted membranes. 

PEO 

PEO is electrically neutral in aqueous solutions and therefore does not interact with charged 

membranes. Consequently, PEO rejection serves as an indicator of membrane pore size 

distribution. As depicted in Figure 6.9 (b), PVDF membranes exhibited the highest PEO 

rejection at 16.4% and the lowest permeate flux at 48.2 LMH, suggesting that PVDF 

membranes possess the smallest pore size. The descending order of PEO rejection among 

the membranes is as follows: PVDF (Rejection: 16.4%) > G3.0 (8.5%) > G3PS (8.1%) > 

Alk (6.0%) ≈  G3TAC (5.8%) > G3PA (3.5%). Typically, a larger pore size should 

correspond to lower PEO rejection. However, based on SEM image analysis (Table 6.1), 

the average pore size exhibits the following ascending order: PVDF (34.8 nm) < G3TAC 

(51.6 nm) < G3PA (56.4 nm) < Alk (81.2 nm) < G3.0 (106.8 nm) ≈ G3PS (107.6 nm). 

Interestingly, G3.0 and G3PS membranes, despite having larger pore sizes, exhibited 

greater PEO rejection compared to Alk, G3TAC and G3PA membranes. This discrepancy 

 b 

 c  d 

 a 
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suggests that factors beyond pore size and surface porosity influence permeate flux during 

PEO filtration. 

PAA 

From Figure 6.9 (c) the increasing order of PAA separation is PVDF(0%) < Alk(2.4%) < 

G3.0(5.2 %) < G3PA (9.8%) < G3TAC(12.8%) < G3PS(15.9%). On the other hand, from 

Figure 6.8, the decreasing order of zeta potential at pH 7 is PVDF > Alk > G3.0 > G3TAC > 

G3PA > G3PS. A correlation is found between the order of PAA separation and that of zeta 

potential, i.e. the PAA separation increases and the zeta potential decreases, which seems 

reasonable considering the electrostatic repulsion, since PAA is negatively charged, while 

the negative charge of the membrane increases as zeta potential decreases. There is 

however a notable exception of G3TAC, whose position was shifted from before G3PA of 

zeta potential to behind G3PA of separation, despite the presence of the positively charged 

quaternary amine in G3TAC, which is expected to decrease PAA separation. One of the 

plausible explanations for this shift is that the positively charged groups at the membrane 

surface adsorb negatively charged PAA, forming a negatively charged layer on the 

membrane surface as illustrated in Figure 6.10 (a). This layer acts as a barrier, preventing 

PAA from entering membrane pores through electrostatic repulsion. Figure 6.9 (c) also 

shows that the flux is inversely correlated to the PAA separation, and its pattern is more 

like that of pure water permeation. 
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Figure 6.10 PAA separation mechanism by (a) membranes with positively charged functional groups 

on the surface, and (b) membranes with negatively charged functional groups on the surface 

Whey protein 

From Figure 6.9 (d) the whey separation is in the increasing order of PVDF (58.9%) < G3.0 

(63.1%) < Alk (70.8%) < G3TAK (75.2%) ≤ G3SP (78.3%) ≤ G3PA (79.0%). The most 

notable change from the order in PAA separation is the exchange of the position of G3.0 

and Alk. (Although the positions of G3PA and G3SP were also exchanged, the difference 

in their separations was less than 1% which is in an error range.) Interestingly, the shift of 

G3.0 to the lower separation was accompanied by the lowering of the permeate flux (It is 

now even lower than G3PA.), suggesting a higher degree of concentration polarization that 

contributed to the decrease of whey protein separation as well as flux. 

6.3.3. Whey protein filtration performance of commercial membranes 

Table 6.3 reveals the whey protein filtration performance of various commercial 
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membranes under the same operational conditions as homemade membranes. ST 

membranes, featuring a molecular weight cutoff (MWCO) of 10 kDa, exhibit the highest 

whey protein rejection at 98.7%. However, their permeate flux is a modest 4.2 LMH. V4 

membranes, with an MWCO of 70 kDa, boast a similar rejection rate of 98% but offer a 

higher permeate flux of 14 LMH, about 3.3 times that of ST membranes. MW membranes, 

with an MWCO of 50 kDa, achieve a permeate flux of 33.7 LMH, nearly matching the flux 

of G3PA membranes. However, their whey protein rejection stands at 62.1%, 16.9% lower 

than rejection of G3PA membranes. Homemade PVDF membranes exhibit a rejection rate 

of 58.9%, slightly lower than that of MW membranes, yet their permeate flux is merely 

half that of MW membranes. Post-modification, the permeate flux of G3PA membranes 

escalates to the level of MW membranes while maintaining a higher whey protein rejection 

rate. This suggests that grafting generation 3 PAMAM dendrimers with carboxyl groups 

onto PVDF membrane surfaces significantly enhances both rejection and permeate flux. 

Table 6.3 Pure water flux, whey protein rejection, and permeate flux of some commercial membranes. 

Manufactory 
Commercial 

name 
Membrane 

material 
Pore size 

/MWCO a 

Pure water 

flux 

(LMH) 

Whey protein filtration 

Rejection 
Permeate 

flux (LMH) 

Microdyn Nadir™ 
MV020 PVDF 0.2 μm 24544.8 26.0% 1053.8 
MP005 PES b 0.05 μm 4140.0 56.3% 115.8 

Synder™ V4 PVDF 70 kDa 23.4 98.0% 14.0 
GE Osmonics™ MW PAN c 50 kDa 442.7 62.1% 33.7 

Synder™ MK PES 30 kDa 35.8 92.8% 8.2 
Synder™ ST PES 10 kDa 13.8 98.7% 4.2 

a Pore size and MWCO data are provided by the manufactory 
b PAN: polyacrylonitrile 
c PES: polyethersulfone 

 



 

203 

6.3.4. Comparison of dendrimer grafting at membrane surface only and 

both at surface and inside pores of membrane 

In our previous study, we grafted generation 3 PAMAM dendrimers with peripheral amine 

groups both at the surface and inside of the KOH-isopropanol pretreated PVDF membrane. 

This process involved immersing the PVDF membrane in KOH isopropanol solution, 

allowing the alkaline solution to react both at the membrane surface and inside the 

membrane pores. Consequently, PAMAM dendrimers were grafted throughout the 

membranes. 

Table 6.4 Comparison of surface and interior PAMAM dendrimer grafting membranes and the surface 

PAMAM dendrimer grafting membranes; Alk, G3.0 and G3PA represent alkaline treated membranes, 

PAMAM with amine groups and PAMAM with carboxyl groups grafted membranes. 

  
Surface and interior PAMAM 

grafting [27] 
Surface PAMAM grafting 

(this work) 
Alk G3.0 G3PA Alk G3.0 G3PA 

Alkaline treatment 

time (min) 
1 30 

Alkaline treatment 

temp. (℃) 
60 80 

KOH conc. (M) 0.5 10 
Contact angle (°) 57.7±1.3 48.9±1.5 57.4±1.8 52.6±4.4 29.5±4.5 51.9±2.7 

Pore diameter (nm) 39.2±0.3 41.7±0.3 38.6±0.2 81.2±1.8 106.8±2.4 56.4±0.6 
Surface porosity (%) 2.5±0.3 2.8±0.1 2.5±0.1 9.7±0.2 9.3±0.3 6.0±0.1 
Bulk porosity (%) 71±1 67 ± 3 61 ± 2 76 ± 1 77 ± 3 63 ± 2 

C composition (at%) 59.6 57.6 63.7 74.5 73.3 72.9 
N composition (at%) 0 7.6 4.2 0 5.5 5.1 
O composition (at%) 14.1 13.7 10 21.3 18.1 19.9 
F composition (at%) 26.3 21 22.2 4.2 3.1 2.1 

Pure water flux 

(LMH) 
115.7±20.3 92.3±8.7 60.6±4.3 577.8±28.0 576.0±34.3 489.8±23.6 

Whey protein 

rejection (%) 
97.3±2.2 95.7±4.3 98.8±0.3 70.8±4.2 63.1±2.5 79.0±1.6 

Whey permeate flux 

(LMH) 
5.6±2.2 3.1±1.1 2.3±0.4 41.3±2.4 24.6±5.0 30.3±4.8 
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In this work, we exclusively grafted generation 3 PAMAM dendrimers with peripheral 

amine groups onto the surface of PVDF membranes by pretreating with KOH aqueous 

solution. As the aqueous solution cannot penetrate the pores of the hydrophobic PVDF 

membranes, the alkaline treatment is confined to the membrane surfaces. As shown in 

Table 6.4, this difference in treatment methods results in distinct outcomes. Because the 

KOH aqueous treatment only impacts the surface of the membranes and does not impact 

the inside of the membranes, it has little influence on the strength of the membranes. With 

aqueous solution treatment, PVDF membranes are subjected to a stronger alkaline 

treatment, leading to increased removal of fluorine and introduction of more oxygen-

containing active functional groups. For instance, membranes treated with KOH aqueous 

solution exhibited, by XPS, a fluorine composition of 4.2 at% and an oxygen composition 

of 21.3 at%, compared to 26.3 at% fluorine and 14.1 at% oxygen by the isopropanol 

treatment. Moreover, aqueous solution treatment significantly enhances surface porosity, 

increasing it by a factor of 4.7, while having no impact on bulk porosity, which is crucial 

for membrane flux. However, alkaline treatment with aqueous solution necessitates higher 

KOH concentration, treating temperature, and duration. For instance, isopropanol 

treatment requires 0.5 M KOH, a treating temperature of 60℃, and 1 minute, whereas 

aqueous solution treatment demands 10 M KOH, 80℃, and 30 minutes. 

The difference between the modification at the surface only and at the surface and inside 

the membrane is also manifested in the filtration performance. In our previous study, 

dendrimer grafting was allowed both at the surface and inside the membrane. As a result, 

the whey protein rejection was 95.7% for PAMAM-G3.0 grafted and 98.8% for PAMAM- 

G3PA (with carboxyl group) grafted membranes. The permeate flux of those two 

membranes was 3.1 LMH and 2.3 LMH, respectively. Thus, these membranes could 

achieve very high whey protein rejections due to the electrostatic repulsion occurring both 

at the membrane surface and in the membrane pore, but the permeate fluxes were low. For 
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the membranes, grafted dendrimer only at the surface, the whey protein rejection was 63.1% 

for the G3.0 and 79% for the G3PA membrane, respectively. The permeate flux of those 

two membranes was 24.6 LMH and 30.3 LMH, respectively. Thus, the whey protein 

separation was lowered by the surface only modification, but the flux increased remarkably.  

6.4. Conclusions 

In this research, PAMAM dendrimers were successfully grafted onto the surface of PVDF 

membranes. The surface porosity of the membranes was enlarged approximately 5.7 times 

through alkaline pretreatment, while the modification did not significantly impact bulk 

porosity. Additionally, all modifications led to a decrease in the zeta potential and contact 

angle on the membrane surface. Specifically, G3PS membranes exhibited the lowest 

surface zeta potential and contact angle, measuring at -60.7 mV (at pH 6) and 29.5°, 

respectively. 

The PEO rejection of all modified membranes was lower than that of the PVDF membranes 

due to pore size enlargement. These modified membranes demonstrated the ability to 

separate PAA, a task unachievable by PVDF membranes, as their pore size is smaller 

compared to the modified ones. The increase in PAA rejection correlated with the decrease 

in the surface zeta potential of the membranes, suggesting that electrostatic exclusion 

enhances the separation of charged PAA molecules. This electrostatic interaction also 

proved effective at the macro-molecular level, such as with proteins. 

In this work, modification led to an increase in both the whey protein separation and 

permeate flux of the membranes. The membranes with the best whey protein separation 

performance are G3PA membranes. Compared with the pristine PVDF membrane, the 

G3PA increased the permeate flux by 98%, while the separation increased from 58.9 % of 
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the pristine PVDF membrane to 79.0 % of G3PA. As a comparison, the MW membrane of 

GE Osmonics™, whose permeate flux, 33.7 LMH, is similar to that of the G3.5 membranes, 

only has a whey rejection of 62.1%. Moreover, it should be noted that only one type of 

homemade PVDF membrane was used in this study. A better performance of whey protein 

filtration could be expected by optimizing the properties of the PVDF membrane to be used 

for modification. 

Results of this study, in comparison to that of the previous study, as discussed in Section 

6.3.4, indicate that introducing appropriate charged functional groups onto both the exterior 

and intraporous surfaces is more efficient in terms of enhancing the rejection of membranes 

for charged macromolecules while modifying the exterior surfaces only helps to preserve 

the mechanical strength of membrane and elevates permeate fluxes. 
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Chapter 7. Effects of Polyamidoamine Dendrimer 

Immobilization on Protein Separation of PVDF Membrane: 

Mathematical Analysis by Donnan Steric Pore Model with 

Dielectric Exclusion (DSPM-DE)  

Abstract 

The immobilization of polyamidoamine (PAMAM) dendrimers on polyvinylidene fluoride 

(PVDF) membranes significantly enhances their performance in protein separation 

processes. This study investigates the impact of these modifications on membrane 

properties, including permeate flux and the rejection of polyacrylic acid (PAA) and whey 

protein. Discrepancies between the calculated and measured pore radii were observed using 

polyethylene oxide (PEO) filtration data and the Donnan steric pore model with dielectric 

exclusion (DSPM-DE) model. It was found that the presence of charged functional groups 

within membrane pores affects electrostatic interactions, leading to dielectric exclusion and 

enhanced solute rejection. The surface charge density of the modified membranes increased 

with pH, with sulfonic acid groups contributing to higher charge densities at lower pH 

levels. The Donnan potential of a membrane is influenced by several factors, including 

pore size, volume charge density, and the functional groups present on the membrane. 

Theoretical modeling using the DSPM-DE model provided insights into the separation 

mechanisms, revealing deviations between experimental and calculated results while 

effectively explaining improvements in flux and rejection rates. 
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Acronyms and Symbols 

Abbreviation 

ATR-FTIR attenuated total reflectance-Fourier transform infrared 

BSA bovine serum albumin 

CNTs carbon nanotubes 

DMAc N, N-dimethylacetamide 

DSPM-DE Donnan steric pore model with dielectric exclusion 

EDA ethylenediamine 

FESEM field-emission scanning electron microscope 

GO graphene oxide 

MA methyl acrylate 

NF nanofiltration 

PAA polyacrylic acid 

PAMAM polyamidoamine 

PEG polyethylene glycol 

PEO polyethylene oxide 

PVDF polyvinylidene fluoride 

SEM scanning electron microscope 

UF ultrafiltration 
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Nomenclature 

𝑐𝑖 concentration of solute i 

𝑐𝑖,𝑝 concentration of solute i in permeate phase 

𝑐𝑖,𝑓 concentration of solute i in the feed phase 

𝐷 diffusivities 

𝐷𝑖,∞ diffusion efficient of solute i in the bulk solution 

𝑒 electronic charge 

𝐹 Faraday constant 

𝐽𝑖 solute flux 

𝐽𝑣 solvent flux 

𝐾𝑖,𝑎 advection hindrance factors 

𝐾𝑖,𝑑 diffusion hindrance factors 

𝑘 Boltzmann constant 

𝐿𝑒 effective membrane thickness 

𝑀 molecular weight of the polymer  

𝑁𝐴 Avogadro number 

Δ𝑃 hydraulic pressure difference across the membrane 

𝑅 ideal gas constant 

𝑅𝑖 rejection of the solute i 

𝑅𝑙𝑖𝑚 limiting rejection 
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𝑟𝑝 radius of the membrane pore 

𝑟𝑠 Stokes radius of the solute 

𝑇 temperature 

∆𝑊𝑖 change of solvation energy (energy barrier) 

𝑋 effective volume charge density 

𝑥 position along the thickness direction of the membrane 

𝑧𝑖 valance of the solute i 

δ thickness of the membrane active layer 

𝜀0 dielectric constant of vacuum 

𝜀𝑏 dielectric constant of solvent in bulk 

𝜀𝑝 dielectric constant of solvent in membrane pore 

𝜁 surface zeta potential of the membrane 

[𝜂] intrinsic viscosity of the polymer 

𝜂𝑤 water dynamic viscosity 

𝜆𝑖 ration of 𝑟𝑠 and 𝑟𝑝 

Δ𝜋 osmotic pressure difference between feed and permeate phase 

𝜎 membrane surface charge density 

𝜙(𝑥) electrical potential at position x along the membrane pore 

𝜑𝐷𝐸,𝑖 dielectric exclusion factor 

𝜑𝑆,𝑖 steric exclusion factors 
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∆𝜓D Donnan potential across two interfaces 
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7.1. Introduction 

With the growing demand for separation efficiency and precision in modern industry, 

membrane separation technology has received increasing attention. Membrane filtration 

technology offers numerous advantages, such as high separation quality, no phase change 

during separation (excluding membrane distillation and evaporation), low energy 

consumption, high separation efficiency, simplicity of operation, and environmental 

friendliness. Membrane separation plays a crucial role in the removal of heavy metal ions, 

organic contaminants, and protein separation [1]. 

Among various membrane materials, polyvinylidene fluoride (PVDF) membranes are 

favored for their excellent mechanical strength, chemical resistance, and thermal stability. 

However, their hydrophobic nature and susceptibility to fouling limit their applications [1]. 

To address these challenges, research on enhancing the hydrophilicity and surface charge 

modification of PVDF membranes has gained increasing attention. Despite these 

advancements, understanding and predicting the separation performance of modified 

PVDF membranes, especially for charged solutes, remains complex. Various methods for 

improving PVDF membranes have been proposed, such as blending [2], surface grafting 

[3], and surface coating [3]. Researchers have also explored modifying PVDF membranes 

with novel materials like MXene [4], [5], carbon nanotubes (CNTs) [6], [7], [8], [9], metal-

organic frameworks (MOFs) [10], [11], graphene oxide (GO) [12], [13], SiO2 nanoparticles 

[14], and TiO2 nanoparticles [15]. Polyamidoamine (PAMAM) dendrimers are highly 

branched polymers with a spherical structure and numerous surface functional groups (such 

as amino and carboxyl groups) [16], [17]. Modifying PVDF membranes with PAMAM 

dendrimers can significantly enhance the hydrophilicity of the membranes and introduce 

charged groups to the surface. This modification improves the water flux, separation 

capability, and antifouling performance of the membranes. For example, in our previous 
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research, the PVDF membrane whose surface is modified by PAMAM-G3 dendrimer with 

carboxyl groups, increases the rejection of whey protein by 34%, while simultaneously 

improving the permeate flux by 98% [18]. 

In models describing the ultrafiltration (UF) membrane separation process, most consider 

solute convection and diffusion transport. Few models take into account the electrostatic 

interactions between the membrane and the solute. The Donnan steric pore model with 

dielectric exclusion (DSPM-DE) is developed to describe and predict the transport 

behavior of ions and molecules in the nanofiltration (NF) membrane separation process 

[19]. This model combines charge exclusion (Donnan effect), size exclusion (Steric effect), 

dielectric exclusion, and the influence of the potential distribution within membrane pores. 

It provides a theoretical foundation for understanding and optimizing the separation 

performance of NF membranes. DSPM-DE model is based on the Nernst-Planck equation, 

taking into account advection, diffusion, convection, and electromigration effects on solute 

molecules. To simplify the process and facilitate analysis, the DSPM-DE model makes the 

following assumptions. (1) Only consider the effect of the active layer, ignore the influence 

of the support layer. (2) The pores in the active layer are the cylinder pores of uniform size. 

(3) The concentration gradient of the solute crossflow direction is ignored. Only consider 

the dimension that is vertical with the interface of the membrane. (4) All the solutes are 

assumed as spheres with Stokes radius. (5) The solution is dilute, so the interaction between 

the solutes and solutes is ignored. (6) The dielectric constant of solvent (water) inside the 

membrane pore is assumed to be spatially constant. (7) The volume charge density inside 

the membrane is uniform. (8) The membrane and interfaces of the membrane are electro-

neutrality. (9) The system is at a steady state [19]. 

In this study, we used the DSPM-DE model to explore the separation performance of PVDF 

membranes and modified membranes. We aim to evaluate the separation performance of 
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PVDF membranes and modified membranes by combining experimental data with 

theoretical modeling and to interpret the results using the DSPM-DE model. Through this 

approach, we aim to elucidate the impact of PVDF membrane modification on its ability 

to separate charged solutes, as well as to clarify the separation process and mechanisms of 

charged solute molecules using charged UF membranes. 

7.2. Experimental 

7.2.1. Materials 

The PVDF host polymer for membranes (Kynar® 740, Mw = 410 kDa) was supplied by 

Arkema Inc. (Philadelphia, PA). The pore-forming agent, polyethylene glycol (PEG, Mw = 

1 kDa), and the casting solution solvent, anhydrous N, N-dimethylacetamide (DMAc, 99.8% 

purity), were purchased from Sigma-Aldrich Inc. (St. Louis, MO). Other chemicals from 

Sigma-Aldrich Inc. included potassium hydroxide, methanol (99.5% purity), isopropanol 

(99.5% purity), ethylenediamine (EDA, 99% purity), and methyl acrylate (MA, 99% purity) 

for PAMAM dendrimer synthesis. A 35 wt% polyacrylic acid (PAA) aqueous solution (Mw 

= 100 kDa), polyethylene oxide (PEO) (Mw = 100 kDa), whey protein, and bovine serum 

albumin (BSA) for filtration were also obtained from Sigma-Aldrich. For PEO 

concentration analysis, barium chloride, hydrochloric acid, iodine, and potassium iodide 

were used. The Bradford Reagent for whey protein analysis. 

7.2.2. Membrane fabrication 

In this study, the PVDF membrane was fabricated using the non-solvent phase separation 

(NIPS) method, which is mentioned in Chapter 3. The casting solution used for membrane 

fabrication consisted of 82 wt% DMAc, 15 wt% PVDF, and 3 wt% PEG. 
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7.2.3. Membrane modification 

The PAMAM dendrimer was immobilized on a PVDF membrane pretreated with an 

alkaline solution. The details of PAMAM dendrimer immobilization are presented in our 

previous research [18], [20]. In brief, the PVDF membrane was pretreated with a 10 M 

KOH aqueous solution at 80℃ for 30 minutes. Since the aqueous solution cannot immerse 

and penetrate the PVDF membrane, the treatment only occurred on the surface. The 

pretreated membrane was then immersed in a methanol solution containing 2.5 wt% 

PAMAM-G5.0 dendrimer and 0.5 M KOH, under vigorous stirring for 24 hours at 10℃. 

This PAMAM dendrimer-grafted membrane was labeled as S-G5.0. The peripheral 

functional groups of the PAMAM dendrimer on the membranes were converted to carboxyl 

groups through subsequent reactions to produce different membranes. First, the S-G5.0 

membranes were immersed in a 50 wt% MA methanol solution at 10℃ under stirring at 80 

rpm for 24 hours to convert the PAMAM-G5.0 dendrimer to PAMAM-G5.5 dendrimer, 

which has ester peripheral functional groups. Subsequently, the membranes were immersed 

in a 0.5 M NaOH aqueous solution at room temperature for 30 minutes to hydrolyze the 

ester groups into carboxyl groups. This membrane was labeled as S-G5PA. 

The S-G5+5.0 membrane is a membrane grafted with two layers of PAMAM-G5.0 

dendrimer. To fabricate S-G5+5.0 membranes, the S-G5PA membranes were immersed in 

a methanol solution containing 2.5 wt% PAMAM-G5.0 and 0.5 M KOH, under vigorous 

stirring for 24 hours at 10℃. To produce the S-G5+5PA membranes the S-G5+5.0 

membranes were treated with a 50 wt% MA methanol solution and subsequently 

hydrolyzed with a 0.5 M NaOH aqueous solution. 

The PAMAM-G5.0 dendrimer for membrane modification was synthesized by the 

divergent method, which utilized sequential Michael and amidation reactions starting from 
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the EDA core [21], [22], [23]. 

Table 7.1 Modification conditions of different types of membranes. 

Membrane 
Functional 

groups 
Alkaline treatment 

1st layer of 

Dendrimer 
2ed layer of 

Dendrimer 
PVDF NA 

O-Alk40 carboxyl 0.5 M KOH PrOH, 

1 min at 40, 50 or 

60℃  

NA O-Alk50 carboxyl 
O-Alk60 carboxyl 
O-G3.0 amine 0.5 M KOH PrOH, 

1 min at 60℃ 
PAMAM-

G3.0 
NA 

O-G3PA carboxyl 

S-Alk60 carboxyl 
10 M KOH Water, 

30 min at 80℃ 
NA 

S-G3.0 amine 
10 M KOH Water, 

30 min at 80℃ 
PAMAM-

G3.0 
NA 

S-G3PA carboxyl 
S-G3TAC quaternary amine 
S-G3PS sulfonic acid 
S-G5.0 amine 10 M KOH Water, 

30 min at 80℃ 
PAMAM-

G5.0 
NA 

S-G5.5 carboxyl 
S-G5+5 amine 10 M KOH Water, 

30 min at 80℃ 
PAMAM-

G5.0 
PAMAM-

G5.0 S-G5+5PA carboxyl 
 

To compare the filtration performance of membranes, data of membranes from our 

previous study were cited [18], [20]. The information on the membranes discussed in this 

article is shown in Table 7.1. In the abbreviation for membrane names, the “O” stands for 

overall modification, which means both inside the membrane pore and the membrane 

surface were modified. The “S” stands for surface modification, which means only the 

membrane surface was modified. The “PA”, “TAC” and “PS” stand for the different 

peripheral functional groups of dendrimers immobilized on membranes, which means 

carboxyl, quaternary amine, and sulfonic acid, respectively. The overall modification of 

the membrane was achieved by immersing the PVDF membrane in an alkaline isopropanol 

solution. Since isopropanol can penetrate the PVDF membrane, the alkaline treatment 

occurs on both the surface and within the pores of the membrane. Consequently, in the 
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subsequent PAMAM grafting step, the PAMAM dendrimers are immobilized on both the 

surface and inside the pores of the membrane. 

7.2.4. Membrane filtration 

A dead-end filtration setup was used to evaluate filtration performance as described in our 

previous work [24]. The setup involved a 200 mL feed chamber with the membrane 

(0.00159 m2) at the bottom. The process was conducted at room temperature with an 

operating pressure of 60 psig (4.14 bar) maintained using nitrogen gas. Two polymer 

solutions, PAA and PEO (100 ppm each), were filtered to study the separation mechanism. 

The feed concentration of whey protein for filtration is 100 ppm. To ensure accuracy, 10 

mL of permeate was discarded before collecting a 10 mL sample for analysis. All filtration 

tests were carried out in triplicate using three new coupons fabricated in different batches. 

The flux of the membranes was calculated using Equation (7-1) [24], as shown below. 

 𝐹𝑙𝑢𝑥 =
𝑣

𝑡∙𝐴
  (7-1) 

Where 𝑣 is the volume (0.010 L) of the permeate, 𝑡 (hour) is the time required to collect 

0.010 L of permeate, and 𝐴 is the effective area of the membranes (m2). The rejection was 

calculated by Equation (7-26), which is presented in section 7.2.6. 

7.2.5. Membrane characterization 

ATR-FTIR 

The functional groups of the membrane's surface were determined by the attenuated total 

reflectance-Fourier transform infrared (ATR-FTIR) using the Agilent Tech-Cary 630 

(Agilent, Canada) spectrometer. The membrane samples were washed with DI water and 
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dried before the measurement. 

SEM 

The morphology of the membrane's top surface was measured using a JSM-7500F field-

emission scanning electron microscope (FESEM) from JEOL, Japan. The details of surface 

SEM measurements were mentioned in Chapter 3. The average pore size was determined 

by SEM image analysis through ImageJ software. 

7.2.6. Modeling by DSPM-DE model 

The DSPM-DE model describes the separation process of nanofiltration membranes, 

particularly the separation of charged ions by membranes with charged surfaces. The 

transport of solutes along the pores can be described by the extended Nernst-Planck 

Equation (7-2) [19]. 

 𝐽𝑖 = −𝐾𝑖,𝑑 ∙ 𝐷𝑖,∞ ∙
𝑑𝑐𝑖

𝑑𝑥
+ 𝐾𝑖,𝑎 ∙ 𝑐𝑖 ∙ 𝐽𝑣 − 𝑧𝑖 ∙ 𝑐𝑖 ∙ 𝐾𝑖,𝑑 ∙ 𝐷𝑖,∞ ∙

𝐹

𝑅∙𝑇
∙

𝑑𝜙(𝑥)

𝑑𝑥
  (7-2) 

Where 𝐽𝑖 and 𝐽𝑣 are the solute flux and solvent (water) flux, respectively. 𝐾𝑖,𝑎 and 𝐾𝑖,𝑑 

are the advection and diffusion hindrance factors, respectively. 𝐷𝑖,∞  is the diffusion 

coefficient of solute i in the bulk solution. 𝑐𝑖 and 𝑧𝑖 are the concentration and valence of 

ion 𝑖. 𝑇 is the temperature. 𝐹 and 𝑅 are the Faraday constant and the ideal gas constant, 

respectively. 𝜙(𝑥) is the electrical potential at position 𝑥 along the membrane pore. The 

position 𝑥 is 0 at the feed-membrane interface and δ at the permeate-membrane interface. 

The first term on the right side of the equation represents the diffusive flux of the solute 

caused by the concentration gradient. The second term represents the advective flux due to 

solvent flow. The third term describes the electro-migration caused by the potential 

gradient. 𝐾𝑖,𝑎 can be calculated using the following empirical Equation (7-3) [25]. 
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 𝐾𝑖,𝑎 =
1+3.867∙𝜆𝑖−1.907∙𝜆𝑖

2−0.834∙𝜆𝑖
3

1+1.867∙𝜆𝑖−0.741∙𝜆𝑖
2   (7-3) 

Where 𝜆𝑖 is the ratio of the radius of the solute, 𝑟𝑠, to the membrane pore, 𝑟𝑝. 𝐾𝑖,𝑑 was 

calculated by the following empirical Equation (7-4) [25]. 

 𝐾𝑖,𝑑 = {

1+1.125𝜆i ln 𝜆i−1.56𝜆i+0.53𝜆i
2+1.95𝜆i

3−2.82𝜆i
4+0.27𝜆i

5+1.10𝜆i
6−0.44𝜆i

7

(1−𝜆i)2 , 𝑥 ≤ 0.95

0.984 (
1−𝜆i

𝜆i
)

2.5
                                        , 𝑥 > 0.95

  (7-4) 

Average pore size of the membrane 

For the uncharged solute, such as PEO, there is no electrostatic interaction between the 

solute and the membrane. The electro exclusion, including dielectric exclusion and Donnan 

exclusion, is absent, so the solute is rejected by the steric exclusion. Without considering 

the dielectric exclusion and Donnan exclusion. Equation (7-2) can be simplified to describe 

the rejection of solute i by the following Equation (7-5) [19]. 

 𝑅𝑖 = 1 −
𝑐𝑖,𝑝

𝑐𝑖,𝑓
= 1 −

𝐾𝑖,𝑎∙𝜑𝑆,𝑖

1−(1−𝐾𝑖,𝑎∙𝜑𝑆,𝑖)∙exp (−
𝐽𝑣∙𝐿𝑒

𝐷
∙
𝐾𝑖,𝑎
𝐾𝑖,𝑑

)
  (7-5) 

Where 𝑅𝑖 is the rejection of the solute 𝑖. 𝑐𝑖,𝑝 and 𝑐𝑖,𝑓 are the concentration of solute i 

in permeate phase and feed phase. The 𝜑𝑆,𝑖 , and 𝐷  are steric exclusion factors, and 

diffusivities, respectively. 𝐿𝑒  is the effective membrane thickness. According to the 

Hagen-Poiseuille Equation (7-6), the effective membrane thickness is the function of the 

solvent flux and the radius of the membrane pore [19]. 

 𝐽𝑣 =
𝑟𝑝

2∙(Δ𝑃−Δ𝜋)

8∙𝜂𝑤∙𝐿𝑒
  (7-6) 

Where Δ𝑃 is the hydraulic pressure difference across the membrane, Δ𝜋 is the osmotic 

pressure difference between the feed phase and permeate phase, and 𝜂𝑤  is the water 
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dynamic viscosity. By measuring the pure water flux of the membrane at operating pressure, 

the effective membrane thickness could be written as a function of the average membrane 

pore size, by the Hagen-Poiseuille Equation (7-6). 

With the operating pressure increase, the flux of the membrane will increase, and the 

advection will dominate the cross-membrane transport. Corresponding, the rejection will 

increase. When increasing the pressure to a certain value, the rejection will reach the 

limiting rejection, 𝑅𝑙𝑖𝑚. Over the 𝑅𝑙𝑖𝑚 increase pressure does not help improve the flux, 

since any increase in advection transport is offset by an increase in concentration 

polarization and diffusion hindrance across the membrane. Therefore,  Equation (7-5) can 

be written as Equation (7-7) [26], [27], [28]. 

 𝑅𝑙𝑖𝑚 = 1 −
𝑐𝑖,𝑝

𝑐𝑖,𝑓
= 1 − 𝐾𝑖,𝑎 ∙ 𝜑𝑆,𝑖  (7-7) 

Based on simple geometric probability considerations, the probability of solute molecules 

entering the membrane pores, steric exclusion factor 𝜑𝑆,𝑖 , can be calculated by the 

following Equation (7-8) [19]. 

 𝜑𝑆,𝑖 = {
(1 −

𝑟𝑠

𝑟𝑝
)

2

,    𝑓𝑜𝑟 𝑟𝑠 < 𝑟𝑝

0,                   𝑓𝑜𝑟 𝑟𝑠 ≥ 𝑟𝑝

  (7-8) 

Here, only the solutes that are smaller than the pore size can pass the membranes. 

The PEO is electrically neutral in the aqueous solution. Therefore, the effect of steric 

rejection of membranes and the pore size of membranes was estimated by the rejection in 

PEO filtration. The Stokes radius of linear polymer, which is PEO and PAA here, can be 

calculated by Equation (7-9) [29]. 
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 𝑟𝑠 = 2.122 × 10−8 ∙ (𝑀 ∙ [𝜂])1/3  (7-9) 

Where 𝑟𝑠 is the Stokes radius with the unit of cm, 𝑀 is the molecular weight of polymer 

with the unit of g/mol, and [𝜂] is the intrinsic viscosity of the polymer, whose unit is dL/g. 

The intrinsic viscosity of PAA and PEO polymers can be calculated by Equations. (7-10) 

and (7-11). 

For PAA [30], 

 [𝜂] = 12.4 × 10−4 ∙ 𝑀0.5  (7-10) 

For PEO [29], 

 [𝜂] = 1.192 × 10−4 ∙ 𝑀0.76  (7-11) 

The Stokes radius of PAA and PEO with molecular weight 100 kDa are 7.13 nm and 8.96 

nm, based on Equations (7-9), (7-10) and (7-11). The diffusivities 𝐷 of PAA and PEO can 

be calculated by Equation (7-12) [27]. 

 𝐷 =
𝑘∙𝑇

6∙𝜋∙𝜂𝑤
×

1

𝑟𝑠
  (7-12) 

Where 𝑘 is the Boltzmann constant. The diffusivity of PAA and PEO are 2.68×10-11 m2/s 

and 3.37×10-11 m2/s. 

The Stokes radius and diffusivity of PEO were calculated by Equations (7-9), (7-11) 

and(7-12). The average pore size can be calculated by solving Equations (7-3), (7-4), (7-5), 

and (7-8), using PEO rejection and permeate flux data. By substituting the pure water flux 

data into Equation (7-6), the effective membrane thickness, 𝐿𝑒, in Equation (7-5) can be 

expressed as a function of average pore size 𝑟𝑝 . If the flux of membrane is reaching 
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limiting flux, the average pore size can be calculated by limiting rejection of PEO, which 

is solving Equations (7-3), (7-7) and (7-8). 

Dielectric exclusion 

In the DSPM-DE model, the dielectric exclusion is represented by the dielectric exclusion 

factor, 𝜑𝐷𝐸,𝑖, which is calculated by Equation (7-13) [19]. 

 𝜑𝐷𝐸,𝑖 = 𝑒𝑥𝑝 (−
∆𝑊𝑖

𝑘∙𝑇
)  (7-13) 

Where ∆𝑊𝑖 is the change of solvation energy (energy barrier), which is calculated by the 

Born model, 𝑖.e., Equation (7-14) [25]. 

 ∆𝑊𝑖 =
𝑧𝑖

2∙𝑒2

8∙𝜋∙𝜀0∙𝑟s
∙ (

1

𝜀𝑏
−

1

𝜀𝑝
)  (7-14) 

Where 𝜀0, 𝜀𝑏 and 𝜀𝑝 are the dielectric constant of vacuum, solvent in bulk, and solvent 

in membrane pore, respectively. 

Membrane charge density 

Before calculating Donnan exclusion, the volume charge density needs to be determined. 

If the charge in membrane pores is equal to the surface charge, the effective volume charge 

density 𝑋 can be calculated by Equation (7-15) [31], [32]. 

 𝑋 =
2∙𝜎

𝑟𝑝∙𝐹
  (7-15) 

Where 𝜎  is membrane surface charge density 𝜎  (C·m-2), which is calculated by the 

Gouy-Chapmann-Stern model, which is shown in Equation (7-16) [31], [32]. 
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 𝜎 = {2 ∙ 𝜀𝑏 ∙ 𝜀0 ∙ 𝑘 ∙ 𝑇 ∙ ∑ 𝑐𝑖 ∙ 𝑁𝐴 ∙ [𝑒𝑥𝑝 (
𝑧𝑖∙𝑒∙𝜁

𝑘∙𝑇
) − 1]𝑛

𝑖 }
0.5

  (7-16) 

Where 𝑁𝐴 is Avogadro’s number, 𝜁 is the surface zeta potential of the membrane, and 

𝑒 is the electronic charge. 

Donnan exclusion 

The Donnan exclusion factor 𝜑𝐷,𝑖 is calculated by Equation (7-17) [31]. 

 𝜑D,i = exp (−
zi∙e

k∙T
∙ ∆𝜓D)  (7-17) 

Where ∆𝜓D is the Donnan potential across two interfaces. 

The ion i transport through the membrane can be expressed by Equation (7-2), which is 

mentioned in section 7.2.6. The solute flux 𝐽𝑖 of ion i in Equation (7-2) can be expressed 

as Equation (7-18). 

 𝐽𝑖 = 𝐽𝑖 ∙ ci,p  (7-18) 

The potential gradient in Equation (7-2) can be expressed as Equation (7-19) [31], [33]. 

 𝑑𝜙(𝑥)

𝑑𝑥
=

∑
𝑧𝑖∙𝐽𝑣

𝐾𝑖,𝑑∙𝐷𝑖,∞
∙(𝐾𝑖,𝑐∙𝑐𝑖−𝑐𝑖,𝑝)𝑛

𝑖=1

𝐹

𝑅∙𝑇
∙∑ 𝑧𝑖

2∙𝑐𝑖
𝑛
𝑖=1

 (7-19) 

Where 𝐾𝑖,𝑐 is calculated by following the empirical Equation (7-20) [31]. 

 𝐾𝑖,𝑐 = 1 + 0.054 ∙ 𝜆i − 0.988 ∙ 𝜆i
2 + 0.441 ∙ 𝜆i

3  (7-20) 

The system is electrically neutral, so the following equation holds [31]. 
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Electrically neutral of feed side: 

 ∑ 𝑧𝑖 ∙ 𝑐𝑖,𝑓
𝑛
𝑖=1 = 0  (7-21) 

Electrically neutral of permeate side: 

 ∑ 𝑧𝑖 ∙ 𝑐𝑖,𝑝
𝑛
𝑖=1 = 0  (7-22) 

Electrically neutral inside the membrane pore: 

 ∑ 𝑧𝑖 ∙ 𝑐𝑖(𝑥) + 𝑋(𝑥) = 0𝑛
𝑖=1   (7-23) 

The partitioning of ion i between the membrane and the feed phase is expressed as Equation 

(7-24) [31]. 

 𝑐𝑖(𝑥=0)

𝑐𝑖,𝑓
= 𝜑𝑠,𝑖 ∙ 𝜑𝐷𝐸,𝑖 ∙ 𝜑𝐷,𝑖  (7-24) 

The partitioning of ion i between the membrane and the permeate phase is expressed as 

Equation (7-25) [31]. 

 𝑐𝑖(𝑥=𝛿)

𝑐𝑖,𝑝
= 𝜑𝑠,𝑖 ∙ 𝜑𝐷𝐸,𝑖 ∙ 𝜑𝐷,𝑖  (7-25) 

The rejection of the solute i, Equation (7-26), describes the relationship between the feed 

concentration 𝑐𝑖,𝑓, and the permeate concentration, 𝑐𝑖,𝑝, of solute 𝑖. 

 𝑅𝑖 = 1 −
𝑐𝑖,𝑝

𝑐𝑖,𝑓
  (7-26) 

For PAA solution Equations (7-19) and (7-23) are written as Equations (7-27) and (7-28), 

respectively. 
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𝑑(𝑥)

𝑑𝑥
=

𝑧𝑃𝐴𝐴∙𝐽𝑣
𝐾𝑃𝐴𝐴,𝑑∙𝐷𝑃𝐴𝐴,∞

∙(𝐾𝑃𝐴𝐴,𝑐∙𝑐𝑃𝐴𝐴−𝑐𝑃𝐴𝐴,𝑝)+
𝑧𝐻∙𝐽𝑣

𝐾𝐻,𝑑∙𝐷𝐻,∞
∙(𝐾𝐻,𝑐∙𝑐𝐻−𝑐𝐻,𝑝)

𝐹

𝑅∙𝑇
∙(𝑧𝑃𝐴𝐴

2 ∙𝑐𝑃𝐴𝐴+𝑧𝐻
2 ∙𝑐𝐻)

 (7-27) 

 𝑐𝐻 =
𝑧𝑃𝐴𝐴∙𝑐𝑃𝐴𝐴+𝑋(𝑥)

−𝑧𝐻
  (7-28) 

By using Equation (7-28) and replacing 𝑐𝐻 by 𝑐𝑃𝐴𝐴, Equation (7-27) can be expressed as 

Equation (7-29). 

 
𝑑(𝑥)

𝑑𝑥
=

𝑧𝑃𝐴𝐴∙𝐽𝑣
𝐾𝑃𝐴𝐴,𝑑∙𝐷𝑃𝐴𝐴,∞

∙(𝐾𝑃𝐴𝐴,𝑐∙𝑐𝑃𝐴𝐴−𝑐𝑃𝐴𝐴,𝑝)+
𝑧𝐻∙𝐽𝑣

𝐾𝐻,𝑑∙𝐷𝐻,∞
∙(𝐾𝐻,𝑐∙

𝑧𝑃𝐴𝐴∙𝑐𝑃𝐴𝐴+𝑋(𝑥)

−𝑧𝐻
−𝑐𝐻,𝑝)

𝐹

𝑅∙𝑇
∙(𝑧𝑃𝐴𝐴

2 ∙𝑐𝑃𝐴𝐴−𝑧𝐻∙𝑧𝑃𝐴𝐴∙𝑐𝑃𝐴𝐴−𝑧𝐻∙𝑋(𝑥))
  (7-29) 

Equation (7-30) is obtained by arranging Equation (7-29). 

 𝑑(𝑥)

𝑑𝑥
=

𝑎∙𝑐𝑃𝐴𝐴+b

(𝑧𝑃𝐴𝐴
2 −𝑧𝐻∙𝑧𝑃𝐴𝐴)∙𝑐𝑃𝐴𝐴−𝑧𝐻∙𝑋(𝑥)

∙
𝑅∙𝑇

𝐹
  (7-30) 

Where a and b are expressed as Equations (7-31) and (7-32).  

 𝑎 = 𝑧𝑃𝐴𝐴 ∙ 𝐽𝑣 ∙ (
𝐾𝑃𝐴𝐴,𝑐

𝐾𝑃𝐴𝐴,𝑑∙𝐷𝑃𝐴𝐴,∞
−

𝐾𝐻,𝑐

𝐾𝐻,𝑑∙𝐷𝐻,∞
)  (7-31) 

 𝑏 = −
𝐽𝑣∙𝐾𝐻,𝑐∙𝑋(𝑥)

𝐾𝐻,𝑑∙𝐷𝐻,∞
−

𝑧𝑃𝐴𝐴∙𝐽𝑣∙𝑐𝑃𝐴𝐴,𝑝

𝐾𝑃𝐴𝐴,𝑑∙𝐷𝑃𝐴𝐴,∞
−

𝑧𝐻∙𝐽𝑣∙𝑐𝐻,𝑝

𝐾𝐻,𝑑∙𝐷𝐻,∞
  (7-32) 

Where 𝑧𝐻 and 𝑧𝑃𝐴𝐴 are 1 and -1 respectively. Equation (7-33) is obtained by substituting 

Equations (7-30) and (7-18) into Equation (7-2). Where solute i is PAA. 

 0 = −𝐾𝑃𝐴𝐴,𝑑 ∙ 𝐷𝑃𝐴𝐴,∞ ∙
𝑑𝑐𝑃𝐴𝐴

𝑑𝑥
+ 𝐾𝑃𝐴𝐴,𝑎 ∙ 𝑐𝑃𝐴𝐴 ∙ 𝐽𝑣 − 𝑐𝑃𝐴𝐴,𝑝 ∙ 𝐽𝑣 − 𝑧𝑃𝐴𝐴 ∙ 𝑐𝑃𝐴𝐴 ∙ 𝐾𝑃𝐴𝐴,𝑑 ∙ 𝐷𝑃𝐴𝐴,∞ ∙

𝑎∙𝑐𝑃𝐴𝐴+b

2∙𝑐𝑃𝐴𝐴−𝑋(𝑥)
  (7-33) 

Equation (7-34) can be obtained after rearranging. 
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 𝐾𝑃𝐴𝐴,𝑑 ∙ 𝐷𝑃𝐴𝐴,∞ ∙
𝑑𝑐𝑃𝐴𝐴

𝑑𝑥
= −𝑧𝑃𝐴𝐴 ∙ 𝐾𝑃𝐴𝐴,𝑑 ∙ 𝐷𝑃𝐴𝐴,∞ ∙ 𝑐𝑃𝐴𝐴 ∙

𝑎∙𝑐𝑃𝐴𝐴+b

2∙𝑐𝑃𝐴𝐴−𝑧𝐻∙𝑋(𝑥)
+ 𝐾𝑃𝐴𝐴,𝑎 ∙ 𝐽𝑣 ∙ 𝑐𝑃𝐴𝐴 − 𝑐𝑃𝐴𝐴,𝑝 ∙ 𝐽𝑣  (7-34) 

The Donnan potential, ∆𝜓D, across the membrane can be calculated by solving Equations 

(7-17), (7-26) and (7-34), using PAA rejection and permeate flux data, with the boundary 

conditions, Equations (7-24) and (7-25). 

7.3. Results and discussion 

7.3.1. Morphology of membrane 

 
Figure 7.1 Surface SEM images of S-G5.0 ((a), (e)), S-G5PA ((b), (f)), S-G5+5.0 ((c), (g)), and S-

G5+5PA ((d), (h)) membranes at different magnification, (a), (b), (c) and (d) are magnified 10,000 

times, (e), (f), (g) and (h) are magnified 40,000 times. 

Figure 7.1 shows the surface SEM images of S-G5.0, S-G5PA, S-G5+5.0, and S-G5+5PA 

membranes. The SEM images reveal that the pores of the modified membranes are 

predominantly circular. The pore size of the S-G5PA membrane is relatively small, whereas 

the pore size of the S-G5+5PA membrane is relatively large. The pore sizes of the S-G5.0 

and S-G5+5.0 membranes are similar, lying between the pore sizes of the S-G5PA and S-

G5+5PA membranes. 
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7.3.2. Membrane pore size 

As discussed in section 7.2.6, the membrane average pore size was computed by solving 

Equations (7-3), (7-4), (7-5), and (7-8), using PEO rejection, and permeate flux data. In 

Equation (7-5), 𝑅𝑖 and 𝐽𝑣 are the PEO rejection and permeate flux in PEO filtration. The 

effective membrane thickness, 𝐿𝑒, in Equation (7-5) can be expressed as a function of 

average pore size 𝑟𝑝 , by substituting the pure water flux data into Equation (7-6). The 

average pore size can be calculated by limiting rejection of PEO, by solving Equations 

(7-3), (7-7) and (7-8), when permeate flux is reaching limiting flux. In Equation (7-7), 

𝑅𝑙𝑖𝑚 is the PEO rejection. 

Table 7.2 Pure water flux, rejection & permeate flux of PEO filtration, measured pore radius and 

calculated pore radius of PVDF and overall modified membranes. 

Membrane 

Pure water 

flux 

(LMH) 

[18] 

PEO-100 kDa [18] Measured 

pore radius 

(nm) [18] 

Calculated pore 

radius (nm) 
Rejection 

(%) 
Flux 

(LMH) 
By 𝑅𝑖 By 𝑅𝑙𝑖𝑚 

PVDF 274.1 16.4 48.2 16.2 50.0 50.0 
O-Alk40 211.4 26.9 22.2 18.8 36.1 36.2 
O-Alk50 121.9 34.6 13.2 19.1 30.4 30.4 
O-Alk60 115.7 55.1 17.0 19.6 21.2 21.2 
O-G3.0 92.3 42.3 6.1 20.9 26.2 26.2 
O-G3PA 60.6 46.8 5.0 19.3 24.2 24.2 

 

The calculated pore radius of the membranes is listed in Table 7.2 (PVDF membranes and 

overall modified membranes) and Table 7.3 (surface modified membranes). As shown in 

Table 7.2 and Table 7.3, the pore radius calculated by rejection 𝑅𝑖 using Equation (7-5) 

and limiting rejection 𝑅𝑙𝑖𝑚 using Equation (7-7), were almost the same. Even for the S-

Alk60 membrane, which has the largest difference between the pore radius calculated by 

𝑅𝑖 and 𝑅𝑙𝑖𝑚, the two values differ by only 0.5 nm. This indicates that the permeate flux 

was equal to or above the limiting flux, so the rejection of PEO reached the limiting 
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rejection. 

Table 7.3 Pure water flux, rejection & permeate flux of PEO filtration, measured pore radius, and 

calculated pore radius of surface modified membranes (the pure water flux, PEO rejection, and PEO 

permeate flux are cited from our previous research). 

Membrane 
Pure 

water flux 

(LMH) 

PEO-100 kDa Measured 

pore radius 

(nm) 

Calculated pore 

radius (nm) 
Rejection 

(%) 
Flux 

(LMH) 
By 𝑅𝑖 By 𝑅𝑙𝑖𝑚 

S-Alk60 577.8 6.0 140.8 47.4 90.1 89.6 
S-G3.0 576.0 8.5 79.8 47.8 74.2 74.2 
S-G3PA 489.8 3.5 89.4 41.6 122.5 121.6 

S-G3TAC 484.1 5.8 78.7 43.6 92.0 92.3 
S-G3PS 424.5 8.1 65.0 59.8 75.8 75.6 
S-G5.0 229.2 6.1 13.3 47.4 88.9 89.2 
S-G5PA 266.7 10.4 6.8 37.7 65.6 65.7 

S-G5+5.0 129.4 13.7 1.6 46.2 55.7 55.6 
S-G5+5PA 332.0 6.7 26.6 58.5 85.2 85.3 

The pure water flux, PEO filtration data and measured pore size of S-Alk60, S-G3.0, S-

G3PA, S-G3TAC and S-G3PS membranes were obtained from [20]. 
 

The measured pore radius of PVDF membranes is 16.2 nm. However, the calculated pore 

radius is 50.0 nm (by 𝑅𝑖), which is 3.1 times the measured pore radius. The pore radius is 

calculated by 𝑅𝑖 Equations (7-5), considering only the advection and diffusion transport 

and steric exclusion of the PEO solute. When calculating the pore radius of the membrane, 

all pores are simplified into standard, uniformly sized cylindrical structures, and the solute 

molecules are simplified into standard spheres. Then, using Equation (7-8), the steric 

exclusion factor is calculated based on the ratio of the cross-sectional areas of the 

membrane pores and the solute molecules. However, in reality, membrane pores are not 

uniformly sized. There is a distribution of pore sizes. When the range of pore size 

distribution is large, pores significantly larger than the average pore size could cause 

substantial PEO leakage, leading to a decrease in PEO rejection. As a result, the calculated 

pore radius may be larger than the pore radius obtained from SEM image analysis. 
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Additionally, during filtration, operating pressure can cause the pores to enlarge. When 

measuring with SEM images, there is no transmembrane pressure. Therefore, the pore 

radius obtained from SEM images tends to be smaller than the actual pore radius during 

filtration. 

The same phenomenon is also observed in surface modified and overall modified 

membranes, where the calculated pore size (by 𝑅𝑖) is larger than the measured pore size. 

It is worth noticing that the pore walls of overall modified membranes contain charged 

functional groups. While the pore walls of PVDF membranes and surface modified 

membranes do not contain such charged functional groups inside the membrane pore. The 

enhancement of charges inside the membrane pores alters the effective dielectric constant 

within the pores. This change in the dielectric constant, due to enhanced charges in pores, 

affects the electric field distribution, typically leading to variations in the dielectric constant 

experienced by charged solutes at different locations, thereby altering the strength of the 

dielectric exclusion effect. Although PEO is an uncharged solute, it is still subject to the 

dielectric exclusion effect. The increased charge inside the pores enhances the dielectric 

constant of the solution within the pores, which in turn increases the repulsion of PEO 

molecules, which have a lower dielectric constant. Consequently, this results in higher PEO 

rejection. The increase in PEO rejection leads to a decrease in the calculated pore size. 

During the overall alkaline treated membrane, the degree of reaction between the alkaline 

solution and the pore walls increases with rising treatment temperature. This results in more 

charged functional groups being introduced inside the pores, enhancing the charge inside 

the pores and increasing PEO rejection. Therefore, an increase in alkaline treatment 

temperature leads to a decrease in the ratio of calculated pore size to measured pore size. 

For example, this ratio for PVDF membranes is 3.1, whereas, for membranes treated with 

alkaline solutions at 40, 50, and 60°C, the ratios of calculated pore size to measured pore 
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size are 1.9, 1.6, and 1.1, respectively. There is no charge inside the pores of PVDF 

membranes. Therefore, as previously explained, the calculated pore size is much greater 

than the measured pore size for PVDF membranes.  

7.3.3. Membrane charge density 

Table 7.4 shows the surface charge density of PVDF and modified membranes, which were 

calculated by Equation (7-16) using the surface zeta potential of the membranes. The 

surface charge density of all the membranes increased with increasing pH. At pH 4, the 

surface charge density of PVDF membranes is 0.69 mC∙m-2. Overall modification or 

surface modification has little effect on the surface charge density of the membranes, 

except for membranes grafted with sulfonic acid groups. For example, the surface charge 

density of overall modified membranes ranges from 0.60 mC∙m-2 to 0.75 mC∙m-2. The 

surface charge density of the surface modified membranes ranges from 0.54 mC∙m-2 to 0.65 

mC∙m-2, except for S-G3PS membranes. The surface charge density of the S-G3PS 

membranes is 0.93 mC∙m-2, which is obviously higher than that of other membranes. The 

functional groups of Alk, G3.0, G3PA, G3TAC, and G3PS membranes are 

carboxyl/hydroxyl (connected to the PVDF molecules), amine, carboxyl (connected to the 

dendrimer), quaternary ammonium, and sulfonic groups, respectively. At low pH values, 

the carboxyl groups on the membrane primarily exist in a non-ionized state. As the pH 

increases, these groups gradually lose protons and become negatively charged. Therefore, 

the ionization state of the membrane surface groups is controlled by the pH and their acid 

dissociation constants. When the pH is higher than the acid dissociation constants of the 

functional groups, these groups tend to lose protons and become negatively charged. When 

the pH is lower than the acid dissociation constants, the functional groups tend to absorb 

protons and become positively charged. The carboxyl and hydroxyl groups have relatively 

high acid dissociation constants, resulting in a low degree of ionization at pH 4. In contrast, 
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sulfonic acid groups have a lower acid dissociation constant, leading to significant 

ionization at pH 4. Therefore, the G3PS membrane exhibits a higher surface charge density 

at pH 4. It is worth noting that amine and quaternary ammonium groups are ionized and 

show positive charge at low pH. However, the O-G3.0, S-G3.0 and S-G3TAC membranes 

show negative surface zeta potential at pH 4. The possible reason is that the PVDF 

membrane required alkaline treatment, before PAMAM dendrimer grafting. The alkaline 

treated PVDF membranes have hydroxyl and carboxyl groups, leading to a negatively 

charged surface. After grafting, the loading rate of amine and quaternary ammonium 

groups are too low to offset the negative charge of the alkaline treated membranes. 

Therefore, the O-G3.0, S-G3.0 and S-G3TAC membranes show negative surface zeta 

potential at pH 4. 

Table 7.4 Surface zeta potential and surface charge density of the PVDF and modified membranes. 

Membrane 
Surface zeta potential 

(mV) [18], [20] 
Surface charge density 

(mC·m-2) 

pH 4 pH 6 pH 8 pH 4 pH 6 pH 8 
PVDF -27.6 -41.3 -43.1 0.69 0.99 1.04 

O-Alk60 -26.4 -49.6 -59.6 0.66 1.20 1.50 
O-G3.0 -30.5 -51.2 -58.0 0.75 1.25 1.45 
O-G3.5 -29.8 -52.2 -62.2 0.73 1.28 1.59 
S-Alk60 -23.1 -43.1 -51.1 0.60 1.03 1.25 
S-G3.0 -19.9 -44.1 -58.0 0.54 1.06 1.45 
S-G3PA -25.9 -55.4 -59.9 0.65 1.37 1.51 

S-G3TAC -24.8 -51.6 -56.0 0.63 1.26 1.39 
S-G3PS -38.7 -60.7 -63.6 0.93 1.54 1.64 

 

The surface charge density of the modified membranes is significantly higher than that of 

the PVDF membrane at pH 6 and 8. For instance, the surface charge density of the PVDF 

membrane is 1.04 mC∙m-2 at pH 8. The surface charge density of overall modified 

membranes ranges from 1.50 mC∙m-2 to 1.59 mC∙m-2 at pH 8. The surface modified 

membranes have a surface charge density ranging from 1.25 mC∙m-2 to 1.64 mC∙m-2. The 
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surface charge density increased by 50%, after overall modification, and increased by 20% 

to 60% by surface modification at pH 8. 

Table 7.5 shows the volume charge density of the PVDF and modified membranes, 

calculated using Equation (7-15). The pore radius, calculated by 𝑅𝑖 of Equation (7-5), was 

used for the volume charge density calculation. According to Equation (7-15), the volume 

charge density is related to both the surface charge density and the pore radius. 

Table 7.5 Calculated volume charge density of PVDF and modified membranes. 

Membrane 
volume charge density (mol·m-3) 

pH 4 pH 6 pH 8 
PVDF 0.29 0.41 0.43 

O-Alk60 0.65 1.18 1.47 
O-G3.0 0.59 0.99 1.15 
O-G3.5 0.63 1.09 1.36 
S-Alk60 0.14 0.24 0.29 
S-G3.0 0.15 0.30 0.41 
S-G3PA 0.11 0.23 0.26 

S-G3TAC 0.14 0.28 0.31 
S-G3PS 0.25 0.42 0.45 

 

The volume charge density of the PVDF membrane is 0.29 mol∙m-3 at pH 4 and increases 

to 0.43 mol∙m-3 as the pH rises to 8. For overall modified membranes, the volume charge 

density ranges from 0.59 mol∙m-3 to 0.63 mol∙m-3 at pH 4, and from 1.15 mol∙m-3 to 1.47 

mol∙m-3 at pH 8. In contrast, the volume charge density of the surface modified membranes 

ranges from 0.11 mol∙m-3 to 0.25 mol∙m-3 at pH 4, and from 0.26 mol∙m-3 to 0.45 mol∙m-3 

at pH 8. Despite the surface charge densities of these two types of membranes being similar, 

the volume charge density of the surface-modified membranes is much lower than that of 

the overall modified membranes. This is because the pore radius of the surface-modified 

membranes is significantly larger than that of the overall modified membranes, resulting 

in a substantially smaller volume charge density compared to the overall modified 
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membranes. Additionally, when calculating the pore radius of the membrane, the PEO 

rejection in overall modified membranes is affected by dielectric exclusion, resulting in a 

calculated pore radius that is smaller than the actual pore radius. This causes the calculated 

volume charge density to be higher than the actual volume charge density. 

7.3.4. Donnan exclusion of membrane 

The Donnan potential, ∆𝜓D, across the membrane can be calculated by solving Equations 

(7-17), (7-26) and (7-34), using PAA rejection and permeate flux data, with the boundary 

conditions, Equations (7-24) and (7-25). The pore radius, calculated using 𝑅𝑖 of Equation 

(7-5), was utilized for Donnan’s potential calculation. To simplify the calculations, the 

following assumptions were made: (1) The concentration of PAA in the feed phase remains 

constant throughout the filtration process. (2) The concentration polarization effect is 

neglected, so the feed concentration at the feed membrane interface, 𝑐𝑃𝐴𝐴,𝑓
′ , is equal to the 

bulk concentration of feed, 𝑐𝑃𝐴𝐴,𝑓 . (3) The dielectric exclusion effect is neglected, 

implying 𝜑𝐷𝐸,𝑖 = 1. 

Specifically, assume a guessing value of 𝑐𝑃𝐴𝐴(𝑥 = 0) at feed membrane interface. Then 

use Runge-Kutta methods to calculate 𝑐𝑃𝐴𝐴(𝑥 = 𝛿) at permeate membrane interface by 

Equation (7-34). The thickness of the membrane, 𝛿, is equal to the effective thickness 𝐿𝑒, 

which is calculated by pure water flux and membrane pore radius through Equation (7-6). 

The Runge-Kutta-Gill methods are a family of iterative methods used to solve ordinary 

differential equations (ODEs). Here, we use The Classical Fourth-Order Runge-Kutta-Gill 

Method (RKG4) to solve Equation (7-34), which is shown in the following [34]. First 

assume 𝑦′(𝑥) = 𝑓(𝑥, 𝑦)  and 𝑦(𝑥0) = 𝑦0 . Then the RKG4 method is given by the 

following set of equations. (1) Calculate the intermediate values (slopes) by Equations 
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(7-35), (7-36), (7-37) and (7-38). 

 𝑘1 = ℎ ∙ 𝑓(𝑥𝑛, 𝑦𝑛)  (7-35) 

 𝑘2 = ℎ ∙ 𝑓(𝑥𝑛 +
ℎ

2
, 𝑦𝑛 +

𝑘1

2
)  (7-36) 

 𝑘3 = ℎ ∙ 𝑓(𝑥𝑛 +
ℎ

2
, 𝑦𝑛 +

1

2
∙ (−1 + √2) ∙ 𝑘1 + (1 −

√2

2
) ∙ 𝑘2)  (7-37) 

 𝑘4 = ℎ ∙ 𝑓(𝑥𝑛 + ℎ, 𝑦𝑛 −
√2

2
∙ 𝑘2 + (1 +

√2

2
) ∙ 𝑘3)  (7-38) 

Update the solution by Equation (7-39). 

 𝑦𝑛+1 = 𝑦𝑛 +
ℎ

6
∙ [𝑘1 + (2 − √2) ∙ 𝑘2 + (2 + √2) ∙ 𝑘3 + 𝑘4]  (7-39) 

Where ℎ is the step size. 𝑘1, 𝑘2, 𝑘3 and 𝑘4 are the intermediate slopes. 𝑦𝑛+1 is the 

estimated value of the solution at 𝑥𝑛+1 = 𝑥𝑛 + ℎ. After using the RKG4 method solving 

Equation (7-34), the 𝑐𝑃𝐴𝐴(𝑥 = 𝛿) is calculated. Verify that 𝑐𝑃𝐴𝐴(𝑥 = 0) and 𝑐𝑃𝐴𝐴(𝑥 =

𝛿) satisfy Equations (7-24) and (7-25) or not. If it is not satisfying, re-assume a new value 

to 𝑐𝑃𝐴𝐴(𝑥 = 0) and calculate 𝑐𝑃𝐴𝐴(𝑥 = 𝛿) by Equation (7-34). The number of steps was 

1000 during the calculation. The PAA concentration distribution in the membrane is shown 

in Figure 7.2. 

Table 7.6 lists the PAA rejection and permeate flux in PAA filtration, Donnan potential, 

∆𝜓D  through the membrane, PAA concentration at feed-membrane, 𝑐𝑃𝐴𝐴(𝑥 = 0) , and 

permeate-membrane 𝑐𝑃𝐴𝐴(𝑥 = 𝛿), interface. 
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Figure 7.2 PAA concentration distribution along the membrane. 

The Donnan potential through PVDF membranes is 3.28 V. It is worth noticing that the 

calculated Donnan potential of PVDF membranes is very high. It is against the common 

viewpoint that the PVDF membrane is electrically neutral in aqueous solution. Although 

our previous results suggest that PVDF membranes exhibit different zeta potential under 

different pH in solution, the specific reason why PVDF membranes show a high calculated 

positive Donnan potential under the current conditions remains unclear. For the O-G3.0 

membrane, the Donnan potential is 3.43 V, which is higher than that of the PVDF 

membranes. This increase is due to the introduction of numerous positively charged amine 

functional groups on the O-G3.0 membranes. Except for the O-G3.0 membrane, the overall 

modifications decreased the Donnan potential. The Donnan potentials for the O-Alk60 and 

O-G3PA membranes, which both contain negatively charged groups, are -2.50 V and -3.16 

V, respectively. Among all modified membranes, the O-G3PA membranes exhibit the 

lowest Donnan potential. The O-Alk60 and O-G3PA membranes have significantly lower 

Donnan potentials compared to surface-modified membranes, due to several factors. First, 
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the volume charge density of the O-Alk60 and O-G3PA membranes is much higher than 

that of the surface-modified membranes. For example, the volume charge densities of the 

O-Alk60 and O-G3PA membranes are 0.65 mol∙m-3 and 0.63 mol∙m-3, respectively (Table 

7.5). In contrast, the volume charge densities of the surface-modified membranes range 

between 0.11 mol∙m-3 and 0.25 mol∙m-3 (Table 7.5). Second, there are charged groups inside 

the pores of the overall modified membranes, leading to a significant dielectric exclusion 

effect within the membrane pores that cannot be neglected. However, to simplify the 

calculation of the Donnan exclusion, the dielectric exclusion effect was neglected. As a 

result, the computed Donnan exclusion effect is higher than the actual effect, leading to an 

overestimation of the Donnan potential. It is important to note that when using the DSPM-

DE model to calculate the Donnan potential, the entire selective layer of the membrane is 

assumed to be charged. This means that the membrane's charge is considered uniform from 

the feed membrane interface (𝑥 = 0) to the permeate membrane interface (𝑥 = 𝛿), where 

( 𝛿 ) equals the effective membrane thickness, 𝐿𝑒 . However, for surface-modified 

membranes, the charges are concentrated in the PAMAM dendrimer layer on the surface. 

Measuring the thickness of this charged layer is challenging, and it is likely much smaller 

than the effective membrane thickness, 𝐿𝑒. As a result, the Donnan potential calculated 

using the DSPM-DE model for surface modified membranes may not accurately reflect the 

actual Donnan potential of the membrane. 

The Donnan potential through the negatively charged S-Alk60 membrane is 0.53 V, which 

is unexpectedly positive. This may be due to errors in the PAA rejection results during the 

PAA filtration experiments. The Donnan potentials through the S-G3.0 and S-G3PA 

membranes are both -0.33 V, despite the differences in charged groups on their surfaces. 

One possible reason for this is that the pH of the PAA solution is low (pH 4), leading to a 

low degree of ionization of the carboxylate groups on the surface of the S-G3PA membrane, 

which results in a low Donnan potential. Additionally, the pore size of the S-G3PA 
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membrane (121.6 nm) is larger than that of the S-G3.0 membrane (74.2 nm), leading to a 

lower volume charge density in the S-G3PA membrane. However, the PAA rejection of the 

S-G3PA membrane is greater than that of the S-G3.0 membrane. This suggests that the 

carboxylic acid groups exert a stronger repulsive effect on PAA. The Donnan potential of 

the strongly positively charged S-G3TAC membrane is -0.87 V, which is lower than the 

Donnan potentials through the S-G3.0 and S-G3PA membranes, which have relatively 

weaker surface charges. The strongly negatively charged S-G3PS membranes exhibit the 

lowest Donnan potential among the surface-modified membranes, at -1.22 V. It is worth 

noting that although the Donnan potential of the O-G3PA membranes is -3.16 V, which is 

lower than that of the S-G3PS membranes at -1.22 V, the pore size of the O-G3PA 

membranes (24.2 nm) is smaller than that of the S-G3PS membranes (75.6 nm). However, 

the PAA rejection of the S-G3PS membranes (15.9%) is higher than that of the O-G3PA 

membranes (14.3%). This indicates that the charge intensity of functional groups on the 

membrane surface plays a more significant role in PAA separation. 

Table 7.6 Rejection & permeate flux of PAA, calculated Donnan potential and PAA concentration at 

the feed membrane and permeate membrane interface of PVDF and modified membranes. 

Membrane 
PAA-100K (@ pH4) [18], 

[20] 
Donnan 

potential ∆𝜓D 

(V) 

𝑐𝑃𝐴𝐴(𝑥 = 0) 

(M) 
𝑐𝑃𝐴𝐴(𝑥 = 𝛿) 

(M) 
Rejection Flux (LMH) 

PVDF 0.0% 193.1 3.28 1.92×10-4 1.92×10-4 
O-Alk60 11.2% 65.7 -2.50 5.58×10-9 4.96×10-9 
O-G3.0 0.0% 38.4 3.43 1.81×10-4 1.81×10-4 
O-G3PA 14.3% 13.6 -3.16 1.99×10-9 1.70×10-9 
S-Alk60 2.4% 401.5 0.53 2.05×10-6 2.00×10-6 
S-G3.0 5.2% 341.2 -0.33 4.42×10-7 4.20×10-7 
S-G3PA 9.8% 333.3 -0.33 4.55×10-7 4.10×10-7 

S-G3-TAC 12.8% 289.5 -0.87 1.69×10-7 1.47×10-7 
S-G3-PS 15.9% 285.9 -1.22 8.66×10-8 7.28×10-8 

 

The PAA concentration in the feed bulk phase is 1×10-6 M. The PAA concentration at the 
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feed-membrane interface of PVDF membranes is 1.92×10-4 M, which is significantly 

higher than the concentration in the bulk solution. Due to absorption by the positively 

charged amine groups, the PAA concentration at the feed-membrane interface of S-G3.0 

membranes is 1.81×10-4 M, which is also much higher than the bulk solution concentration. 

Except for the S-G3.0 and S-Alk60 membranes, the feed-membrane interface PAA 

concentrations of the modified membranes are lower than the bulk solution concentration 

due to repulsive interactions from the negative charges on the membranes. The feed-

membrane interface PAA concentration of the S-Alk60 membrane is higher than the bulk 

solution concentration, which may be attributed to experimental errors during the PAA 

filtration experiment. 

7.3.5. Filtration performance in whey protein separation 

Table 7.7 lists the rejection and permeate fluxes for the S-G5.0, S-G5PA, S-G5+5.0, and S-

G5+5PA membranes during the filtration of PAA, whey protein, and BSA (bovine serum 

albumin). In PAA filtration, the S-G5PA and S-G5+5PA membranes show the highest 

rejection, at 32.1% and 31.3%, respectively, whereas the amine group membranes (S-G5.0 

and S-G5+5.0) exhibit lower rejections, at 20.0% and 7.6%, respectively. Regarding 

permeate flux, the S-G5+5PA membrane has the highest flux at 105.8 LMH, indicating that 

the double PAMAM layer with carboxyl groups significantly improves permeability. The 

S-G5.0 membrane also demonstrates a relatively high flux of 91.7 LMH. In contrast, the 

S-G5PA and S-G5+5.0 membranes have much lower permeate fluxes, at 47.9 LMH and 

11.0 LMH, respectively. Carboxyl group modifications (S-G5PA and S-G5+5PA) enhance 

the rejection of PAA. The double PAMAM layer containing carboxyl group modification 

(S-G5+5PA) significantly enhances permeate flux during PAA filtration. 

In whey protein filtration, the S-G5+5.0 membrane achieves the highest rejection at 92.9%, 
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followed closely by the S-G5.0 membrane with a rejection of 89.1%. The S-G5PA and S-

G5+5PA membranes exhibit slightly lower rejections at 87.9% and 84.6%, respectively. In 

terms of permeate flux, the S-G5+5PA membrane maintains the highest flux at 6.7 LMH. 

The S-G5.0 and S-G5PA membranes have similar fluxes, both at 6.4 LMH, while the S-

G5+5.0 membrane has the lowest flux at 2.8 LMH. For whey protein filtration, the 

membranes with amine group, S-G5.0 and S-G5+5.0, provide higher rejections. 

Table 7.7 Rejection and permeate flux of single or PAMAM layer with amine or carboxyl groups 

modified membranes in PAA, whey protein, and BSA filtration. 

Membrane 
PAA Whey BSA 

Rejection 

(%) 
Flux 

(LMH) 
Rejection 

(%) 
Flux 

(LMH) 
Rejection 

(%) 
Flux 

(LMH) 
S-G5.0 20.0 91.7 89.1 6.4 99.4 6.4 
S-G5PA 31.3 47.9 87.9 6.4 99.9 5.3 

S-G5+5.0 7.6 11.0 92.9 2.8 100.0 2.6 
S-G5+5PA 32.1 105.8 84.6 6.7 99.4 4.2 

 

In BSA filtration, all membranes exhibit very high rejection. The rejection of all 

membranes is over 99.4%. However, while the S-G5.0 and S-G5PA membranes have 

relatively higher fluxes, 6.4 LMH and 5.3 LMH, the S-G5+5PA membrane has a lower flux 

of 4.2 LMH, and the S-G5+5.0 membrane has the lowest flux at 2.6 LMH. This indicates 

that the double PAMAM layer with amine groups significantly reduces permeability. In 

BSA filtration, all membranes perform exceptionally well in terms of rejection, but double 

PAMAM layer modifications, especially with amine groups (S-G5+5.0), significantly 

reduce flux. 

Therefore, amine group modifications generally provide high whey protein rejection but 

can significantly reduce flux when applied in double PAMAM layers. Carboxyl group 

modifications offer a good balance between rejection and permeate flux. Double PAMAM 

layer modifications not only have a minimal effect on protein rejection but may also lead 
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to a decrease in permeate flux compared to single PAMAM layer modifications. 

Table 7.8 Rejection and permeate flux of PVDF, overall, and surface modified membranes in whey 

protein filtration. 
Membrane [18], 

[20] 
Whey protein filtration 

Rejection (%) Flux (LMH) 
PVDF 58.9 15.3 

O-Alk60 97.3 5.6 
O-G3.0 95.7 3.1 
O-G3PA 98.8 2.3 
S-Alk60 70.8 41.3 
S-G3.0 63.1 24.6 
S-G3PA 79.0 30.3 

 

Compared with our previous data, increasing the generation of PAMAM dendrimers for 

surface modification leads to higher whey protein rejection but a decrease in permeate flux. 

The whey protein rejection and permeate flux of PAMAM-G5.0 dendrimer modified 

membranes fall between those of PAMAM-G3.0 dendrimer surface modified membranes 

and PAMAM-G3.0 dendrimer overall modified membranes. This indicates that the 

filtration performance is still constrained by the selectivity-permeability trade-off principle. 

7.4. Conclusions 

In this study, we investigated the separation performance of pristine and modified PVDF 

membranes using the DSPM-DE model. The modifications involved grafting PAMAM 

dendrimers, which significantly improved the membrane properties. The results showed 

that the modified membranes exhibited increased permeate flux and enhanced rejection of 

PAA compared to the unmodified PVDF membranes. The PAMAM-G5.0 dendrimer 

modified membranes significantly increased whey protein rejection, while causing a 

substantial reduction in permeate flux. 
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Using PEO filtration data and the DSPM-DE model to calculate the pore radius of the 

membranes, it was found that the calculated pore radius was larger than the pore radius 

measured by SEM. 

For the membranes with more charged functional groups inside the pores (charged pores), 

the PEO molecules experienced stronger dielectric exclusion during filtration, leading to 

increased PEO rejection. As a result, the calculated pore radius was closer to the pore radius 

measured by SEM. This indicates that, even though PEO is an electrically neutral molecule, 

it still experiences a certain degree of electrostatic interaction when passing through 

charged membrane pores. 

The surface charge density of the membrane increases with pH rising. Due to the low acid 

dissociation constant of the sulfonic acid group, the S-G3PS membrane can achieve a 

relatively high surface charge density at lower pH levels, such as 0.93 mC·m-2 at pH 4. 

Introducing charged functional groups into the PVDF membrane significantly enhances 

the surface charge density, especially at higher pH values. The presence of charged 

functional groups within the membrane pores has a minimal effect on the surface charge 

density but greatly impacts the volume charge density. Membranes with charged functional 

groups inside the pores exhibit significantly higher volume charge density compared to 

membranes without such groups. Additionally, the modification process alters the pore size, 

with surface modified membranes having larger pore radii than those modified both on the 

surface and internally. Consequently, the volume charge density of surface-modified 

membranes is lower than that of membranes modified both on the surface and internally. 

With the exception of the O-G3.0 and S-Alk60 membranes, membrane modifications 

significantly reduce the Donnan potential. Among these, overall modifications have the 

most substantial effect on lowering the Donnan potential. Higher volume charge densities 
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in O-Alk60 and O-G3PA membranes lead to lower Donnan potentials. The S-Alk60 

membrane's positive Donnan potential (0.53 V) may be due to experimental errors, while 

S-G3.0 and S-G3PA membranes show -0.33 V, affected by the low pH of the PAA solution. 

The analysis of UF membranes separating macromolecular solutes using the DSPM-DE 

model revealed certain discrepancies between the calculated and measured results. 

Experimental data, combined with theoretical modeling using the DSPM-DE model, 

elucidated the separation mechanisms and the impact of electrostatic interactions on 

membrane performance. The DSPM-DE model effectively explained the observed 

improvements in flux and rejection rates. 
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Chapter 8. Conclusions 

In this project, the process of protein separation using PAMAM dendrimer modified PVDF 

membranes was systematically studied. By selecting different KOH alkaline solutions, 

PAMAM was immobilized either on the surface of the PVDF membrane (treated with 

aqueous KOH) or simultaneously on both the surface and inside the pores of the PVDF 

membrane (treated with isopropanol KOH solution). The effects of different alkaline 

treatments on the surface properties of PVDF membranes and the filtration of whey protein 

or casein were also systematically investigated. Additionally, the DSPM-DE model was 

used to analyze the separation processes of PVDF membranes and PAMAM dendrimer-

modified membranes. 

At a feed pH of 10, alkaline treatment (isopropanol KOH solution) significantly increased 

the rejection of casein, and whey protein, without significantly altering membrane 

permeability. Under these conditions, the PVDF membrane showed a rejection of 76.4% 

for casein and 69.4% for whey protein, with permeate fluxes of 17.3 LMH and 17.7 LMH, 

respectively. After treatment with the alkaline solution at 60°C (Alk60 membrane from 

Chapter 3), the rejection for casein and whey protein increased to 88.5% and 80.4%, 

respectively, while the permeate fluxes remained largely unchanged at 17.5 LMH and 18.4 

LMH. 

The study on PAMAM dendrimer-modified PVDF membranes revealed that immobilizing 

PAMAM on both the surface and inside the pores of PVDF membranes significantly 

enhanced the rejection of whey protein but also notably reduced the permeate flux. After 

immobilizing generation 3 PAMAM dendrimer, with carboxyl functional groups, (G3PA 

membrane from Chapter 5), the rejection for whey protein increased from 58.9% (PVDF 

membrane) to 98.8%, while the permeate flux significantly decreased from 15.3 LMH 
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(PVDF membrane) to 2.3 LMH. 

When PAMAM dendrimer was immobilized only on the surface of the PVDF membrane, 

the rejection for whey protein was moderately increased (whey protein rejection is less than 

when immobilized both on the surface and inside the pores), but due to the significant 

increase in surface porosity during alkaline treatment, the permeate flux of the membrane 

not only did not decrease but increased. After immobilizing generation 3 PAMAM 

dendrimer (with carboxyl functional groups) (G3PA membrane from Chapter 6), the 

rejection and permeate flux for whey protein increased to 79.0% and 30.3 LMH, 

respectively. 

Analysis of PVDF membranes and modified membranes using the DSPM-DE model 

revealed that immobilizing PAMAM dendrimer on both the surface and inside the pores 

(overall modification) reduces pore size, while immobilizing PAMAM dendrimer only on 

the surface (surface modification) increases pore size. The surface charge density of the 

membranes increased significantly after modification. However, due to changes in pore 

size during modification, the volume charge density of the overall modified membranes is 

significantly higher than that of the surface-modified membranes, resulting in stronger 

Donnan potentials for the overall modified membranes. 

Overall modification, which involves modifying both the membrane surface and interior, 

leads to decreased pore size and increased Donnan potential, significantly enhancing whey 

protein rejection. However, the reduced pore size also causes a significant decrease in 

permeate flux. In contrast, surface modification increases pore size and generates a 

negative Donnan potential, resulting in higher whey protein rejection and permeate flux. 

Nevertheless, due to the larger pore size, weaker Donnan potential, and absence of charges 

within the pores (leading to weaker dielectric exclusion), the whey protein rejection of 
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surface-modified membranes is lower than that of membranes modified both on the surface 

and interior. 

For future research, the following are recommended: 

1. Conduct protein separation tests using commercial PVDF membranes with surface 

PAMAM grafting. Previously, we applied bulk PAMAM grafting on commercial 

membranes but encountered issues: commercial PVDF UF membranes consist of a thin 

PVDF layer and a supporting layer of another polymer, which degraded during alkaline 

isopropanol treatment. This degradation produced suspended particles that blocked 

membrane pores, reducing both flux and mechanical strength. Surface-only PAMAM 

grafting on commercial PVDF membranes can avoid these issues. Additionally, 

commercial membranes generally offer good uniformity, stable pore size distribution, and 

high permeability. Thus, PAMAM surface-grafted membranes are expected to achieve 

higher permeate flux while maintaining similar rejection rates. 

2. Conduct protein separation tests on commercial PVDF membranes with different pore 

sizes or MWCO after PAMAM surface grafting to identify the optimal pore size for 

effective protein separation. 

3. Test the long-term stability of surface PAMAM-grafted membranes through extended 

filtration and backwashing to determine if PAMAM or other organic molecules are released 

over time. 

4. Assess the crossflow filtration performance of surface PAMAM-grafted membranes for 

protein separation, focusing on protein rejection, permeate flux, and anti-fouling properties. 

5. Use PEO molecules with different molecular weights in filtration tests to refine pore size 
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analysis using the DSPM-DE model. By combining SEM-measured pore size distribution 

data, incorporate the effects of membrane pore size distribution in the steric exclusion 

analysis within DSPM-DE. 

6. Conduct PAA filtration under various feed pH levels. Altering the pH changes the charge 

intensities of PAA and the membrane, enabling analysis of how charge variations affect 

separation performance. 

7. In DSPM-DE analysis, consider using the zeta potential of PAA in place of valency, as 

zeta potential may better reflect the charge characteristics of the solute. 

8. In DSPM-DE analysis, measure the dielectric properties of the membranes and consider 

the dielectric effect during calculation. In this research, the effect of dielectric exclusion 

was ignored, to simplify the calculation. However, when calculating the pore size of the 

membrane through the filtration data of PEO, it was found that the dielectric effect inside 

the membrane pores has an impact on the rejection of the solute. It is important to consider 

the effect of dielectric interactions. 

9. Systematically study intraporous modification of PVDF and other hydrophobic 

membranes using alkaline/alcohol/water ternaries while avoiding phase separation. 
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