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ABSTRACT 

FOULING AND AGING IN MEMBRANE FILTRATION: HYBRID AFM-BASED 

CHARACTERIZATION, MODELLING AND REACTIVE MEMBRANE DESIGN 

 

by 

Wanyi Fu 

Membrane filtration has been extensively used in water and wastewater treatment, 

desalination, dairy making, and biomass/water separation. However, membrane fouling, 

aging and insufficient removal efficiency for dissolved organic matters remain major 

challenges for wider industrial applications. In order to tackle these challenges, this 

doctoral dissertation investigates mechanisms of membrane fouling and development of 

antifouling membrane filtration technologies. Specifically, four major research areas are 

explored: (i) nanoscale physicochemical characterization of the chemically modified 

polymeric membranes; (ii) quantitative modelling between membrane properties and 

membrane fouling and defouling kinetics; (iii) development of quantitative structure-

activity relationships for membranes that undergo thermal and chemical aging treatments; 

and (iv) design of microwave-assisted reactive and antifouling membrane filtration system. 

The first research study focuses on the development and validation of atomic force 

microscope (AFM) and hybrid AFM-IR techniques to acquire surface topography, 

hydrophobicity and chemical distribution at nanoscale on polymeric membranes. AFM is 

used to obtain the topography images that show the pore size, porosity and also surface 

roughness of the polymeric membranes. Moreover, the chemical force mode of AFM is 

applied to probe nanoscale hydrophobicity on modified membranes. Furthermore, the 

AFM-IR technique offers accurate chemical identifications and distribution of additives on 

modified membranes at nanoscale, which is not achievable by conventional FTIR due to 



its low resolution or low sensitivity. The hybrid AFM techniques are believed to be critical 

for the nanoscale characterization for material properties in a wide spectrum of applications. 

In the second work, predictive models for membrane fouling and defouling kinetics 

are developed. The models integrate membrane surface properties (i.e., hydrophobicity and 

surface charge) and filtration performances with protein, saccharides and natural organic 

matters (NOM) as model foulants. Positive correlations (R2=0.74-0.99) are obtained 

between the fouling rates and the foulant deposition rates on different membrane-foulant 

interaction systems. This correlation could be used for further developing predictive 

models of membrane fouling. 

In the third work, the chemical and thermal stability of surface chemically modified 

polyether sulfone (PES) membranes are investigated. The membranes’ physical (i.e., pore 

size, roughness), mechanical (i.e., tensile strength) and chemical characteristics (i.e., IR 

spectrum, and hydrophobicity) are evaluated. The quantitative structure-activity 

relationships (QSAR) for membrane filtration after aging are developed.  

Sustaining high flux and diversified pollutant rejection are two crucial benchmarks 

for membrane filtration. In the fourth work, a microwave-enhanced membrane filtration 

process that uses microwave (MW) to energize catalyst-coated ceramic membranes is 

designed. MW irradiation is selectively absorbed by catalysts and H2O2 to produce 

‘‘hotpots” on membrane surface and promote generation of radicals and nanobubbles. The 

MW-Fenton-like reactions enhance chemical degradation of persistent organic pollutants 

(i.e., 1,4-dioxane) and significant mitigation of fouling. MW irradiation can effectively 

penetrate membrane modules and selectively promote surface reactions, which may open 

new avenues toward reactive and antifouling membrane filtration techniques. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background and Challenges 

During the last few decades, membrane filtration has been extensively used in water and 

wastewater treatment,1, 2 desalination,3, 4 dairy making,5 and recovery of rare metals. 

However, membrane fouling is one of the major challenges in the industrial applications.6 

To mitigate the membrane fouling, three major methods were investigated: modification of 

membrane to obtain antifouling membranes;7-9 periodic cleaning including hydraulic 

cleaning and chemical cleaning;10-12 improvement of operation conditions including 

pretreatment13-15 and additional force aided technology. Nevertheless, these methods still 

have a number of limitations. Their problems and challenges would be discussed below.  

First, a comprehensive characterization platform is in need for the modified 

membranes. To mitigate the membrane fouling, chemical modification of membranes is a 

popular way to enhance antifouling properties and durability.7-9 For the modification of 

membranes, hydrophilized polymer membranes are broadly manufactured for industrial 

applications as hydrophilic membranes are known to suffer less from membrane fouling in 

water treatment.16, 17 Chemical modification of membrane surface chemistries are often 

achieved by cross-linking, adsorption or covalent grafting of charged ionic species, 

amphiphilic or hydrophilic additives.18, 19 Even a small fraction of such chemical blending 

at a local scale or nanoscale lengths of materials may substantially alter surface 

characteristics, such as electric, mechanical, wetting properties and topography as well as 

the interfacial properties. These characteristics eventually play a complex interplay the 
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resulting filtration performance in terms of solute-membrane interactions, permeate flux, 

rejection selectivity, fouling/antifouling, and aging. Proper characterization is the key to 

accurately delineating and predicting the influences of chemical modification on 

membrane properties and filtration performances. However, traditional diffraction (e.g., 

FTIR, Raman and XPS) based characterization tools has limited spatial resolution at 

several microns and no capability to resolve chemical features at nanoscale that potentially 

permits a molecule-level understanding of material property changes after modification. 

For instance, FTIR and contact angle measurements are often used to analyze surface 

functional groups and hydrophobicity, which are both a bulk scale measurement and have 

no indication of local scale material properties. Clearly, innovative combinations of 

different emerging analytical tools are needed to perform rapid, in situ, and possibly real-

time imaging and quantification of both physical and chemical properties of membranes, 

which is crucial for unravel new information about material properties and novel 

membrane design.  

Second, there still remains a challenge to better understand membrane aging 

mechanism in order to develop optimized cleaning protocols. It is well known that 

membrane filters undergo reversible and irreversible fouling. Reversible fouling could be 

reduced by hydraulic backwash while irreversible fouling, often involved in strong 

chemical binding between foulant and membrane surface, has to be chemically cleaned 

using harsh agents (e.g., oxidant, acid and base).20, 21 The intensity of backwash and the 

exposure of cleaning agents may have negative influence on the membrane life time.22 For 

example, chemical cleaning can induce the polymer oxidation and thus compromise the 

material integrity of membranes. In most cases, membrane aging is reduced to polymer 
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aging and methods developed are based on the evaluation of polymer characterization. 

Until now, there is neither an established definition nor detailed elucidations of membrane 

aging in the literature. Therefore, in order to compensate for the lack of aging data and 

aging mechanism from the literature, there is a continuous need for investigation to 

elucidate the aging mechanisms. 

Third, novel non-destructive membrane defouling processes are urgently needed to 

promote sustainable separation processes. Additional drawbacks of those periodic cleaning 

techniques are that they interrupt the continuous filtration process. Alternatively, 

pretreatments (e.g., coagulation, adsorption, oxidation, biological treatment, and some 

integrated pretreatments) can in various degrees alleviate the fouling by improving the 

membrane filtration feed quality. But for these pretreatment technologies, multiple 

problems (e.g., uncertainty on the membrane fouling, unfavorable by-products, scale 

problem and higher cost) emerged during the applications. Novel membrane filtration 

processes that exhibit robust antifouling properties are urgently needed to promote 

sustainable separation processes for producing value-added products (e.g., clean water) or 

chemicals for drug, food, and pharmaceutical processing. The use of additional forces to 

aid filtration has gained increasing attention in recent years.23-25 For example, the 

magnetically assisted filters, electrically assisted filters and ultrasonically enhanced 

filtration were investigated to mitigate membrane fouling. However, these methods suffer 

high energy consumption, membrane erosion and insufficient energy dissipation across 

membrane modules. Clearly, developing innovative membrane filtration processes that can 

efficiently filtrate water with strong antifouling characteristics is a pressing task. 
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1.2 Advances of Hybrid AFM for Nanoscale Physicochemical Characterization 

Atomic force microscopy (AFM) has evolved to be one of the most powerful tools for 

characterization of material surfaces especially at nanoscale.26, 27 AFM utilizes a cantilever 

with a sharp tip (radius of curvature is 5-10 nm) that oscillates over the surface of samples. 

The subtle changes in heterogeneity on local material surfaces induces sensitive changes 

in vibration amplitude and frequency of the cantilever tip.28-30 Multiple physicochemical 

and electric properties can be mapped and quantified by AFM with nanometer resolutions. 

For example, characteristics such as, surface morphology,31, 32 surface roughness,33 

stiffness,34, 35 adhesiveness,36, 37 viscosity,38 hydrophobicity,33 conductivity,39 

capacitance,40, 41 magnetization,42 surface potential43 and work function32 can be 

determined accurately. Additionally, analyses such as Kelvin probe force microscopy 

(KPFM), operated in the electric mode of AFM, could generate 3D mapping of the surface 

electric potential distribution and measure the local work functions (or Fermi energy 

levels).44, 45 In particular, the surface electric potential measures the work function 

difference between the probe tip and sample surfaces brought into close proximity.46 The 

surface electric potential is also highly sensitive to the samples’ chemical compositions, 

electric states, local charges, doping levels, and dielectric properties.47 Compared to other 

electron microscopies, such as scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM),48, 49 AFM has more characterization functions related to 

physicochemical properties. A few have been mentioned above. 

More importantly, in AFM characterization, the original physiological states of 

samples can be well preserved. Samples can be placed in vacuum, gases, or aqueous 

environments with desirable conditions or chemistries, reducing potential artifacts on 
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samples from sample preparation. Thus, AFM characterization provides an attractive and 

non-destructive means for examining surface properties.  

In addition to physical, mechanical and electric properties, probing chemical 

properties (e.g., chemical identification and distribution) on sample surfaces is an 

indispensable aspect of material characterization, which can also be achieved by AFM. In 

fact, KPFM has proven to be a powerful mode that not only maps surface potential 

distribution but also identifies the chemical domain, based on the work function differences 

of different molecular moieties.35, 50, 51 KPFM has been used to characterize morphology 

and determine the surface potentials of a broad spectrum of materials, including 

semiconductors,52 inorganic films,53 self-assembled monolayers (SAMs),54 and polymer 

thin films.55, 56  Particularly, the measured surface potentials could help identify and 

differentiate target materials from the background or surrounding components.57 

Recent development of AFM has incorporated a suite of analytical techniques, 

including Raman spectroscopy, Infrared (IR) spectroscopy and confocal microscopy to 

further extend other capabilities such as revealing chemical composition and mapping the 

chemical distribution on sample surfaces.58-60 For example, scanning microwave 

microscopy  was designed for nanoscale electromagnetic properties measurements,61, 62 

mode synthesizing atomic force microscopy for characterization of low-density material,63 

and combined scanning electrochemical-atomic force microscopy for simultaneous 

topographical and electrochemical measurements with high spatial resolutions.64 Likewise, 

traditional diffraction (e.g., IR, Raman and Confocal Raman) has limited spatial resolution 

at several microns (e.g., 3–30 µm), depending on the laser wavelength and instrumentation. 

By contrast, hybrid AFM techniques combined with IR and Raman demonstrated 
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simultaneous physical and chemical characterization of organic interfaces of bacteria and 

polymer blends at ~10 nm lateral resolution and monolayer sensitivity (over 100 times 

higher in spatial resolution compared to traditional FTIR and Raman).59, 65-67 Clearly, 

hybrid AFM makes it possible to perform rapid, in situ, and possibly real-time imaging and 

quantification of both physical and chemical properties at a nanoscale level. This is crucial 

to unravel novel and revolutionary information about material properties.  

The following literature review aims to deliver the current state of knowledge on 

hybrid AFM principles and applications with focuses on AFM-IR and AFM-Raman 

techniques. Basic concepts and principles pertaining to these two techniques and other 

relevant spectroscopy are presented first. These are followed by critical review and 

discussion of various major applications in different research fields or sample types to 

highlight the major achievement in the past. The current drawbacks and limitations of these 

two hybrid AFM techniques are discussed with extensive examples. These discussions 

shed new light on the future research requirements and further improvements in stability 

and reliability of characterizations. 

1.2.1 Principles and Applications of AFM-IR 

To increase spatial resolution and detection sensitivity, AFM-IR was first designed by 

Alexandre Dazzi and co-workers in 2005.68 Within the last decade, the AFM–IR instrument 

facilitated many research fields in polymer material, biological structure and 

pharmaceutical development. In AFM-IR, a ZnSe prism is used as a sample holder with a 

pulsed tunable IR laser as the irradiation source. As shown in Figure 1.1,69 when the laser 

wavelength matches an absorption band of the sample, the absorbed laser light causes a 

photothermal heating effect and a local material expansion. The rapid thermal expansion 
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excites resonant oscillations of the AFM cantilever, which are detected as a ringdown 

signal. The signal amplitude is then Fourier transformed to be a function of the laser 

wavenumber and directly reflects the IR absorption characteristics of materials. As the 

resonance frequency is correlated well with the conventional IR spectra,70 the spectra 

obtained from AFM-IR can be searchable in existing databases.71, 72 

Using an AFM tip to detect the local thermal expansion makes the IR absorption 

measurement below the conventional diffraction limit possible. Therefore, AFM-IR is also 

called photo-thermal induced resonance (PTIR) technique. To further enhance the 

measurement sensitivity, a laser source called quantum cascade laser (QCL) with a high 

pulsed frequency about 1000 times higher than that previous lasers used for AFM-IR.73 As 

shown in Figure 1.1, by matching the repetition frequency of the mid-infrared QCL pulses 

with the resonant frequency of the AFM cantilever, the mechanical resonant enhancement 

of the cantilever deflection amplitude is achieved. This increases the detection sensitivity 

of the force on AFM tips due to the thermal expansion and gives rise to the IR sensitivity 

by several orders of magnitude.73, 74  

 
Figure 1.1 Schematics of the AFM-IR measurement. 
Source: Ref.69 
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1.2.1.1 Applications in Polymer Characterization. Traditional IR spectroscopy of 

bulk polymers provides an average of all absorptions in the path of radiation. Variations 

within a sub-micrometer sample regions may not be detectable75, which hampers the 

analysis of polymer (e.g., fibers) with diameters smaller than the wavelength of infrared 

radiation. In addition, distortions may occur to IR spectral band shapes and limit detection 

sensitivity. In polymer characterization, Ghosh et al. applied AFM-IR and obtained infrared 

spectra and IR mapping images of poly(diphenylbutadyine) (PDPB) fibers at a high spatial 

resolution (~ 100 nm) (Figure 1.2).71 Dazzi et al. applied resonance enhanced AFM-IR with 

QCL to study a polyurethane film with antioxidant and lubricant as additives. The results 

showed that AFM-IR successfully mapped out the distribution of additives on the surface 

(Figure 1.3),65 which opens to the possibility of analyzing the additive loss. It is noted that 

leaching might affect the medical device biocompatibility. Besides, a “lightning rod” effect 

can be produced using the Au coated probes, which enhances the illumination on local 

sample surfaces and ultimately increases the detection sensitivity.65 For example, imaging 

of self-assembled monolayers by resonance enhanced AFM-IR. This was reported by Lu 

et al., who indicated that the sensitivity was improved by several orders of magnitude and 

also pointed out that the spatial resolution of images can only be limited by the apex size 

of AFM tips.73 

  

http://www.sciencedirect.com/science/article/pii/S0378517315001556#bib0045
http://www.sciencedirect.com/science/article/pii/S0378517315001556#bib0045
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Figure 1.2 AFM image, IR mapping and infrared spectra of PDPB fibers by AFM-IR. (a) 

Topographic image of photosynthesized PDPB by conventional AFM (The color scale on 

the right shows the Z-height of the sample). (b-d) AFM-IR mappings of the photo-induced 

PDPB polymer nanostructures at different fixed wavenumbers (The color scale on the right 

shows the intensity of IR absorption signal): 1490 cm-1 (b) 2146 cm-1 (c) and 3054 cm-1 

(d). (e–g) IR spectra recorded at three different spectral regions of the PDPB polymer. 
Source: Ref.71 
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Figure 1.3 Height images and IR spectra of the lubricant deposits on the spincoated 

polyurethane film. (a) (b) height images; (c) (d) corresponding IR spectra for the deposit 

(A) and the film surface (B). The color scale on the left image shows the Z-height of the 

sample. 
Source: Ref.65 

 

With the unparalleled capabilities in local chemical mapping and identification, 

distribution and partitioning (or phase-separation) of multicomponent polymer blends can 

be examined using the AFM-IR technique, based on spectral fingerprints and variations. H. 

Cho et al. used AFM-IR to characterize a polymer blend of polystyrene (PS) and 

polymethyl methacrylate (PS/PMMA) and determined the spatial distribution on samples 

of polymer film (Figure 1.4).76 

Wavenumber (cm-1) 

c a 

b d 
Wavenumber (cm-1) 
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Figure 1.4 AFM topography image and IR chemical mapping of a polymer blend sample 

(PS/PMMA). (a) AFM topographic image; (b) AFM-IR chemical map at a fixed 

wavenumber of 3026 cm-1. 
Source: Ref.76 

 

1.2.1.2 Applications in Pharmaceutical Industries. Determining the extent of 

miscibility of amorphous components is important for pharmaceutical engineering such as 

polymer-polymer blending. Van Eerdenbrugh et al. utilized AFM-IR to investigate a set of 

polymer blends comprised of poly(vinylpyrrolidone) (PVP) with dextran at a ratio of 50:50 

(w/w) and gained spatially resolved insights into the morphology of the blend.77 Figure 1.5 

shows that molecular weights of polymer blends could vary the morphology or phases of 

polymer films according to the AFM mapping and local mid-IR spectra acquired at 

nanoscale. Hitesh et al. used AFM-IR for miscibility determination of amorphous solid 

dispersion (ASD) of itraconazole (ITZ) and hydroxypropyl methylcellulose (HPMC) in 

conjunction with differential scanning calorimetry (DSC).78 As shown in Figure 1.6, the 

spectra from the discrete domains show the presence of a carbonyl peak (indicative of the 

ITZ-rich phase), whereas the continuous phase or drug-lean phase either lacks the carbonyl 

peak or has a low signal at 1700 cm-1. The AFM results revealed that the ITZ-HPMC 

system was not uniformly mixed, but had a phase separation. Conversely, the DSC results 

a b 
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showed that the ASDs were miscible. Thus, miscibility evaluation in drug−polymer 

systems is one of the unique analytical capabilities of AFM-IR. 

 
Figure 1.5 Localized nanoscale mid-IR spectra of a DEX6-PVP90 blend (Left column) 

and a DEX40-PVP12 blend (Right column). (a-b) Topographical images (the positions of 

the spectral measurements are marked). (c-d) Local nanoscale mid-IR spectra. (Dextrans 

molecular weights 6,000 (DEX6) and 40,000 (DEX 40); PVP grades K 12 (PVP12) and K 

90 (PVP90)). The color scales on the upper images show the Z-height of the sample. 
Source: Ref.77 

Pure PVP90 Pure PVP12 

Pure DEX6 

a b 

c 
d 

Pure DEX40 
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Figure 1.6 AFM topographic image and local scale IR spectra of the ITZ-HPMC ASD 

films. (a) AFM topographic image; (b) local scale IR spectra obtained from the points 

marked by blue and red cross. The color scale on the left image shows the Z-height of the 

sample. 
Source: Ref.78 

 

1.2.1.3 Applications in Biological Materials. Biopolymers, cells and other biological 

specimens have chemically distinct structures that are usually smaller than the diffraction 

limit of infrared wavelengths.79 AFM-IR can provide subcellular chemical information and 

better illustrate cellular features of interest.59 Kennedy et al. used the AFM-IR technique 

to characterize human epithelial cells and resolved membrane boundaries, and the nuclei 

was at a sub-50 nm resolution (Figure 1.7).80 Vitry et al. used a combination of AFM-IR 

and mode synthesizing atomic force microscopy (MS-AFM) to estimate the size 

distribution of triglyceride vesicles (intracellular lipid) produced by Streptomyces bacteria. 

AFM-IR was used to detect the localization of the vesicles at a specific IR band of 1,740 

cm−1. In MS-AFM, mechanical actuators excite the probe and the sample at different 

frequencies to reveal the presence of vesicles and their sizes inside the cells (Figure 1.8).81  

Similarly, AFM-IR successfully verified the location and sizes of 

poly(hydroxybutyrate) (PHB) produced by Rhodobacter capsulatus bacterium for energy 

storage.82 PHB is a kind of bioplastics with similar mechanical and thermoplastic properties 

(a) (b) 
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with commercial polymers.83 In this way, AFM-IR is an important tool for deciding the 

proper culture for PHB production. Baldassarre et al. studied the amide I absorption maps 

in human HeLa cells using AFM-IR. It has  demonstrated that label-free chemical 

characterizations of biological samples with a higher lateral resolution than the diffraction 

limit of FTIR can be acheived.84 Figure 1.9 shows that due to the inhomogeneous 

distribution of the protein density, comparison between the AFM-IR maps and the 

topography of human HeLa cells reveals the anomalies in the contour of the cell. This could 

not be detected by AFM topography imaging only. This study might indicate a potential 

application for medical diagnostics. Here AFM-IR could detect anomalies in the cell 

structure and even track exogenous molecules by comparing their IR spectra with those of 

the biochemical constituents in the cell.84 The powerful AFM-IR nanoimaging of live cells 

may enable the studies of surface chemical heterogeneity at different cell growth stages or 

evolution conditions (e.g., during carcinogenesis).80  

 
Figure 1.7 AFM topography and IR absorption images of the human epithelial cells. (a) 

AFM topography (The color scale on the top shows the Z-height of the sample). (b) AMF-

IR absorption imaging (The color scale on the top shows the intensity of IR absorption 

signal). 
Source: Ref.80 

(a) (b) 

3 μm 3 μm 
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Figure 1.8 AFM topography, IR mapping and MS-AFM images of the vesicles inside the 

bacteria. (a) AFM topography; (b) AFM-IR chemical mapping at 1,740 cm−1; (c) MS-AFM 

image at Δf = 50 kHz. 
Source: Ref.81 

 

 
Figure 1.9 The AFM topography and IR mapping images of a single HeLa cell. (a) Three-

dimensional morphology and (b) AFM-IR image at 1660 cm-1. The inner part corresponds 

to the cell nucleus. In the AFM-IR image, the red-yellow dots mark the maximum of the 

amide I signal. Map size is 30 × 30 microns. The color scale in the middle shows the Z-

height of the sample and the intensity of IR absorption signal. 
Source: Ref.84 

 

1.2.2 Limitations of AFM-IR 

Several potential limitations are perceived from our polymer research and relevant 

literature survey and are herein discussed. They provide insight into the use and potential 

pitfalls of AFM-IR and other alternative solutions. 

First, morphological variations (e.g., sample height or roughness) may affect the 

characteristics of thermal expansion caused by the IR absorption, especially when the 

a b c 

a b 
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thermal expansion scale is much smaller than the roughness of the sample surface. 

Consequently, the detection sensitivity may be reduced. To verify that the IR absorption 

mapping is not effected by the surface roughness, one should collect IR mapping with at 

least three different laser wavelengths, centered on the identified resonant wavelength. If 

no sample morphology-caused artifacts exist in AFM-IR images, the intensities of the 

domain polymer at the two non-resonant wavenumbers should be much lower than that 

obtained at the resonant wavenumber. Moreover, the contour of the height in 

morphological images, obtained at the two non-resonant wavenumbers, should be hardly 

distinguishable as compared to that obtained at the resonant wavenumber.84 

Second, AFM-IR is also useful for characterizing multilayer films, which are 

applied commercially in the products from food packaging to adhesives.59, 85 However, 

sample thickness should neither be too thin nor too thick. Ideally, a sample thickness 

between 100 nm to 1 μm could lead to optimal thermal expansion, and could be sensitively 

measured by the oscillating probes.86 For samples thicker than hundreds of micrometers, a 

large amount of IR energy absorbed by the sample results in a low signal-to-noise ratios 

(SNR).87 To improve spatial resolution, microtoming or drop casting films can usually be 

employed to reduce sample thickness to 0.1-1 μm. Multilayer films can be analyzed by 

examining their cross-sections using AFM-IR.88 For thin samples (thickness smaller than 

1 μm), the AFM-IR signal increases linearly with thickness.86 According to the theory 

presented by Dazzi et al, the AFM-IR signal (S) is related to the absorbed energy per unit 

area (Uabs), the sample thickness (z), the sample thermal expansion coefficient (αexp), and 

the sample thermal conductivity (η): 
exp 3~ absS U z




  .89, 90 Clearly, samples with high 

heat conductivity and thermal diffusion may limit detection sensitivity.  
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Third, due to the tip-sample interactions, sample surfaces may be structurally 

disturbed or dragged, which may limit the application in imaging soft and sticky materials. 

Recently, Anasys Instruments introduced the Tapping AFM-IR to complement the contact 

mode and mitigate the negative impacts from tip-sample interactions.91 Highly porous 

samples or samples with large topographic variations are also not conducive for IR 

nanoimaging. This is due to steric constraints of the tip apex reaching all regions. 

Furthermore, despite the generally weak perturbing nature of IR radiation, sample heating, 

imposes a tradeoff on the IR intensity between the signal level and thermal load (leading 

to sample softening or local melting).58 

Fourth, the high resolution mapping by AFM-IR requires a slow scanning rate (50 

nm∙s-1 –1000 nm∙s-1) and renders the risk of low SNR. In order to eliminate the noise and 

enhance the SNR, extensive measurements (typically 256 measurements per wavenumber 

per pixel) are needed. This can take long acquisition times. Consequently, it usually takes 

several minutes to collect an IR spectrum at a fixed wavelength, and hours for two-

dimensional IR absorption mapping. Recently, the cantilever transducer has been improved 

to increase the SNR of AFM-IR by a factor of six.92 With the introduction of the wavelet 

transform windowing method, the AFM-IR measurement is sped up by 32-fold.76 

Fifth, AFM-IR with contact mode has the limitation on samples with porous 

structure, high stickiness or rough surface. AFM-IR was tried on the CNT samples with 

sorption of AAP and the AFM-IR tip failed to detect the CNT. One reason was that the tip 

dragged the CNT around and the topography image was from the substrate without CNT. 

Second reason was that the CNT would adsorb on the tip and get the tip contaminated. 

Third reason for failure to detect the trace amount of AAP on the CNT was the small 
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amount of AAP was not able to cause effective thermal expansion. Consequently, the 

AFM-IR was not able to detect the AAP on the CNT. 

Lastly, AFM-IR characterization is challenged by surface moistures and water 

content. Since the water molecule may strongly absorb the infrared light and the O-H 

vibrations are very strong and broad to affect the IR spectrum, the SNR of AFM-IR may 

significantly be reduced. For many sample tests, it is desirable to achieve in situ 

characterization (e.g., in liquid), which has not been reported so far. 

1.2.3 Principles and Applications of AFM-Raman 

Raman spectroscopy, complementary to Infrared spectroscopy, is an indispensable tool for 

analyzing chemical species, surface defects, mechanical and thermal properties.93-96 Raman 

spectroscopy is particularly useful for detecting molecular structures and symmetry.97 In 

Raman spectroscopy, a sample is illuminated by a laser beam to induce scattered light. This 

scattered light has a frequency difference from the incident light, which is used to construct 

a Raman spectrum.98 However, to produce strong Raman scattering, a large number of 

molecules or a big sample size is usually required. Furthermore, its resolution is limited to 

the micrometer scale due to the Abbe diffraction limit.99 The integration of AFM with 

Raman offers a unique combination of acquiring the physical properties (AFM) and 

chemical composition (Raman) for samples. One of the combined AFM and Raman 

techniques is named co-localized AFM-Raman, which shuttle the sample between the 

AFM platform and the Raman spectrometry (Figure 1.10).100 Raman measurements are 

made on the same sample spot as AFM images and are acquired by translating the sample 

with a high-accuracy positioning stage to ensure the high performance of both systems. 

Even though the spatial resolution of analysis is still diffraction-limited, the co-localized 
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AFM-Raman instrument has been used to study the material properties in different research 

fields such as semiconductors, graphene, carbon nanotubes, polycrystals and epoxy 

compound.100-104 

 

Figure 1.10 View of the co-localized AFM-Raman instrument (Dimension Icon AFM-

Raman system, Burker). The stage shuttles the sample between the AFM head (left) and 

the Raman objective (right). 
Source: Ref.100 

 

In the 1970s, it was found that a roughened metal substrate usually made of gold or 

silver would produce intense Raman scattering from the sample on the substrate. Here the 

Raman signal could be intensified by factors up to 1014-1015 (Figure 1.11a).105 This 

discovery led to the development of surface-enhanced Raman spectroscopy (SERS).106-110 

In SERS, these roughened metal nanostructures are excited by laser and create a highly 

localized (plasmonic) light field, due to the resonant oscillation of the surface charges.111, 

112 When a molecule is placed close to the enhanced field at the surface, the Raman signal 

can be enhanced greatly. Based on the enhanced Raman signals, it is possible to detect 

lower concentrations (down to parts per trillion level) without the need for fluorescent 

labeling.113 Because the SERS experiments were usually carried out at roughened metal 

surfaces and only coinage metal (Ag, Au, and Cu) substrates provide strong Raman 

enhancements, it is difficult to study atomically smooth, well-defined single-crystalline 

AFM 

analysis 
Raman 

testing 
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surfaces.99, 114 The integration of SERS and AFM overcame these obstacles and created a 

powerful chemical imaging tool known as tip-enhanced Raman spectroscopy (TERS).99 In 

TERS, a sharp metal or metal-coated AFM tip is positioned at the center of a laser focus. 

This tip is typically coated with silver or gold (diameter of apex around 10-30 nm). Under 

the laser irradiation, a local electromagnetic field at the apex of the tip is enhanced. Then 

the SERS effect occurs within the vicinity of the tip-apex. Due to the localized surface 

plasmon resonance and the “lightning rod” effect,65 TERS results in unparalleled spatial 

resolution and increased Raman signal intensity that is much higher than regular Raman 

and confocal Raman. 

In fact, co-localized AFM-Raman technique is actually a simple combination of 

AFM and Raman spectroscopy without the enhancement of Raman signals and sensitivity. 

There is a strong misunderstanding of AFM-Raman and TERS techniques. AFM-Raman 

is a combination of AFM system with confocal Raman module. Such combination provides 

users with simultaneous measurements in AFM and Raman of the same point of interest, 

so you can overlay topography/electrical/mechanical maps (from AFM) with chemical 

distribution (from Raman). AFM-Raman is a very powerful system, but it doesn’t give you 

nanometer spacial optical resolution. TERS is a technique based on combination of AFM 

and Raman. In order to perform TERS you need to have good and stable AFM-Raman 

system and most importantly, the TERS tip. If you use AFM-Raman with conventional 

cantilever you won’t get any TERS signal. However, with special TERS tip, you might be 

able to achieve nanometer resolution.  One more thing from the theory behind TERS 

technique is that TERS signal is: (1) Great from 1D material (quantum dotes); (2) Mediocre 

from 2D material (single nanotubes) – drops 10-100 times comparing to 1D samples; (3) 
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Low from 3D materials (thin films) – drops 10-100 times comparing to 2D materials. In 

practice, things are much more complicated, as not every sample works with TERS and 

you need a proper TERS tip, good substrate and stable system. 

As shown in Figure 1.11b, the laser beam in TERS can be focused from below onto 

the AFM tip coated with SERS active metal or metal nanoparticles.115 The enhanced 

Raman scattered light is collected in a backscattering mode with the same microscope 

objective where the laser beam is provided as illustrated in Figure 1.12a.115 To perform the 

TERS measurement under this configuration, sample layers should be “transparent” so that 

the laser beam can effectively pass through sample layers and irradiate the TERS tip.116, 117 

Alternatively, following the similar illumination and scattering modes as SERS, a long 

working distance objective can be placed at a tilted angle above the sample surface (Figure 

1.12b).118 Finally, a parabolic mirror was reported to focus the laser onto a sample spot and 

direct the incident rays that are parallel to the axis of the mirror (Figure 1.12c).119 

 

Figure 1.11 (a) Conceptual illustration of SERS and (b) schematic description of a TERS 

setup. 
Source: Ref.115 
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Figure 1.12 Three optical configurations of the illumination on the TERS tip. (a) Bottom 

illumination using an inverted microscope, (b) side illumination with a long working 

distance objective and (c) illumination with a parabolic mirror. 
Source: Ref.116 

 

1.2.3.1 Application in Material Characterization.  In applications of polymer blend 

characterization, Yeo et al.120 performed TERS on a mixed polyisoprene (PI)/polystyrene 

(PS) thin film to investigate the surface composition. The results show that the PI and PS 

were detected at the surface and subsurface, respectively, and the nanopores on the polymer 

film were resolved as well (Figure 1.13). A wealth of structural information with a 

nanometer spatial resolution outperforms the 2D chemical mapping by conventional 

analytical Raman spectroscopy. Moreover, TERS can analyze physical properties such as 

elasticity in materials. For example, Yano et al. employed pressure-assisted TERS with 

silver-coated AFM tip to investigate the mechanical properties of carbon nanotubes in 

contact mode.  The results indicated that TERS is not only well suited for samples with 

different elastic properties but also achieves a super-high spatial resolution (4 nm).121  
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Figure 1.13 AFM topography images and TER spectra of a PI/PS film. (a) AFM 

topography image; (b) sequence of TER spectra collected from the positions depicted in 

(a); (c) AFM topography image of a hexane-washed PI/PS film; (d) sequence of TER 

spectra collected from the positions depicted in (c). 
Source: Ref.120 

1.2.3.2 Application in Biological Materials. TERS is an attractive technique for the 

label-free, real-time and high-resolution characterization of complex biological materials 

(e.g., biomolecules, cells, viruses and bacteria).115, 122-124 For example, Sweetenham applied 

TERS to investigate the topographical, mechanical, and chemical properties of lipid 

bilayers with high spatial resolution.125 This study highlights a new avenue to study the 

complex heterogeneous cell surfaces in situ. Protein aggregates and macromolecules, such 

as DNA, RNA, amyloid and collagen fibrils, were also extensively studied by TERS.126 

For example, Figure 1.14 shows the high-quality Raman spectra of the nucleobases at 

different positions along the single-strand RNA chain using TERS.123 Wood et al. used 

TERS to analyze hemozoin crystals in the digestive vacuole of a sectioned malaria parasite-
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infected cell with a spatial resolution of less than 20 nm.127 The AFM images clearly 

showed the location of the crystal and the TER spectra identified the characteristic bands 

of hemozoin (Figure 1.15). 

Moreover, specially configured TERS can work with samples in the presence of 

water or moisture, which largely helps maintain the native physiological conditions of 

biological samples. Shmid et al.128 demonstrated TERS experiments in liquid for the first 

time. As shown in Figure 1.16, the tip is mounted below a Teflon plate with a window, 

through which the laser goes through. A charge coupled device (CCD) camera is used for 

capturing images. The sample and AFM probe are immersed in a droplet of water, where 

a meniscus is formed between the sample substrate and the Teflon plate. This setup enabled 

the investigation of biological cells, cell membranes, or supported lipid bilayers in aqueous 

environments by TERS116. The water environment largely preserves the original state of 

samples and prevents their alternation from heat and the probe tip from carbon 

contamination.129 
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Figure 1.14 TERS experiment along an RNA strand. (a) Topography image showing seven 

adjacent spots corresponding to the positions of the TERS experiments and one additional 

spot for the reference measurement (position 8). (b) Raman spectra of the positions in (a). 
Source: Ref.123 

 

 
Figure 1.15 AFM images and TER spectrum of hemozoin crystals within a sectioned 

erythrocyte. (a-c) AFM images recorded of sectioned cells prior to TERS acquisition. (d) 

TER spectrum recorded of the edge of a hemozoin crystal.  
Source: Ref.127 

a b 
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Figure 1.16 Schematic diagram of the TERS setup in aqueous conditions. Reprinted with 

permission.  
Source: Ref.128 

1.2.3.3 Application in Catalysis Research. TERS has proven to be useful for in situ 

chemical mapping of catalytic solids and surfaces, providing ample opportunities to 

elucidate reaction mechanisms.130-134 Harvey et al. used AFM-TERS to analyze the photo-

oxidation of rhodamine-6G (Rh6G) over Al2O3-supported Ag NPs.131 The results showed 

that not only the local heterogeneities of NP size and shape were successfully resolved, but 

that the different chemical reactivity was identified at nanoscale. Additionally, this study 

demonstrated the capability of AFM-TERS to correlate material structures with catalytic 

activity in a heterogeneous catalysis. It also helped identify catalytically active sites.135 The 

application of TERS for in situ photo-activated catalytic reaction was demonstrated by Van 

Schrojenstein Lantman et al.130 Time-dependent Raman spectra collected during the 

reaction occurred at the nanoscale (Figure 1.17). This study also opened the door for the 

real-time measurements in heterogeneous catalysis research. 

Window Teflon 
plate 
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Figure 1.17 Time-dependent TERS measurements before and after reaction. (a) Time-

dependent TER spectra shown before (top) and after (below the white band) illumination. 

(b) Two spectra from (a) are shown: spectrum (i) is taken at 90 s and spectrum (ii) at 265 

s. Spectrum (iii) is the reference spectrum taken after the time-dependent spectra. Reprinted 

with permission. 
Source: Ref.130 

1.2.3.4 Application in Crystallization Studies.  In the research of optical 

nanocrystallography, TERS was used to determine the ferroelectric order and intrinsic 

ferroelectric domains of barium titanate (BaTiO3),
136 as shown in Figure 1.18. The selection 

of different transverse optical phonon modes is due to the versatility of the instrument.  

TERS can further probe crystals exhibiting polar phonon modes and identify 

crystallographic orientation of nanocrystals or the nanodomain topology of bulk 

materials.99 AFM-Raman is generally applicable to most crystal classes. It is also useful 

for analysis of structural inhomogeneities, phase transitions, ferroelectric order and related 

finite-size effects occurring on nanometer length scales with simultaneous symmetry 

selectivity, nanoscale sensitivity and chemical specificity.136  
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Figure 1.18 Spatially resolved TERS for ferroelectric domain imaging. (a) Topography of 

a BaTiO3 nanorod. (b) The spectrally integrated TERS signal for ferroelectric domain 

imaging. (c) Lateral cross-section along the dashed lines in (a) and (b) of the region of high 

TERS signal (blue) and corresponding topography (black) on the rod. (d) Domain 

assignment based on the Raman selection rules for the TERS geometry used. Reprinted 

with permission. 
Source: Ref.136 

1.2.4 Limitations of AFM-Raman 

Despite the advances, TERS still has many inherent challenges that hamper its use in many 

applications by various users. These challenges are largely related to its complex operation, 

requiring delicate handling by skilled personnel. Additional skills including the 

reproducibility of the Raman signal enhancement, durability and contamination of TERS 

probe tips are also required.137 Moreover, functional TERS tips designed with precision-

controlled geometry and surface coatings are essential for local amplification of the Raman 

signals and nanometer spatial resolution.116 As universal TERS tips and excitation laser 

illumination conditions (intensity and wavelength) are not available for various samples, 

one must determine the optical selections on a case by case basis. Uncertainties such as tip 

degradation, tip damage, tip contamination, and even sample damage due to the local 
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heating by the excitation laser need to be considered as well.116 Particularly, Ag-coated tips 

may get oxidized rapidly at ambient conditions; whereas, Au tips can be more chemically 

stable. Moreover, the metal coating (especially Au films) may peel off after several scans 

due to the weak adhesion of the coating to the tip.138 To tackle this problem, an ultrathin 

(few nanometers) protective layer of alumina or silica was alternatively coated on gold and 

silver TERS tips to increase the tip stability.133, 139 On the other hand, carbonaceous 

contaminants on the surface of the tip can enhance artifact Raman signals.140 To reduce the 

tip contamination, we can decrease the laser power or reduce the tip scanning time, which 

may lower the quality spectra and increase the data acquisition time. 

In the investigation of biomolecules, such as amino acids and lipids, TERS may be 

challenged because the vibrational bands produced are similar to those produced by 

different chemical structures and functional groups in Raman spectra.141, 142 Moreover, 

AFM probes might degrade and get contaminated during the measurements, which limits 

the TERS imaging of large biological samples.97 Consequently, to date, TERS has been 

applied only to a limited types of samples including carbon nanotubes,143 grapheme,144, 145 

Si nanostructures,146 polymers,120 and thin molecular layers.128, 147   

Another limiting factor is that the tip and biological samples may not be able to 

withstand high temperatures caused by the local heating effects,148 and thus resulting in 

morphological changes, which are clearly artifacts (not true changes in chemical 

compositions).116 The Raman laser power should be well controlled in order to prevent a 

significant heating of biological samples.149 A study of TERS performed on a benzenethiol 

monolayer showed that roughness could result in a mismatch between the topography 

image and the Raman mapping image.147 A possible reason is that the enhanced Raman 
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signal occurs primarily on the upper terrace of sample surface and not below the tip. This 

may not synchronize the morphology and TERS images. Thus, TERS is not suitable for 

samples with steep edges or steps.116 

1.2.5 Summary and Outlook of Hybrid AFM Technology 

The complete understanding of physical and chemical properties at materials interfaces 

with high spatial resolution will provide a foundation for nanoscience and nanotechnology. 

Hybrid AFM represents the fusion of physicochemical analysis, high spatial resolving 

powers, and the ability to operate in ambient conditions. A review of some of the latest 

developments, applications and limitations of hybrid AFM techniques has been presented 

in this work. This article critically reviewed the principles, recent developments and 

applications of the AFM-IR and AFM-Raman (TERS) techniques. Areas of research 

presented here include polymer, pharmaceutical, biological, catalysis, crystallization and 

life sciences.  

AFM-IR and AFM-Raman are complementary techniques by measuring absorbed 

and scattered light respectively. However, chemical spectra and chemical images collected 

at specific IR wavenumbers could be affected by the material surface characteristics (e.g., 

roughness and overlay of multiple components) and thus produce potential artifacts that 

AFM-Raman may be able to avoid. Due to the IR limitations, AFM-IR also encounters 

challenges for wet or moisturized samples. By contrast, AFM-Raman may allow sample 

analysis in aqueous environments. The challenges such as the reproducibility of the Raman 

signal enhancement, durability and contamination of TERS probe tips still remain. The 

operation of TERS requires experienced and skilled personnel. Moreover, materials with 

high thermal expansion coefficient and small thermal conductivity are good for AFM-IR 
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measurements. Sample materials with very low thermal expansion coefficient may better 

be analyzed by AFM-Raman. Particularly, AFM-Raman is especially useful for detecting 

inorganic and carbonaceous nanomaterials such as graphene and carbon nanotube 

(CNT).121, 143, 150-153 Consequently, selecting the appropriate analytical techniques will be 

based on the sample specifications and the desired selectivity. For a better comparison 

between these two hybrid AFM techniques, an outlining table of key information of these 

two hybrid AFM techniques is provided in Table 1.1. On the other hand, a decrease in data 

acquisition time, the improvement of AFM probing accuracy and versatility and the 

automatic optimization of the AFM tip and sample interaction are important for high 

throughput and efficient characterization. 
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Table 1.1 Table Outlining the Principles, Applications, Advantages and Limitations of 
AFM-IR and AFM-Raman 

Techniques AFM-IR AFM-Raman 

Principles  A ZnSe prism is used as a sample 
holder with a pulsed tunable IR laser 
as the irradiation source; 

 IR laser absorbed by the sample is 
converted to heat, causing a rapid 
thermal expansion pulse under the 
AFM tip, in turn exciting resonant 
oscillation of the AFM cantilever; 

 The amplitude of the cantilever 
oscillation is then Fourier transformed 
to be a function of the laser 
wavenumber and directly reflects the 
IR absorption characteristics of the 
material.68 

 A sharp metal or metal-coated AFM tip 
is positioned at the center of a laser 
focus. This tip is typically coated with 
silver or gold (diameter of apex around 
10-30 nm); 

 A sample is illuminated by a laser 
beam to induce scattered light. This 
scattered light has a frequency 
difference from the incident light, 
which is used to construct a Raman 
spectrum;98  

 The excitation laser light is focused 
onto the tip-apex to enhance the Raman 
signal within the vicinity of the tip-
apex.99 

Applications  Polymer characterization 
 Pharmaceutical Industries 
 Biological Materials 

 Material Characterization 
 Biological Materials 
 Catalysis Research 
 Crystallization Studies 

Advantages  Nanoscale spatial resolution; 
 User-friendly; 
 High reproducibility. 

 High Raman signal intensity; 
 Allows sample analysis in aqueous 

environments;128 
 Especially useful for detecting 

inorganic and carbonaceous 
nanomaterials.121, 143, 150-153 

Limitations  Morphological variations may affect 
the characteristics of thermal 
expansion caused by the IR 
absorption;84 

 Sample thickness affects the signal-
to-noise ratios greatly; 86, 87 

 The tip-sample interactions result that 
sample surfaces may be structurally 
disturbed or dragged; 

 Slow scanning rate and long 
acquisition time for high resolution IR 
mapping;  

 Challenged by surface moistures and 
water content. 

 Complex operation, requiring delicate 
handling by skilled personnel; 

 The reproducibility of the Raman 
signal enhancement, durability and 
contamination of TERS tips are the 
challenges; 116, 137 

 Universal TERS tips and excitation 
laser illumination conditions (intensity 
and wavelength) are not available for 
various samples; 

 Carbonaceous contaminants on the 
surface of the tip can enhance artifact 
Raman signals;140 

 The tip and samples may not be able to 
withstand high temperatures caused by 
the local heating effects.148 
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To summarize, the past achievements in AFM-IR and AFM-Raman are primarily 

focused on above mentioned research or industrial applications. In fact, there are many 

potential areas or applications that benefit from the integrated AFM platforms. For example, 

the characterization of functional engineered nanomaterials, such as nanotubes, nanowires, 

graphene, and semiconductor, the identification of molecules in biological interfaces, as 

well as the detection of trace organic substances are important for the research in 

environmental applications, energy production and food safety. 

 

1.3 Current Research on Membrane Fouling/Defouling Model Analysis 

Membrane fouling has been a limiting factor for membrane filtration in diverse 

applications in separation and water treatment.154-159 Membrane fouling is primarily 

attributed to membrane–foulant interactions followed by subsequent foulant–foulant 

interactions.160-163 Interfacial properties of both membranes and foulants have important 

impacts on membrane fouling kinetics and fouling removal or defouling.161-168 Therefore, 

the delineation of the membrane–foulant or foulant–foulant interaction mechanisms are 

critical to understanding their roles in membrane fouling and defouling processes.  

Natural organic matter (NOM) and protein are common membrane foulants known 

to cause significant loss of membrane permeability and are often used as foulant models to 

analyze membrane fouling mechanism.161, 162, 168-174 In aqueous solutions, NOM and 

protein usually bond together to form colloidal aggregates of tens or hundreds of 

nanometers in size.160, 165, 167 Most previous studies examined bulk scale membrane fouling 

behavior and evaluations, such as membrane fouling index, membrane flux decline rate 

and flux resistance.175-178 However, membrane characteristics, such as 
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hydrophobicity/hydrophilicity, surface charge, roughness, pore size and porosity, as well 

as foulants properties (e.g., molecular weight distribution, zeta potential and particles size) 

have proven to impact membrane filtration performance.158, 179-181 Particularly, the impacts 

of hydrophobicity and surface charge on membrane fouling during filtration have been 

reported previously.158, 179, 182-185 The extended Derjaguin Landau Verwey Overbeek theory 

(EDLVO or XDLVO theory) is widely used to describe the contributions of surface 

properties of membranes or foulants to colloidal interactions and fouling potential on 

membrane filters.186-188 

Atomic force microscopy (AFM) has been used as a versatile tool for the study and 

characterization of pristine and fouled membrane surfaces.189-192 In addition to surface 

morphology mapping, quantification of interaction forces by AFM greatly provides aid in 

the understanding of membrane fouling mechanisms.161, 193-200 For example, interaction 

forces were measured between polymeric membranes and AFM probes coated with 

foulants of humic acid (HA) and bovine serum albumin (BSA).160, 165 Adhesion forces of 

membrane-foulant and foulant-foulant measured could indicate the fouling propensity.195-

200 Mi et al. observed a strong correlation between organic fouling and intermolecular 

adhesion force, indicating that foulant–foulant interaction plays an important role in 

determining the rate and extent of organic fouling.200 Meng et al. reported that high 

membrane–HA interaction forces result in a rapid adsorption of the HA onto the surface or 

in the inner membrane pore surface, causing severe membrane pore blocking or narrowing 

and membrane flux decline in the initial filtration stage.160 Nevertheless, many previous 

studies assessed membrane fouling or defouling behavior without sufficient examinations 

of microscale or nanoscale material properties and their contributions to membrane fouling 
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or defouling processes. For instance, flux decline, flux recovery, and flux resistance are 

commonly measured to characterize fouling or defouling.178, 201-204 Clearly, further 

investigations of fouling formation, defouling processes, and contribution from interfacial 

forces will provide new insight into the prevention of membrane fouling and rationale 

design of antifouling membrane filtration processes. 

 

1.4 Current Research on Membrane Aging 

1.4.1 Concept of Aging 

One of the drawbacks of membrane filtration is that during the filtration process, the 

membrane is subject to fouling. Consequently, periodic cleaning is required. In the short 

term fouling is treated with hydraulic cleanings (back pulsing) and in the long term fouling 

is treated by means of chemical cleaning. Although the cleaned membranes are considered 

suitable for continued use, they may have suffered damage, which is manifested as holes 

in the membrane skin.205 Previous reports on the effect of hypochlorite treatment on UF 

membranes indicated a flux increase in NaOCl-treated membranes.206,207 This increase was 

explained by Wolff and Zydney in terms of a direct relationship between membranes pore 

size and bleach treatment duration.208 Qin et al. reported a five-fold increase in membrane 

flux and a narrowed pore size distribution after the hypochlorite treatment.209 These studies 

indicated that the magnitude and number of back pulses, and the nature, exposure and 

concentration of the cleaning agent have an influence on the membrane life time.22 The 

membrane aging problem has recently become a key issue.  

No established definition of membrane aging can be found in the literature. 

Membrane aging must not be confused with membrane integrity. If the level of membrane 
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integrity can be determined, it is not possible to determine the aging of a membrane 

quantitatively with no reference to the initial state and properties of the membrane. 

Consequently, the aging study is a comparative study. Membrane aging corresponds to the 

aging of the materials which constitute the membrane. It depends on the operating 

conditions of both the production and cleaning/disinfection steps and results in a decrease 

of productivity, an increase in backwash or cleaning/disinfection step frequency, a 

modification of the physical-chemical properties of the membrane (elasticity/plasticity of 

the membrane, membrane surface zeta potential.), an alteration of the membrane selectivity 

and a loss of integrity.210 

Even if aging can arise on macroscopic scale by several characteristic symptoms 

(increase of permeability, modification of mechanical properties), no quantitative criterion 

has been defined yet to delimit the boundaries of the aging field. Concerning the 

microscopic scale, the aging characterization remains mainly qualitative even if some 

quantitative studies have been recently published.211 For instance, the surface roughness 

analysis is used as an aging parameter. This measurement has been applied on 

polyvinylchloride membrane (PVC) before and after chemical cleaning by Zhang et al.212  

1.4.2 Simulation of Aging Process 

In order to investigate the aging mechanism, the researchers simulated the aging process 

by accelerating test. The total dose (concentration × contact time, parameter “c × t”) is a 

concept which suggests that aging generated by a high concentration during a short time 

equals to the one attributed to a low concentration during a long time. For example, aging 

experiments lasted for 150 days which would be equivalent to 10 years of use assuming 

that membranes are subjected to 1h cleaning per day.213 Generally speaking, the reliability 
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of accelerated test may be legitimately questioned and a different innovative and 

representative approach must be used to study membrane aging in order to predict 

membrane lifetime in given conditions.214 At water treatment facilities the addition of free 

chlorine is performed to either prevent the biofouling by back flushing of 1 min with 2–8 

mg L-1 of NaClO, or to clean the membrane surface from foulants by soaking in 20–400 

mg L-1 free chlorine for approx. 1 h. Although at treatment plant the membranes are most 

of the time in contact with water and just periodically with chlorine, the combined effect 

of oxidation can be expressed as total dose (concentration × contact time) of hypochlorite. 

The researchers used aging solution immersion and UV irradiation for aging 

simulation. Hashim et al. investigated the stability of PVDF hollow fiber membranes after 

immersion into the sodium hydroxide (NaOH) aqueous solution. The effect of NaOH 

concentration, treatment time and temperature on mechanical properties, thermal 

properties and crystalline structure of the PVDF hollow fiber membranes were investigated 

through mechanical strength measurement, surface area analysis, XRD, FTIR and DSC 

analyses.215 Antón et al. exposed six commercial polymeric UF membranes made of PES 

to 0.01, 0.1 and 1.0 M nitric acid (HNO3) and sodium hydroxide (NaOH) solutions at 50 

oC for 150 days. Water permeability, molecular weight cut-off curves, ATR-FTIR, SEM-

EDS, AFM and contact angle measurements were employed to evaluate membrane 

aging.213 Bégoin et al. made PES membranes age in chlorine industrial conditions at 200 

ppm (pH = 9), at 50 oC, for a cumulated contact time corresponding to 15 years of use in a 

plant.216 Antony et al. addressed the mechanistic aspect of hypochlorite attack on a 

commercial polyamide membrane and the oxidative degradation taking place under active 

(applied pressure with constant stirring) and passive (unpressurised and unstirred) 
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conditions.217 Nystrom and Jarvinen modified hydrophobic polysulfone UF membranes 

with UV irradiation and hydrophilicity increasing agents and observed that UV irradiation 

increased flux and the hydrophilicity of the membranes.218 

We will perform the accelerated membrane aging experiments using both filtration 

and immersion with the same level of CT. The only difference is that filtration enables the 

variations of hydraulic flux through the membrane, which may also contribute to aging 

kinetics.  

1.4.3 Characterization of Aging 

In most cases, membrane aging is reduced to polymer aging and methods developed are 

based on the evaluation of polymer characterization. The investigated membrane 

characteristics include the color change of membrane surfaces (by visual observation),215 

morphology of membrane surfaces (by SEM and AFM),213 surface hydrophilicity (by 

contact angle),213 crystal structure changes (X-ray diffraction),215 surface charge (by 

dynamic light scattering), surface functional group composition (by Fourier Transform 

Infrared spectroscopy, ATR-FTIR and Raman spectroscopy),213, 215, 217, 219, 220 and water 

flux and rejection performance213, 221. 

1.4.4 Mechanism of Aging  

1.4.4.1 PVDF Membranes. PVDF is an excellent membrane material due to its 

outstanding thermal stability, mechanical strength, and also its distinction in chemical 

resistance against a wide range of harsh chemicals. Early investigations reported the 

observation of brownish discoloration of PVDF after its exposure to a sodium hydroxide 

(NaOH) solution. Zhang et al. observed some changes in the fingerprint region of the 

fluorocarbon stretching (1250-1000 cm-1) by FTIR analysis after different NaClO exposure 
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intensity and found the loss of element F in aged membranes by XPS, indicating the 

defluorination of PVDF in alkaline solutions.223 However, the detailed aging mechanism 

and FTIR spectrum were not presented in the paper. In the recent years of publications, the 

chemical reactions between PVDF and NaOH were explained as a phenomenon of 

dehydrofluorination220, in which the carbon–carbon double are formed as a result of the 

elimination of hydrogen fluoride (HF) units from the polymer.215, 224, 225, 226  The obtained 

results indicate that the reaction between PVDF and NaOH was initiated even at low 

concentrations of NaOH and was aggravated with the extended treatment time, resulting in 

the decrease in mechanical strength and crystallinity of PVDF hollow fiber membranes. 

The reaction was accelerated and intensified by increasing the concentration of NaOH 

and/or treatment temperature.215 

1.4.4.2 PES/PVP Membranes.  Membranes are generally polymerized from blends 

including several polymers to improve their performances or modify their properties. For 

instance, it has been underlined that poly (vinyl pyrrolidone) (PVP) consumption, most 

frequently used additive, can influence membrane transport properties and generate an 

increase in permeability, or induce a drop of tracer retention and a decrease of membrane 

hydrophilicity resulting in an increase in fouling.227  

Winenk et al. were the first to study the effect of a treatment with sodium 

hypochlorite on a PES/PVP membrane. The immersion of the membrane, for pH included 

between 3.9 and 11.5, leads to a disappearance of PVP.207 Roesink et al. proposed two 

mechanisms for the selective PVP elimination induced by the action of sodium 

hypochlorite according to pH: in a alkaline medium, the opening of a ring in the PVP 

molecules (Figure 1.19); in acid medium, a chain scission of PVP by hypochlorite (Figure 
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1.20).228 But Roesink could not find direct evidence for these mechanism while Roesink 

presented the experiments to give more clarity on the mechanism of the reaction of PVP 

with sodium hypochlorite. 

 

Figure 1.19 Reaction mechanism for the reaction of PVP with hypochlorite in alkaline 
solution. Ring-opening of PVP.228 
 

 
Figure 1.20 Reaction mechanism for the reaction of PVP with hypochlorite in acidic 
solution. Chain scission of PVP via radical reactions: (a) disproportionation and (b) 
oxidative degradation.228 

1.4.4.3 PES Membranes.  Yadav and Morison observed a decrease of the whey flux 

and an increase in the water flux resulting from an exposure of polyethersulfone (PES) 

membrane to chlorine.229 The microscopic degradations were observed by ATR-FTIR and 

SEM-EDX analysis.230-232 In terms of aging mechanism, two different degradation 



41 

mechanism of PES were proposed. The first mechanism shows the formation of sodium 

sulfonate (Figure 1.21), and the sulfonates groups become sulfonic acid end-groups.233 

Arkhangelsky et al. also concluded to the formation of a phenylsulfonate group.234 It 

indicates that the chemical aging mechanism of PES membranes is a membrane oxidation 

leading to partial disruption of ((Ph-SO2-Ph-O)n) bonds. Another degradation mechanism 

of PES was proposed due to the sensitivity of ((Ph-SO2-Ph-O)n) bonds to photodegradation. 

This mechanism (Figure 1.22) shows that the chain breaking down leads to a group ended 

by a sulfonic acid and another one ended by a chlorinated phenylic group.216, 230, 232 

 
Figure 1.21 The mechanism of formation of sodium sulfonate in PES membrane by 
NaClO.233, 234 

 
Figure 1.22 The mechanism of chain scission in PES membrane by hypochlorite.216, 230, 232 
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In general, there still remains a challenge to better understand membrane aging. To 

carry out the aging study, besides the parameters, methods and ways of characterization, 

another two things should be considered as well. First, as membrane materials evolve, as 

new processing applications develop, and as environmental and cost pressures drive further 

changes in the industry, there is a continuous need for investigation to elucidate the aging 

mechanisms and incorporate them into qualitative and quantitative models. Second, it is 

also essential for such studies to be conducted under conditions that mimic the industrial 

process and have sufficiently long run lengths and repeated periods to ensure the best match 

between the outcomes coming from the research activities and the needs of industrial 

practitioners. As the published researches show, the aging process should be simulated with 

filtration instead of immersion experiments. 

 

1.5 Current Understanding of Microwave Irradiation and Nanobubbles 

1.5.1 Microwave Technology 

Microwaves are a form of electromagnetic radiation with wavelengths ranging from 1 m 

to 1 mm and frequencies between 300 megahertz (MHz) and 300 gigahertz (GHz) The 

microwave induces polar molecules such as water, fat, and other substances to rotate and 

produce thermal energy in a process known as dielectric heating.235 The adsorbed energy 

are converted directly into atomic motion and then converted into heat. Many molecules 

(such as those of water) are electric dipoles, meaning that they have a partial positive charge 

at one end and a partial negative charge at the other, and therefore rotate as they try to align 

themselves with the alternating electric field of the microwaves.236 Rotating molecules hit 

other molecules and put them into motion, thus dispersing energy.  
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Consumer microwave ovens usually use 2.45 GHz. While microwaves in this 

frequency range are not absorbed by most plastics, glass or ceramics, which means that 

microwaves might not impose direct damage on the polymeric or ceramic membranes. The 

microwave irradiation was shown to lead to hydrolyzation of starch to the monosaccharide 

and consequently may enhances surface organic foulants degradation and detachment.237 

Hefa and et al. also used the technologies of microwave-induced degradation through 

hydrophobic microporous mineral coupling adsorption to remove the organic pollutants 

from water efficiently.238 Giancarlo and et al. utilized a microwaves-assisted, solvent-free 

method for soil decontamination, which marks a considerable advance in the search of 

more efficient, environment-friendly procedures for the degradative oxidation of persistent 

organic pollutants.239 But its applications and underlying mechanisms of microwave 

irradiation in mitigating membrane fouling and cleaning membranes have not yet been 

reported thus far, which would be one focuse of research. 

In recent years, microwave (MW) radiation has attracted great attention in 

environmental field. Interesting reports have appeared on the application of MW heating 

technology for regenerating activated carbon240 and removal of ammonia from 

wastewater.241, 242 MW radiation was also used to remediate soils contaminated by 

persistent organic pollutants243-246 and heavy metals247, and promising results were 

achieved. The microwave technology was introduced to couple with membrane distillation.  

A novel membrane module and device which are suitable for microwave vacuum 

membrane distillation were designed. The microwave irradiation significantly improved 

the mass transfer process of the vacuum membrane distillation. Correspondingly, some 

prior research showed that microwave irradiation could effectively induce uniform heating 
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in the radial direction of the membrane module, and significantly improve the mass transfer 

process of vacuum membrane distillation.248 The effects of the microwave irradiation on 

membrane fouling and membrane properties were investigated as well.248 

Huang and Yang249 analyzed the effect of microwave photons on the chemical 

bonding and suggested that it was difficult for microwave to break the chemical bonds 

directly as the energy of microwave photons was much less than the bonding energy. But 

microwave could weaken some chemical bonds, which affected the stability of the 

substance. In the current study, the use of microwave irradiation weakened the chemical 

bonds and caused the detachment of the fouling layer from the membrane surface, therefore 

mitigated the fouling behavior. The increase of the permeation flux observed was also 

attributed to the effect of microwave on chemical bonding. With the fouling substances 

detached from the membrane surface, certain number of the blocked pores was recovered 

which led to an increased flux. 

An advanced oxidation process (AOP) combining hydrogen peroxide and 

microwave heating was used for the solubilization of phosphate from secondary municipal 

sludge from an enhanced biological phosphorus removal process. The microwave 

irradiation is used as a generator agent of oxidizing radicals as well as a heating source in 

the process. This AOP process could facilitate the release of a large amount of the sludge-

bound phosphorus from the sewage sludge. More than 84% of the total phosphorous could 

be released at a microwave heating time of 5 min at 170°C. This innovative process has 

the potential of being applied to simple sludge treatment processes in domestic wastewater 

treatment and to the recovery of phosphorus from the wastewater. 
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1.5.2 Nanobubbles 

1.5.2.1 Concepts of Nanobubbles.  Nanobubbles (NBs) are defined as gas bubbles 

<1 μm in diameter, which are also called ultrafine bubbles250-253. The first detection of NBs 

was in 2000, Lou et al.254 measured NBs with atomic force microscopy (AFM). Since the 

early demonstrations of the presence of NBs using atomic force microscopy (AFM) 

supported strongly255-257, many experimental studies have been conducted to elucidate the 

mechanisms of NBs’ formation, factors involved, characterizations, and applications. 

There is a growing interest in nanobubble because of its wide range of potential 

applications (e.g., detergent-free cleaning, water aeration, ultra-sound imaging and 

intracellular drug delivery, and mineral processing).258-260 

Figure 1.23 shows the key differences among macrobubbles, microbubbles (MBs) 

and nanobubbles (NBs). MBs tend to gradually decrease in size and subsequently collapse 

due to long stagnation and dissolution of interior gases into the surrounding water, whereas 

NBs remains as such for months and do not burst out at once261. It has been revealed that 

the interface of NBs consists of hard hydrogen bonds similar to those found in ice and gas 

hydrates. This in turn leads to reduced diffusivity of NBs that helps to maintain adequate 

kinetic balance of NBs against high internal pressure.  

NBs stay suspended for a long period because bubbles with diameter less than 5 

µm do not rise due to the Brownian motion.262 However, bubbles with diameter greater 1 

mm rise fast and collapse on the surface263-266. NBs are highly stable and lasting for hours 

254, days 267, 268, weeks 269, and even months 270. The difference in the long life of the NBs 

is returned to the differences in the used procedure to generate the NBs, and the 

characterizations of the solutions and gases that have been used. 
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Figure 1.23 Schematic diagram showing macro, micro and nanobubbles.266 

1.5.2.2 Characteristics of Nanobubbles. NBs have several special characteristics such 

as a long residence time in the solution due to their low buoyancy and stability against 

coalesces, collapse or burst, compared with bulk bubbles264, 267. Also, NBs have the ability 

to improve the efficiency of gas mass transfer as decreasing the bubbles’ size is 

accompanied with the increasing in the internal pressure and improving the gas transfer 

efficiency264, 271. Furthermore, the high specific surface area of NBs increases the contact 

area between the liquid and gas272.  This high specific surface facilitates mass transport, 

physical adsorption, and chemical reaction in the gas liquid interface. In the past few years, 

more and more attention has been given to the potential applications of the MBs and NBs 

for water treatment due to their ability to generate highly reactive free radicals.272 It 

reported that the collapse of NBs creates the shock waves which in turn promote the 

formation of hydroxyl radicals266, 273-275. Due to pyrolytic decomposition that takes place 

within the collapsing bubbles, the radical hydroxyl radicals and shock waves can be 
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generated at the gas–liquid interface276. 

In particular, NBs have been applied for the prevention and removal of proteins 

adsorbed onto solid surfaces. It has been shown that adsorption of proteins onto various 

surfaces could be inhibited by NBs, thus preventing the surfaces from fouling. The 

nanobubbles act as antifouling agents.277 Nanobubbles were produced on highly oriented 

pyrolytic graphite (HOPG) surfaces electrochemically and observed by atomic force 

microscopy (AFM). In situ observations indicate that nanobubbles can be used both for 

minimizing the fouling of a surface and cleaning an already fouled surface. The air–water 

interface of the nanobubble is responsible for the defouling action.277 The other fouling 

removal mechanism was proposed recently in Figure 1.24 by Jie Zhu, et al., who 

demonstrated that nanobubbles can prevent the fouling of surfaces and also clean already 

fouled surfaces using bovine serum albumin (BSA) and lysozyme as model contaminants. 

The role of nanobubbles in preventing fouling is to provide a mechanical barrier to the 

adsorption of material on the surface.278 

 

Figure 1.24 The schematic graph for the fouling removal mechanism proposed by Jie 
Zhu et al. 
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1.5.2.3 Generation Methods of Nanobubbles.  In recent research, many methods 

have been investigated to generate NBs.279-283 These methods mostly depend on these seven 

ways to generate NBs:284 

(1) Dissolve the gas into the liquid by compressing air flow in the liquid, then 
release the mixed compressed flow through a NBs nozzle to create NBs by cavitation.  

(2) Use ultrasound waves to stimulate cavitation at the standing points of these 
waves.285 

(3) Inject low pressure gas, and break the gas bubbles with flow focusing, fluid 
oscillation, or mechanical vibrations.286 

(4) Increase the temperature suddenly. In this way, the liquid is saturated with 
bubbling the gas at a low temperature, then the liquid temperature is increased rapidly to 
stimulate the gas bubbles formation.287 This method controls the bubbles nucleation by the 
temperature rather than pressure, and it provides easier control for the laboratory works.288  

(5) In the solvent-exchange method a solvent with higher gas solubility, generally 
ethanol, and then a solvent with lower gas solubility, such as water, is flushed through a 
fluid cell enclosed by a hydrophobic surface. This may create gas supersaturation during 
the solvent-exchange process, leading to the formation of nanobubbles on the solid surface. 

(6) Generate nanobubbles by electrolysis of water.289 Electrolysis is employed to 
produce surface nanobubbles on HOPG surface. Hydrogen (oxygen) nanobubbles are 
formed when the HOPG surface acts as a negative (positive) electrode. 

(7) Microwave irradiation was used to generate interfacial nanobubbles.290 Graphite 
has a strong microwave absorption ability, resulting in a dramatic temperature increase on 
the surface. The hot substrate may provide possibilities for interfacial nanobubble 
formation in an aqueous solution. 

1.5.3 Microwave Irradiation and Nanobubbles 

Recently, Wang et al. used microwave irradiation to generate interfacial nanobubbles.290 

AFM measurement showed that nanobubbles with diameters ranging from 200 to 600 nm 

were generated at a water-HOPG surface by applying microwave radiation to aqueous 

solutions with 9.0−30.0 mg L-1 dissolved oxygen. Graphite displays strong microwave 

absorption and transmits high thermal energy to the surface. The thermal and nonthermal 

effects of microwave radiation made contributions to decreasing the gas solubility, thus 
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facilitating nanobubble nucleation. The generation of nanobubbles could be well controlled 

by adjusting the gas concentration, microwave power, or irradiation time. The study 

provides a quick and convenient way to produce nanobubbles that may be useful for 

various applications.290 

1.5.4 Challenges for Nanobubbles 

More researches are needed on nanobubbles’ interactions with hydrophobic and 

hydrophilic surfaces, solution matrixes such as electrolyte, NOM, and surfactants. The 

surface charge of nanobubbles affects greatly the interactions with other substances. This 

information could lead to transformative applications of NBs in the cleaning technology 

and water purification.  

The presence of hydroxyl radical in NBs solutions is a controversial topic and needs 

more theoretical and experimental studies. For example, the reliable methods to measure 

•OH in NBs solutions, the mechanisms of •OH formation, the affected factors that control 

the •OH reactions in NBs solutions. The effects of •OH on pollutants during membrane 

fouling processes. 

The study of the coalescence of NBs under different circumstances is necessary for 

better understanding of NBs behavior.291 The NBs aggregation rate should be considered 

in the NBs applications to ensure the quality and quantity of effective NBs and doses 

applied to the treatment processes. Equally important is the formation of radicals and 

factors that are involved as reactive radicals are critical for achieving degradation of 

organic compounds in water. Thus, we need to understand what factors could influence the 

efficacy of radical formation and design optimal environments to boost the radical 

formation. 
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1.6 Research Objectives 

According to the background and challenges about membrane filtration technology 

investigated in preliminary work, the research objectives of my research are as follows: 

(1) Develop a comprehensive characterization platform, which offers new insights 
into novel membrane development, surface modification, membrane defouling and other 
related applications. 

(2) Examine the membrane integrity and stability especially under the stress of 
repeated filtration and cleaning to provide new insight into the mechanisms of aging with 
the comprehensive characterization platform studied in previous section.  

(3) Build models based on classic theories and comprehensive characterization of 
membrane and foulant properties to predict the membrane filtration performance and 
unravel the membrane fouling/defouling mechanisms. 

(4) Design an innovative antifouling membrane filtration process and study the 
antifouling efficiency and mechanism. 

The overview organization of this doctoral research is shown in Figure 1.25. 

 
Figure 1.25 Overview schematic of this dissertation research. 
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1.7 Novel Contributions 

This section briefly highlights key contributions in the dissertation. The main theme of this 

dissertation is membrane fouling and aging with the focus on the characterization, 

modelling and antifouling membrane design. First, we apply the AFM for nanoscale 

hydrophobicity measurements and AFM-IR for nanoscale chemical mapping on 

chemically modified membranes, which has not been done before. Next, we provide new 

insight into the membrane fouling and defouling processes by developing based on 

particle transport equations and EDLVO theory. These findings show the interaction 

force between the foulants and membranes dominate the fouling and defouling kinetics. 

Also, we notice that there are much less studies on membrane aging than membrane fouling 

and cleaning, so we carry out the aging experiments to mimic the industrial aging 

process and study the effect of aging on membrane properties and performances with 

QSAR models. The findings provide new insight into the membrane aging. In order to 

enable the antifouling and adequate removal of pollutants of the membranes, we also 

pioneer a microwave-assisted membrane filtration process, which demonstrates high 

removal efficiency for 1,4-dioxane via MW-Fenton-like reactions and reduced the 

membrane fouling through nanobubbles generation and radical formation under 

microwave irradiation. In summary, this dissertation on membrane fouling and aging 

provides tremendous new insight into the parameters dominating membrane filtration 

performance and also design antifouling membrane process to enable sustainable 

membrane filtration. 
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CHAPTER 2 

NANOSCALE IMAGING AND QUANTIFYING CHEMICALLY MODFIED 
POLYMER MEMBRANE PROPERTIES 

 

2.1 Introduction 

During the last few decades, membrane filtration has extensively been used in water and 

wastewater treatment,292, 293 desalination,294 dairy making,295 biomass/water separation,296 

and recovery of rare metals.297-300 Hydrophilic membranes are ideal for water and 

wastewater treatment owing to the antifouling feature.301-303 Many commercial polymeric 

membranes, such as poly (vinylidene fluoride) (PVDF) and polyethersulfone (PES), are 

hydrophobic, which reduces water interaction and causes fouling.304, 305 Therefore, 

hydrophilized polymeric membranes are broadly manufactured to improve the water flux 

and mitigate membrane fouling.306 

Chemical modification such as cross-linking, coating or covalent grafting of 

hydrophilic additives is a common way to engineer surface wettability and improve 

polymeric membranes filtration. For example, macromolecular additives such as poly 

(ethylene glycol) (PEG)307-309 and polyvinylpyrrolidone (PVP)309-311 are commonly used in 

membrane manufacturing industries. A small fraction of chemical blends may substantially 

alter the interfacial properties and the overall filtration performance.293, 312, 313 For example, 

hydrophilization of membranes could lead to a heterogeneous distribution of surface 

functional groups or chemical domains and influence physical (pore size, porosity, and 

surface roughness),314, 315 electric (zeta potential),316 and mechanical (elasticity) 

properties.317 These properties largely determine solute-membrane interactions, filtration 

flux, selectivity, fouling/antifouling, and chemical and mechanical stability.318-320 
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Many traditional analytical methods or instruments still suffer the limitations in the 

spatial resolution and/or chemical sensitivity in the acquisition of structural and chemical 

information of polymeric membrane surfaces. For regular hydrophobicity analysis, the 

water contact angle measurement only provides averaged hydrophobicity indication on 

bulk surfaces. Similarly, traditional diffraction (e.g., Infrared, Raman and Confocal Raman 

spectroscopy) has limited spatial resolution at several microns (e.g., 3–30 µm), depending 

on the laser wavelength and instrumentation. Therefore, developing novel methods to 

address the nanoscale characterization is of paramount importance to provide a more 

comprehensive understanding of modified membranes and guide design for high-

performance membranes. Atomic Force Microscope (AFM) has evolved to be one of the 

most powerful tools for characterization of material surfaces especially at nanoscale.321, 322 

In addition to many physical properties (e.g., morphology, electric and roughness) that can 

be probed by AFM, recent development of AFM has incorporated a suite of IR, Raman and 

confocal microscopy to further extend capabilities of chemical analysis.58-60, 323Such hybrid 

AFM techniques lead to simultaneous physical and chemical characterization of polymer 

blends and multilayer films at ~10 nm lateral resolution and monolayer sensitivity (over 

100 times higher in spatial resolution compared to traditional FTIR and Raman).59, 65-67 For 

example, AFM–IR replies on the detection of the local thermal expansion of samples under 

IR irradiation to make the IR absorption measurement that is far below the conventional 

diffraction limit possible. As the resonance frequency is correlated well with the 

conventional IR spectra,70 the spectra obtained from AFM-IR can be searchable in existing 

databases.71, 72 Clearly, hybrid AFM makes it possible to perform rapid, in situ, and 

possibly real-time imaging and quantification of both physical and chemical properties at 
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a nanoscale level. This is crucial to unravel novel and revolutionary information about 

material properties. 

In this study, we applied AFM and AFM-IR to visualize and quantify the PVP 

additives on PES membranes and analyze the hydrophobicity and chemical compositions 

changes on modified membrane surfaces. Chemically modified PVP/PES membranes with 

different PVP blend levels were obtained from EMD Millipore Corporation. Specifically, 

(1) AFM was first used to probe local scale hydrophobicity of membrane surfaces, which 

has not yet been reported; and (2) AFM-IR was applied to spatially map the distribution of 

chemical additives on the base PES membrane. The goal of this work is to present a set of 

novel AFM-based approaches for unraveling surface properties of chemically modified 

membranes to support the design and development of functional and robust filtration 

systems. 

 

2.2 Materials and Methods 

2.2.1 Preparation of Chemically Modified Membranes 

Figure 2.1a-c shows the photos of three kinds of flat sheet PES membranes obtained from 

Pall Corporation for testing: (1) pristine PES membrane; (2) PES membrane blended with 

10% (w/w) PVP; (3) PES membrane cross-linked with 8% (w/w) PEG. The membrane 

preparation procedures of these three kinds of membranes were detailed by Wu et al.306  

Eight kinds of PES membranes (Figure 2.1d and e) received from Millipore-Sigma 

Corporation are: (1) Pristine PES membrane and PES membrane dip-coated in 2%, 3% and 

4% PEG solution with a nominal pore size of 20 nm; (2) Pristine PES membrane and PES 

membrane dip-coated in 2%, 3% and 4% PEG solution with a nominal pore size of 200 
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nm. The pristine PES membrane and chemically modified PES/PVP membranes were both 

prepared by the phase inversion method.324 PVP solutions were prepared by dissolving 

different amounts (2, 3, and 4 wt.%) of PVP powder into deionized water. Then the PES 

membranes were dipped into the PVP solutions for certain times, exposed to an electron 

beam to cross-link the PVP, and dried in air. The chemically modified PES/PEG 

membranes were fabricated in the same method with PEG solutions. The modification 

process details are proprietary.  

 
Figure 2.1 Polymeric membrane samples received from Pall Corporation: (a) PES 
membrane, (b) PES membrane blended with 10% PVP, (c) PES membrane cross-linked 
with 8% PEG; and samples from Millipore-Sigma Corporation: (d) PES membrane with 
0%, 2%, 3%, 4% PEG, pore size 20 nm, (e) PES membrane with 0%, 2%, 3%, 4% PEG, 
pore size 200 nm. 
 

2.2.2 Morphology of Membrane Surfaces 

Morphology of membrane surfaces was examined by the Field Emission Scanning Electron 

Microscope (FESEM, LEO 1530 VP, Oberkochen, Germany) equipped with energy 

dispersive X-ray spectrometer (EDS) detector. These membrane samples were positioned 

on a metal holder, then sputter coated with carbon under vacuum for 3 min. The scanning 

was performed at an accelerating voltage of 10 kV. 

The topography measurements were performed under ambient conditions with a 

Bruker PeakForce Tapping AFM (Pall membrane samples) and a Park XN20 AFM 

(Millipore-Sigma membranes). For Pall membrane samples, ScanAsyst-Air probes were 

used for tapping mode imaging and the scanning speed was 0.5 Hz. The images were 

c d a b e 
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analyzed through the AFM Nanoscope software to obtain surface roughness 

measurements. The scanned topography images were analysed with ImageJ software to 

determine the porosity of the membrane surfaces semi-quantitatively based on the grey 

levels of the images. For Millipore-Sigma membranes, NCHV-A probes were used for 

tapping mode imaging and the scanning speed was 0.5 Hz. Likewise, the images were 

analyzed through the XEI software to obtain surface roughness measurements.  

The roughness of the surface was determined by measuring the root-mean-square 

(RMS) roughness parameter, defined as the root-mean-square average of the height (Z) 

taken from mean data plane, expressed as Equation 2.1. 
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       (2.1) 

where Zi is the current Z value and N is the number of points within the box cursor. 

2.2.3 Bulk Scale Hydrophobicity Assessment by the Contact Angle Measurement 

A drop of probe liquid (∼5 µL) was placed on a dry membrane surface. At least three 

measurements of liquid drops at different locations were averaged to obtain contact angles 

for each membrane sample. The image of the liquid drop was taken within 10 s to determine 

the air–liquid–surface contact angles with the ImageJ software. 

2.2.4 Nanoscale Hydrophobicity Assessment Using AFM 

Previous studies indicated that the adhesion force measured by functionalized AFM tips is 

linearly correlated with local hydrophobicity of local material surface being probed by 

AFM tip.325-330 Chemical force microscopy with hydrophobic, methyl-terminated tips has 
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been demonstrated for measuring the nanoscale surface hydrophobicity of bacteria and 

nanomaterials.37, 328 Adhesion force can be deduced from the Johnson-Kendall-Roberts 

(JKR) model:  

adh adh1.5F RWπ=          (2.2) 

where R is the radius of curvature of the AFM tip (nm), which can be precisely measured 

under SEM. The work of adhesion in water, adhW can be expressed as: 

adh . . , , , , 2sample water tip water tip sample tip sample sample water tip water waterW W W Wγ γ γ γ= + − = − − +  (2.3) 

where .sample waterγ , .tip waterγ  and ,tip sampleγ  are the interfacial energy, ,tip sampleW , ,sample waterW  

and ,tip waterW  are the work of adhesion in vacuum, and waterγ  is the surface energy. The 

term ,sample waterW can be deduced from the water contact angle using the Young’s equation: 

, . (1 cos )sample water sample water sample water waterW γ γ γ γ θ= + − = +     (2.4) 

Combining Equations (2.2 – 2.4) yields the following expression: 

adh
, , cos

1.5 tip sample tip water water water
F W W

R
γ θ γ

π
= − − +      (2.5) 

Assuming that ,tip sampleW  and ,tip waterW values are similar, which seems reasonable 

because the CH3-modified tip is involved only in dispersion interactions (London forces), 

Equation 2.5 becomes: 

adh cos
1.5 water water

F
R

γ γ θ
π

= −        (2.6) 
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This equation demonstrates that the measured adhesion forces could be linearily 

related to the cosine function of water contact angle. Since the AFM probe has a tip radius 

of 10-30 nm, the adhesion force measured can serve as a quantitative measure of the local 

surface hydrophobicity at nanoscale, which has not been well used for polymer membrane 

characterization.  

A variety of thin organic films, polymer surfaces and fungal spores have been 

characterized using AFM tips functionalized with hydrophobically and hydrophilically 

terminated self-assembled monolayers (SAMs).328, 330-332 SAMs are well-ordered structures 

and allow homogenous interactions at different microscopic scales. The measured adhesion 

forces between CH3-terminated SAMs are typically 1-2 orders of magnitude larger than 

the forces observed for hydrophilic groups (COOH/COOH, OH/OH, COOH/OH, 

CH3/OH).330, 331 Moreover, substrate consisting of carboxylic acids and amine groups show 

pH-dependent behavior, while a nearly pH independent adhesion force was obtained from 

surface OH groups and CH3 groups in the pH regime studied.331, 333  

2.2.4.1 Self-assembled Monolayers (SAMs). In this study, adhesion forces were 

measured, under DI water, between AFM tips and gold substrate surfaces functionalized 

with alkanethiol SAMs terminated with OH and CH3 groups.328 Briefly, gold (111) 

substrate surfaces (Agilent, USA) were immersed for 14 h in ethanol solutions containing 

1 mM HS(CH2)11CH3 and HS(CH2)11OH in various proportions (0:100, 10:90, 20:80, 30:70, 

40:60, 50:50, 60:40, 70:30, 80:20, 90:10, and 100:0) and then rinsed with ethanol before 

use. In order to validate the quality and wettability of the surface modification, water 

contact angles were measured on the functionalized gold substrate surfaces. 
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2.2.4.2 Functionalization of AFM Cantilever Tips. Silicon nitride (Si3N4) cantilever 

tip (RC800PB, Asylum Research, USA)  with Cr/Au (50/50) coating on the both reflex 

side and tip surface and a tip radius of <30 nm was used in the acquisition of force distance 

curves by AFM. Hydrophobic cantilever tips were obtained by coating with CH3 groups 

by immersion in 1 mM HS(CH2)11CH3 for 14 h and cleaning by ethanol before use.  

2.2.4.3 Adhesion Force Measurement with AFM.  An MFP-3D AFM (Asylum 

Research, Santa Barbara, CA, USA) was used to measure the adhesion forces between the 

functionalized probes and the sample surfaces in DI water. The SAMs-coated AFM tips 

and samples (gold substrate or membranes) immobilized on the sample holder were 

immersed in DI water and stabilized for 15 min before the adhesion force measurement. 

The adhesion force was obtained by recording the AFM cantilever deflection caused by the 

vertical movement of the AFM tip through the following three processes: first, the tip 

approaches the sample surface (noncontact region). Second, the tip makes contact with the 

surface, and is pushed against the surface (contact region). Third, the cantilever deflects 

until a preset cantilever deflection setpoint (0.8 V) is reached. Then, the cantilever is 

retracted and leaves the sample at some point, resulting in the adhesion dip (retract trace). 

A force-distance curve is obtained from the curve of deflection (V) versus piezo position 

(nm) (See example curve in Figure 2.2).334 From the retrace curves the peak value of the 

adhesion dip was converted to the deflection of the cantilever in nanometers and the force 

applied to the cantilever was calculated in nanonewtons using Hook’s law: F = Kspd, where 

d is the cantilever deflection displacement (nm) and Ksp is the cantilever spring constant 

(54.84 ± 0.02 pN nm-1).335 The adhesion force was plotted with the water contact angles to 

establish a linear correlation or the standard calibration curve of adhesion force over 
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different hydrophobicity. This calibration curve will be used to quantify the sample surface 

hydrophobicity at nanoscale. 

Figure 2.2 Schematic illustration of a force curve measured during the experiment. (A) the 
tip is approaching the sample surface (noncontact region); (B) the initial contact between 
the tip and the surface is mediated by the attractive van der Waals forces (contact) that lead 
to an attraction of the tip toward the sample; (C) the tip makes contact with the surface, 
and is pushed against the surface (contact region); (D) the cantilever deflects until a preset 
cantilever deflection setpoint (0.8 V) is reached and the cantilever is retracted and leaves 
the sample at some point, resulting in the adhesion dip (retract trace); (E) these adhesive 
forces can be taken directly from the force-distance curve; (F) the tip withdraws and loses 
contact with the sample upon overcoming the adhesive forces.334 Solid line: approaching 
trace; dashed line: retract trace.  

For the polymer membranes, at least 70 locations of sample surfaces were randomly 

selected to measure the adhesion force using the functionalized AFM tips. At least 3 force 

measurements were performed at each location. Based on the obtained adhesion forces, a 

histogram of adhesion force distribution was generated for each sample. For the membrane 

samples, adhesion force mapping was carried out to show the lateral distribution of the 

membranes hydrophobicity or hydrophilicity. The 2D adhesion force images were 

A

C

D

F
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collected through the force mapping mode and the force curves were performed pixel by 

pixel over an entire image frame of 500 nm × 500 nm. Each image was consisted with 4 

pixels × 3 pixels. For each pixel, the tip moved into position, a force curve was acquired, 

and the tip was withdrawn and moved to next position. The scan rate was 500 nm s-1. The 

adhesion maps were plotted by AFM offline software (Igor Pro 6.22A, WaveMetrics Inc., 

OR, USA) as gray-scale images.336 

2.2.5 Membrane Surface Potential 

The Kelvin Probe Force Microscopy (KPFM) set up used was a MFP-3D AFM (Asylum 

Research, USA). KPFM measurements were performed under ambient conditions using 

SCM-PIT-V2 silicon probes with a platinum-iridium coating, a spring constant of 3.0 N m-

1 and a tip apex of around 25 nm. The tip used is 15 µm long. The cantilever used is 225 µm 

long, 35 µm wide and 2.8 µm thick. Surface potential was recorded in a dual-pass: the first 

pass is used to acquire topography of the surface; the second pass is used to measure contact 

potential differences (CPD) by lifting the tip up to a fixed distance above the surface.337, 338 

Images were obtained with a scan rate of 0.5 Hz and a scan size of 0.5 μm × 0.5 μm. All 

AFM images and data were analyzed by AFM offline software (Igor Pro 6.22A, 

WaveMetrics Inc., OR, USA).  

2.2.6 Quality Assurance (QA)/Quality Check (QC) for AFM Measurements 

2.2.6.1 Topography.  After the measurement of each sample, the standard sample with 

known pattern on the surface will be scanned to check the integrity and intactness of the 

tips. The QC result should show that the variation of height or topographical measurement 

is within 5% of the known value. Otherwise, the AFM probes will be re-calibrated by 

thermal-K to determine the spring constant and resonant frequency. If the result after the 
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re-calibration still does not met the criteria, it indicates that the AFM probes may be either 

contaminated or broken or damaged during sweeping.   

2.2.6.2 Surface Potential.  The QC is conducted on a HOPG sample with fresh 

surface before and after certain numbers (5 or 10) of sample mapping to check the integrity 

of the conductive tips. A surface potential value of 5% of the HOPG’s known work function 

is recommended. Otherwise, a new conductive tip should be used to replace the old tip that 

may be contaminated or damaged.  

2.2.6.3 Adhesion Force. To verify the coating integrity of the functionalized tips during 

the force measurement, adhesion force measurements are carried out on the gold substrate 

surface functionalized with 100% CH3- group after 10 or 20 force measurements on sample 

surfaces. The measured adhesion force values should have variations of less than 10% of 

that obtained with the newly prepared tips. Otherwise, the cantilever tip would be changed. 

Duplicate values are taken for each measurement point and the variation should be within 

5% of the average. To avoid the artifacts from the tip engagement on membrane pores that 

could render no physical contact between the tip and membrane surface, the topographical 

images of polymer membranes were first obtained and then, the adhesion force 

measurements were conducted only on the membrane surfaces with at least 20 nm2, which 

can be visualized and located from the topographical images.  

2.2.7 Membrane Surface Chemistry 

2.2.7.1 ATR-FTIR and AFM-IR Analysis.  Functional group and chemical 

compositions of the membrane surfaces were first analyzed by attenuated total reflection - 

Fourier transform infrared spectroscopy (ATR-FTIR). ATR-FTIR spectra were recorded 

on a Nicolet spectrometer (model 560, Thermo Electron, Waltham, MA, USA) together 
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with a MIRacle attenuated total reflectance (ATR) platform assembly and a Ge plate. The 

scanning range was between 400 and 4000 cm−1, and the scanning time was 32 s. Spectra 

were acquired at 4 cm−1 resolution. FTIR chemical imaging was performed using a Varian 

670-IR spectrometer coupled with a Varian 620-IR microscope (Agilent Technologies, 

Santa Clara, CA, USA). A mosaic method was used to image area of 20 µm × 20 µm, 

employing a motorized stage to automate image collection. The spectral resolution was 8 

cm−1. 

Nanoscale infrared analysis (AFM-IR) was performed on a NanoIR2 system 

(Anasys Instruments, Inc., Santa Barbara, CA, USA) operating with top-down 

illumination. All AFM topographic and IR mapping images were collected in contact mode 

at a scan rate of 0.1 Hz using a gold-coated silicon nitride probe (model: PR-EX-NIR2, 

0.07–0.4 N m-1 spring constant, 13 ± 4 kHz resonant frequency, Anasys Instruments).339 

Analysis Studio software (version 3.11, Anasys Instruments, Inc., Santa Barbara, CA, 

USA) was used for data collection and analysis. For the collection of local spectra, the IR 

laser produced 10 ns pulses at a repetition rate of 1 kHz. The power levels of the incident 

IR radiation on the sample surface were set to ca. 50 μW.340 Local spectra were collected 

over spectral ranges: 900–1800 cm−1, using a data point spacing of 4 cm−1. 

The chemical structures of PES, PVP and PEG are shown in Figure 2.3. The 

functional groups assignments of these three polymers are shown in Table 2.1 as a 

reference for analysis of the spectrum obtained from the membrane samples. 

 
Figure 2.3 The chemical structures of (a) PES, (b) PVP, and (c) PEG. 

(a) (b) (c) 
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Table 2.1 FTIR Assignments of PES, PVP and PEG Polymers 
Materials Functional groups Wave number References 

PES Aromatic bands 1486 cm-1, 1578 cm-1 Zhang et al.341 Sulfone groups (S=O) 1322 cm-1, 1298 cm-1 

PVP 
CO stretching 1650 cm-1 Borodko et al.342 

Shahbaziniaz et al.343 CH2 bending 1427 cm-1 
C-N stretching 1293 cm-1 

PEG Ether C-H; 2891 cm-1 Castillo et al.344 C-O-C 1103 cm-1 
 

2.2.7.2 Raman Spectroscopy and AFM-Raman Analysis.  Raman spectroscopy is a 

powerful laser-based scattering technique that detects the chemical features of the 

specimen as well as identifying the structures of its molecules.345, 346 The functional groups 

assignments of these three polymers are shown in Table 2.2 as a reference for analysis of 

the spectrum obtained from the membrane samples. Raman spectra and spectral mapping 

were taken using a DXR Raman microscope (Thermo Fisher Scientific, Madison, WI) with 

a 3 mW 532 nm laser line using a 50× objective, producing a laser spot with a diameter of 

~0.7 µm on the sample. Acquisition time for a single spectrum was 30 s.  

 
Table 2.2 Raman Assignments of PES, PVP and PEG Polymers 

Materials Functional groups Wave number References 

PES Phenyl-ring 1580 cm-1, 1662 cm-1 Sharma et al.347 
Symmetric C-O-C stretching 1150 cm-1 

PVP Amide, C=O, C-N stretch 1662 cm-1 Yuri et al.342 
CH2 Wag, C-N stretch 1296 cm-1 

PEG C-O-C bands 1280 cm-1 Yahia et al.348 
 

Integration of AFM with Raman can simultaneously generate topographical and 

chemical mapping of the same sample area at nanoscale. With AFM/Raman (NTEGRA 

Spectra, NTMDT, Russia), we expect to resolve the chemical distribution of composite 

membranes with a higher resolution and sensitivity than conventional Raman. The 
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AFM/Raman instrument was equipped with a 532 nm laser in upright configuration. A 

100× objective (Numerical Aperture or N.A. 0.7) provided a laser spot size about 330 nm. 

The laser power was kept well below 1 mW for nondestructive Raman measurements. 

2.2.8 Characterization of HA and BSA as Model Foulant and Pollutant 

Natural organic matter (NOM) constitutes a complex mixture of organic compounds with 

varying molecular weights, charge densities, and hydrophobicity.349 The presence of NOM 

in drinking water primary affects the aesthetic quality by creating taste, color, and odor 

problems.350 Moreover, the presence of NOM has a great impact on the efficiency of nearly 

all treatment processes applied for drinking water production, as it can reduce the 

adsorption capacity of activated carbon for the removal of target pollutants,351 it can 

provoke extensive membrane fouling,352 it can increase the frequency for ion-exchange 

resin regeneration cycles,353 it can increase the required coagulant and oxidant dosages,354, 

355 and it can favor the formation of carcinogenic disinfection by-products (DBPs).356 

Therefore, NOM composition and properties are considered nowadays as key parameters 

for the efficient design of any drinking water plant. Humic acid has been used to present 

the NOM in water. 

The powdered HA (Sigma-Aldrich) was purchased to represent the humus-like 

substance in typical natural organic matters. The HA stock solution (0.1 g L–1) was 

prepared by dissolving 0.1 g HA into 1000 mL deionized water. The solution pH was 

adjusted before carrying out the measurements or experiments by 0.1 mol L–1 HCl or 0.1 

mol L–1 NaOH. The solid BSA (MW = 67 kDa, Sigma- Aldrich) was chosen to represent 

the protein-like substance in natural organic matter. The BSA stock solution (2 g L–1) was 
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prepared by dissolving 2 g BSA into 1000 mL deionized water. The pH of the BSA solution 

was also adjusted with 0.1 mol L–1 HCl or 0.1 mol L–1 NaOH. 

Contact angles of the HA and BSA were measured using the same way as described 

in Section 2.2.3. The HA and BSA coated surfaces were made by depositing the HA 

solutions and BSA solutions onto clean flat gold coated wafer and dried in the air. 

Zeta potential and mean size of HA or BSA in the solution were determined by 

dynamic light scattering (DLS) with a Malvern Zetasizer, Nano ZS (Malvern Instruments 

Limited, UK). Zeta potential was calculated by the Smoluchowski equation.357 Each data 

value was an average of five measurements and all the measurements were performed at 

25 ± 1 oC. The concentrations of BSA and HA solutions were determined by UV 

absorbance measurement at 287 nm and 254 nm,358, 359 respectively, using a UV–Vis 

Spectrophotometer (Evolution 201, Thermo Scientific, Waltham, MA, USA). A linear 

calibration curve with a coefficient of determination (R2) greater than 0.99 between BSA 

or HA concentration and UV absorbance was obtained within the concentration range used 

in this study. 

 

2.3 Results and Discussion 

2.3.1 Morphology of Membrane Surfaces by SEM and AFM 

Morphology of membrane surfaces were obtained by SEM as shown Figure 2.4 and 

compared with the ones obtained by AFM. The topographical images consistently show 

that the hydrophilic polymeric additives, PVP and PEG, increased pore sizes of the 

modified PES membranes, which agrees with the literature.222 Surface roughness (e.g., 

RMS) and porosity were also increased significantly after modification (Table 2.3). 
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Figure 2.4 AFM (left column) and SEM (right column) topographical images of (a, b) PES 
membrane; (c, d) PES/PVP membranes; (e, f) PES/PEG membranes. 
 

Table 2.3 The Porosity and Roughness of Three Membrane Samples 
Membranes Porosity (%)* RMS (nm) Mean pore diameter (nm) 

PES  17 69.0±8.2 447.6±103.8 
PES/PVP 32 172.0±40.7 1155.5±188.8 
PES/PEG 36 187.0±18.7 1257.5±194.3 

*Porosity was calculated based on the pore areas measured from the acquired 2D images. 

2.3.2 Hydrophobicity and Hydrophilicity Analysis  

Average contact angle measurements for the probe liquids on the three membranes (PES, 

(a) (b) 

(d) (c) 

(e) (f) 
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PES/PVP and PES/PEG) and the two model foulants (BSA and HA) are shown in Table 

2.4. The hydrophobic/hydrophilic properties of chemically modified PES membranes were 

expected to vary as compared with the pristine PES membranes due to the presence of the 

hydrophilic functional groups such as hydroxyl groups and amino groups in PVP and ether 

groups in PEG. Table 2.4 shows that the pristine PES membrane displayed a water contact 

angle of 83.99 ± 1.06°, indicative of the highly hydrophobic nature of PES. After blending 

with PVP, the water contact angle reduced to 0°, a super-hydrophilic surface state. Similarly, 

the Pall PES membrane cross-linked with PEG showed a water contact angle of 7.52±0.63°, 

also a highly hydrophilic surface property. Increasing the blending ratio of PEG from 0% 

to 4% in PES gradually reduced the water contact angle from 71o to 27o.  

Table 2.4 Average Contact Angles of Membranes and Two Model Foulants 

Materials 
Contact angle (º) 

Water Formamide Glycerol 

Pall 
Membranes 

PES  84.0±1.1 59.4±8.9 58.1±8.9 

PES/PVP  0±0 46.6±2.5 77.4±5.2 

PES/PEG  7.5±0.6 26.1±3.7 24.2±2.4 

Millipore 
Membranes 
Pore size: 
200 nm 

PES/0% PEG 71.3±12.3 12.1±3.5 42.4±7.4 

PES/2% PEG 39.3±6.9 15.0±6.4 38.8±9.6 

PES/3% PEG 42.7±8.5 12.1±4.9 43.9±9.8 

PES/4% PEG 27.4±2.9 0±0 52.5±14.5 

Foulants 
Bovine Serum 

Albumin 23.0±2.4 31.8±0.6 50.4±0.4 

Humic Acid 31.5±2.2 30.0±2.7 60.8±4.1 
 

2.3.3 Membrane Nanoscale Hydrophobicity Probed by AFM 

2.3.3.1 Water Contact Angles of SAM Surfaces. Water contact angle measurements 

for different SAMs are shown in Table 2.5. The surface hydrophobicity is shifting from 
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highly hydrophilic to hydrophobic when increasing the fraction of CH3 groups. These 

contact angles measurements will be used to compare with and validate the model 

calculation of nanoscale “contact angles” converted from the adhesion force measurement 

in the following sections. 

Table 2.5 Water Contact Angles for Various SAM Surfaces 

 

2.3.3.2 Adhesion Force Measurement Between CH3-coated Gold Tip and SAMs. 

Before applying the AFM method to probe the surface hydrophobicity of polymer 

membranes, we further verified the correlation between adhesion forces and water contact 

angles on SAM surface with well-controlled water angles. In this study, the bulk contact 

angles and the adhesion forces between the CH3-coated gold tips and ten different SAM 

surfaces were measured and plotted versus the fraction of CH3- (Figure 2.5a, b and c). Then, 

the adhesion forces were further plotted over -cosθ in Figure 2.5d, where θ is the water 

contact angle obtained above in Table 2.5. Linear regression reveals that water contact 

angles and adhesion forces follow a good linear relationship as reported: 

(6.21 0.62) (6.85 0.79) cosadhF θ= ± − ± ⋅   R2= 0.9449   (2.7) 

According to the Equation 2.7, the adhesion would be negative when the contact 

angle is less than 24.98o. It means that repulsion occurs between the tip and sample surface 

and there will be no adhesion force that can be measured for hydrophilic surfaces, which 

SAMs Molar fractions of CH3 (%) 

0 10 20 30 40 50 60 70 80 90 100 
Contact 
angle (°) 25.7 31.0 33.8 40.3 45.7 55.1 58.7 63.0 65.5 75.3 83.0 

SD (°) 8.1 5.7 4.0 3.4 2.2 6.8 6.1 5.8 7.7 5.7 4.0 
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agrees with previous literature.328 This equation will be used for the calculation of 

nanoscale “water contact angles” that are not or hard to measure experimentally at local 

material surfaces based on the measurement of adhesion force between the sharp tip of 

functionalized AFM cantilever probe and samples. The tip’s integrity was verified by 

measuring the 100% CH3 coated Au substrate for 10 times, the value should be similar as 

those obtained by new tips. 

 
Figure 2.5 (a) Water contact angles values measured for SAMs as a function of the molar 
fraction of CH3; (b) Histograms of adhesion forces between probes and different SAM 
surfaces; (c) Adhesion forces measured for SAMs as a function of the molar fraction of 
CH3; (d) Adhesion forces versus the value of -cosθ for different SAM surfaces. 

2.3.3.3 Adhesion Force Measurement between CH3-coated Gold Tip and Different 

Membranes. The adhesion force curves were collected on the membrane surfaces at 

70 different locations with CH3-coated gold tip, and the histogram of the adhesion forces 

(a) (b) 

(d) (c) 
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are shown in Figure 2.6 and Figure 2.7. Spatially resolved force curves recorded with a 

hydrophobic, CH3-coated gold tip yielded adhesion forces of pN to nN magnitude that were 

heterogeneously distributed on the membrane surfaces. In the previous studies, water 

contact angle measurements, partitioning in aqueous two-phase systems, and hydrophobic 

interaction chromatography were developed to analyse the surface hydrophobicity.360 

However, these methods had poor resolution since they provide averaged information 

obtained on bulk area. Therefore, this technique of hydrophobicity measurement with AFM 

demonstrated to be a powerful approach to the traditional methods, providing spatially 

resolved measurements of hydrophobicity on membranes.328 

2.3.3.4 Membrane Nanoscale Hydrophobicity Calculated by Adhesion Force. The 

average water contact angles for different membranes are shown in Figure 2.8. The 

calculated contact angles using Equation 2.7 are compared with the bulk water contact 

angles. The calculated contact angles appear slightly smaller than the bulk ones especially 

for the hydrophobic membranes. The difference between the nanoscale and bulk scale 

water contact angles may be caused by the inhomogeneous hydrophilicity distribution on 

the membrane surfaces. The adhesion forces were measured on the real membrane surfaces 

by avoiding the membrane holes. This might induce the calculated contact angles different 

from the bulk water contact angles, which were affected by the roughness and pores of 

membrane surface.   
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Figure 2.6 Adhesion force curve collection positions on the AFM height image (500 nm × 
500 nm) (left column) and histogram (n = 210) of adhesion forces (right column)  
recorded on the membrane surface using AFM with a hydrophobic CH3 tip. The samples 
are PES membranes with 0% PEG (a), 2% PEG (b), 3% PEG (c) and 4% PEG (d). 
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Figure 2.7 Adhesion force curve collection positions on the AFM height image (500 nm × 
500 nm) (left column) and histogram (n = 210) of adhesion forces (right column)  
recorded on the membrane surface using AFM with a hydrophobic CH3 tip. The samples 
are PES membranes with 0% PVP (a), 2% PVP (b), 3% PVP (c) and 4% PVP (d). 
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Figure 2.8 Comparison between contact angles calculated and measured experimentally 
for PES membrane modified with different amount of PEG (a) and PVP (b), pore size: 20 
nm. 
 

In the previous studies, water contact angle measurements, partitioning in aqueous 

two-phase systems, and hydrophobic interaction chromatography are commonly used to 

analyse the surface hydrophobicity.360 However, these methods yield poor resolution and 

reveal no nanoscale information. Conversely, this AFM technique has proven to be a 

powerful approach that can not only quantitatively measure local scale hydrophobicity but 

also perform spatial mapping of surface hydrophobicity distribution.328 

Different from SAMs, membranes are porous material and the surface roughness is 

heterogeneous at nanoscale. Due to the rough surfaces, the contact angles might be 

measured in two different models (Figure 2.9b). And the contact angles measurements 

(Figure 2.9a) of membrane surfaces are affected by the membrane pores. Clearly, water 

contact angle measurement is unable to capture this nanoscale contact angle especially for 

the membranes with nanoscale pore sizes. While AFM tip radius is around 20 nm (Figure 

2.9c), which could avoid the membrane pores and probes on “real” membrane surface to 

obtain the force curves (Figure 2.9d). Then the nanoscale hydrophobicity of the membrane 

surfaces could be measured. 

(a) (b) 



75 

Nur Hashimah Aliasa et al. did not adopted contact angle measurement as an 

informative characterization of hydrophobicity in their study on nanofiber membranes,361 

because Cassie effect resulting from large air pocket and micron-range roughness in 

nanofiber has a significant contribution on water contact angle of nanofiber meshes.362 As 

a result, a contact angle of nanofiber mesh does not indicate hydrophilicity or 

hydrophobicity of nanofibers. Fortunately, the hydrophobicity measured by AFM could 

overcome this limitation. 

 
Figure 2.9 Comparison of bulk water contact measurement and AFM adhesion force 
measurement and its conversion into nanoscale hydrophobicity. (a) Bulk water contact 
measurement, (b) two wetting models of water drop on rough surface, (c) AFM adhesion 
force measurement and (d) AFM tip probing on membrane surface avoiding the membrane 
pores. 
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2.3.4 Membrane Surface Potential Measurement by KPFM 

Different from surface zeta potential, Figure 2.10 shows the surface electric potential (CPD 

values) of different membranes surfaces as another sensitive approach to prob chemical 

homogeniety and distribution on membranes. Clearly, PVP and PEG additives (hydrophilic 

polymers) changed surface electric potential of the PES membranes. Again, the contrast in 

surface potential mapping is due to the difference in the work functions of probed 

membrane surfaces and AFM probes. The PES membrane had a homogenous surface that 

led to almost identical or even distribution of surface potential (approximately -7.92 V or 

-8.38 V) across the tested region. By contrast, the surface potential mapping of PES/PVP 

and PES/PEG membranes revealed a few spots with subtiantial contrast and differnet 

surface potentials at levels of -1.16 V to 4.92 V indicating the presence of foreign chemicals 

over the base PES polymer.  

Figures 2.10 (d-i) shows the surface electric potential of PES membranes surfaces 

with different concentrations of PEG and PVP additives. Similarly to the results on Pall 

Membranes, PVP and PEG additives (hydrophilic polymers) changed surface electric 

potential of the Milipore’s PES membranes. The PES membrane had a homogenous surface 

that led to almost identical or even distribution (approximately -8.70 V or -8.38 V) of 

surface potential across the tested region. By contrast, the surface potential mapping of 

PES/PVP and PES/PEG membranes had reduced surface potentials at levels of -6.43 to 

1.92 V. Based on the surface potential difference, we may not only be able to detect 

chemical blends on polymer membranes but also possibly quantify the blend level or 

concentrations with well calibrated measurement.  
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Figure 2.10 The surface potential images of three membrane samples. Pall membranes: (a) 
PES membrane, (b) PES/PVP membranes, (c) PES/PEG membranes; Millipore 
membranes (pore size is 20 nm): (d) PES/0%PEG membrane, (e) PES/2%PEG membranes, 
(f) PES/3%PEG membranes; (g) PES/0%PVP membrane, (h) PES/2%PVP membranes, (i) 
PES/4%PVP membranes. 
 

KPFM provides a noncontact and noninvasive mapping of the local surface electric 

potential or surface potential, which is the contact potential differences (CPD) due to the 

difference in work functions (or Fermi energy levels) between sample surface and AFM 

probe. Work function, usually measured in eV, is the energy difference of an electron 

between the vacuum level and the Fermi level, which is the minimum energy needed to 

CPD = -8.38±0.13 V 
(d) 

(b) 
CPD = 4.92±3.98 V CPD = -7.92±0.07 V 

(a) 

CPD = -1.16±1.15 V 

(c) 

CPD = 1.69±0.48 V 
(e) 

CPD = 1.92±0.87 V 
(f) 

CPD = -6.43±0.51 V 
(h) 

CPD = -5.88±0.07 V 
(i) 

CPD = -8.70±0.33 V 
(g) 
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liberate an electron from the surface of semiconductors.363, 364 The local mechanical and 

electromagnetic properties, such as surface charges, doping levels, or dielectric constants, 

significantly affect the work function. Many previous studies show that KPFM could detect 

polymeric identities based on their unique surface potential or work function.35, 50, 365 

KPFM has been used to characterize morphology and determine surface potentials of a 

broad spectrum of materials, including semiconductors,52 inorganic films,53 self-assembled 

monolayers (SAMs),54 and polymer thin films.55, 56 Therefore, KPFM was used as an 

alternative tool that may sensitively probe chemical distribution of polymer membranes at 

nanoscale. 

2.3.5 Membranes Surface Chemistry Measured by ATR-FTIR and AFM/IR 

2.3.5.1 PES/PVP Membranes. First, we tried FTIR and AFM-IR on the PES/PVP 

membranes provided from Pall Corporation. For the PVP additives, Figure 2.11a shows 

that a small band at 1664 cm-1 that may indicate the presence of PVP (C=O stretching) in 

PES membrane. However, other characteristics bands of PVP such as 1466 cm-1, 1293 cm-

1 (C-N stretching) were not detected. The results were verified by AFM-IR spectrum that 

yielded similar findings as shown in Figure 2.11b, where AFM-IR spectra for the pure PES 

membranes and PES/PVP membranes were compared and the band at 1664 cm-1 was 

attributed to the additives of PVP. 
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Figure 2.11 FTIR (a) and AFM-IR (b) spectra range for PES membrane and PES/PVP 
membrane. AFM image (c) and AFM-IR spectrum (d) for PES/PVP membranes. The 
spectra in red and blue colors were collected from the two locations labeled with red and 
blue “+”. 
 

In Figure 2.12a, the PES/PVP membrane was sectioned using microtom to achieve 

high spatial resolution chemical mapping of inner part of the sample. AFM-IR spectra 

collected from a number of locations are overlayed and appear to be almost identical, which 

indicates the sample had well mixed or even distribution of polymer species. In Figure 

2.12b, the PES component was detected consistently across the scanned region of PES/PVP 

membrane. The IR absorption image was collected at 1152 cm-1 to show the chemical 

distribution of PES (Figure 2.12c-d). However, the IR mapping image was highly 

(b) (a) 

1668 cm-1 

(d) (c) 
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consistent with the height image. It is thus speculated that the rougness of the membrane 

surface caused the artifacts in the IR absorption mapping. 

 
Figure 2.12 AFM image (a) and AFM-IR spectrum (b) for microtomed PES/PVP 
membranes. And AFM image (c) and IR absorption mapping at 1152 cm-1 (d) for PES/PVP 
membranes with cross-section. 

 

Compared with the spectra obtained from microtomed membranes (Figure 2.12b), 

the AFM-IR spectra collected from non-microtomed membrane surfaces (Figure 2.11b) 

showed a sign of saturation, especially for the bonds at 1100-1200 cm-1. The saturation 

issue happened probably because the membrane samples were too thick (140 μm) and the 

incident radiation at a particular wavenumber (e.g., 1102 cm-1 and 1152 cm-1) could be 

(a) (b) 

(c) (d) 
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totally absorbed by the sample well before the thermal diffusion limiting depth. Therefore, 

the spectra in Figure 2.11b show similar IR signal intensities for different absorbance 

peaks. Since the main purpose of this study is to resolve the surface chemical compositions 

on membrane samples, the saturation at 1152 cm-1 did not affect our objective for detection 

of modifier and its chemical distribution. In addition, because the membranes must be 

embedded in the epoxy or resin for microtoming, which might cause the surface 

contamination or damage or material distortion after the microtoming. That is why 

microtoming was not used to obtain thin samples or to measure cross sections. Since the 

characteristic band at 1668 cm-1 did not show significant signs of saturation, the AFM-IR 

spectra were directly collected from the pristine membrane samples without microtoming. 

Based on the results above for PES/PVP membranes, it indicates that both of FTIR 

and AFM/IR successfully identified PVP on PES base membrane and their distribution 

could be mapped by AFM/IR as well. In this section, we expect that AFM-IR could also 

detect and map the distribution of additives on PES/PVP membranes with different PVP 

ratio. As shown in Figure 2.13, the band at 1668 cm-1 indicated the presence of PVP in PES 

membrane and the high amount of PVP blend in the membranes resulted in increased signal 

of the peak. Figure 2.13c shows the spectra acquired on the top and bottom surfaces of 

PES/PVP membrane, which appeared to be almost identical with the PVP C=O stretching 

carbonyl group band peak at 1668 cm-1. This means that the PES/PVP membrane had 

homogenous chemical distribution.  
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Figure 2.13 The spectrum collected with FTIR (a) and AFM-IR (b) from PES membranes 
(pore size is 200 nm) with different amount of PVP on the top (shiny) side; and comparison 
between the spectrum collected with FTIR (c) and AFM-IR (d) from top and bottom sides 
of PES membranes with 4% PVP.  
 

Figure 2.14 shows the AFM-IR mapping that resolves the chemical distribution of 

PES and PVP on the membrane surfaces. For the PES/0%PVP membranes (Figure 2.14a), 

the PVP signal was quite weak (no red spots), indicating there was rare or no PVP in the 

PES/0%PVP membrane. For PES/2%PVP membranes (Figure 2.14b), there were some 

signals of PVP (red spots on the membrane surface) and the PES distribution signal was 

much stronger than those of PVP. Compared with PES/2%PVP membrane, PES/4%PVP 

membrane (Figure 2.14c) has a bigger area of PVP distribution signal. The results reveal 

(a) (b) 

(c) (d) 
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that the PES membranes dipped in the high concentration of PVP solutions were dip-coated 

with more PVP amount on the surface. 

 

Figure 2.14 The IR mapping collected with AFM-IR at 1152 cm-1 (left) and 1668 cm-1 
(right) for the distribution of PES and PVP, respectively, in PES (a), PES/2% PVP (b) and 
PES/4% PVP (c) membranes. Millipore PES membranes (pore size is 200 nm). 

 

(a) 

(b) 

(c) 
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2.3.5.2 PES/PEG Membranes. For the PES membranes with PEG additives, FTIR was 

not able to identify PEG on PES base membrane with ATR-FTIR, probably because of the 

low content of PEG and the sensitivity limitation of ATR-FTIR. As shown in Figure 2.15, 

all spectra obtained for the different PEG blended PES membranes were the same. To better 

resolve the chemical speciation, a Varian 670-IR coupled with a Varian 620-IR microscope 

(Agilent Technologies – Santa Clara, CA, USA) was applied to collect the IR spectrum 

from PES and PES/2%PEG membranes (Figure 2.16a). The results show that an obvious 

band at 2888 cm-1 that may indicate the presence of PEG (Ether C-H) in PES membrane. 

However, other characteristics bands of PEG such as C-O-C band at 1103 cm-1 might be 

overlapped by PES peak at 1107 cm-1 because of the limited resolution of 8 cm-1. IR 

mapping images at 1486 cm-1 and at 2888 cm-1 were collected to demonstrate the spatial 

distribution of PES (Figure 2.16b) and PEG (Figure 2.16c), respectively. AFM/IR was not 

able to identify PEG on PES base membrane (thus results were not shown here), probably 

because of the low content of PEG additives as well as the high solubility of PEG in 

water.366 

 
Figure 2.15 ATR-FTIR spectra for PES membranes with different PEG amount, pore size 
(a) 200 nm; (b) 20 nm.  
 

(a) (b) Pore size: 200 nm Pore size: 20 nm 
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Figure 2.16 IR spectra (a)  for PES membranes with different PEG amount (pore size is 
20 nm); chemical distribution of PES (b) and PEG (c) for PES/2% PEG membrane. 

 

2.3.5.3 Verify AFM-IR Method on Various Modified Membranes.  The AFM-IR 

method was verified with application on various modified membranes (i.e., hydrophilic 

UPE membrane, hydrophilic PVDF membrane and hydrophilic PES membranes without 

known modifiers). From the AFM-IR spectrum collected in Figure 2.17-2.19, the modifier 

hydrophilic groups were successfully detected. With the fixed wavelength, the IR mapping 

images of membrane backbone material and modifier material on the membrane surface 

were obtained. For the hydrophilic UPE membranes cross-linked with amide group, the 

spectrum (Figure 2.17a) has the peaks at 1469, 1668 (C=O stretching vibration of the amide 

group), 2848 & 2916 cm-1 (characteristic band of UPE, the asymmetric and symmetric 

stretching vibration peak of C–H). Then IR mapping of PVDF at 974 cm-1 (Figure 2.17b) 

and hydroxyl group at 3528 cm-1 (Figure 2.17c) were obtained. For the hydrophilic PVDF 

membranes cross-linked with hydroxyl group, the spectrum (Figure 2.18a) has the peaks 

at 974 &1284 (characteristic α-phase and β-phase bands of PVDF, symmetric stretching of 

C-F bonds), 1728 and 3448 cm-1 (stretching vibration of hydroxyl group). Then the IR 

mapping of PVDF at 974 cm-1 (Figure 2.18b) and hydroxyl group at 3528 cm-1 (Figure 

2.18c) were obtained. For the hydrophilic PES membranes cross-linked with amide group, 

(a) 
 

(b) 

20 μm 

1486 cm-1 (c) 

20 μm 

2888 cm-1 



86 

the spectrum (Figure 2.19a) has the peaks at 1108, 1152 (the SO stretching band in PES), 

and 1664 cm-1 (the C=O stretching carbonyl group). IR mapping of PES at 1152 cm-1 

(Figure 2.19b) and amide group at 1664 cm-1 (Figure 2.19c) were obtained. All the 

backbone material characteristic bands were detected and the modifier hydrophilic groups 

bands were detected as well, which was in agreement with the FTIR spectrum. 

 
Figure 2.17. AFM-IR spectrum (a) and IR mapping of UPE at 2916 cm-1 (b) and amide 
group at 1668 cm-1 (c). 
 

(a-1) (a-2) 

(b) (c) 
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Figure 2.18. AFM-IR spectrum (a) and IR mapping of PVDF at 974 cm-1 (b) and hydroxyl 
group at 3528 cm-1 (c).  
 

 
Figure 2.19. AFM-IR spectrum (a) and IR mapping of PES at 1152 cm-1 (b) and amide 
group at 1664 cm-1 (c). 

 

(a-1) (a-2) 

(b) (c) 

(a) (b) (c) 
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In addition, we verified the feasibility of bigger scanning size and the reliability of 

AFM-IR techniques. Figure 2.20 shows the IR mapping of hydrophilic modifiers (amid I 

bonds in PVP) on PES membranes. We scanned twice bigger scanning size and the results 

showed that the IR mapping was representative and with high repeatability. 

 
Figure 2.20. Modifier distribution area on hydrophilic membrane surface with PVP 
additives. The figures are IR mapping at 1664 cm-1. 
 

2.3.6 Membrane Surface Functional Group Measured by Raman and AFM/Raman 

Figure 2.21 shows the Raman spectra of the three polymer membranes from Pall 

Corporation. Comparison of the spectra indicated that no PVP and no PEG band were 

detected in PES/PVP and PES/PEG membranes. The reason might be the low sensitivity 

of regular Raman spectroscopy. AFM/Raman was either not able to identify PEG on PES 

base membrane (thus data not shown), probably because of the low content of PEG 

additions. By contrast, Figure 2.22b shows that a very weak PVP peak around 2960 cm-1 

at some sample regions. Most of the Raman detection results were similar with what we 

found with the conventional Raman spectroscopy data shows (Figure 2.21a). 

  

Scan direction Scan direction 
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Figure 2.21 Raman spectra for (a) PES, (b) PES/PVP and (c) PES/PEG membranes from 
Pall Corp. 
 

 
Figure 2.22 AFM-Raman spectra for (a) PES membrane and (b) PES/PVP membranes 
from Pall Corporation. 
 

2.3.7 Potential Application of Optical Photothermal Infrared Spectroscopy on 
Surface Characterization of Surface Modified Membranes 

As discussed in Section 2.3.5.1, the saturation issue of AFM-IR signal happened due to the 

high thickness of membrane samples. Ultramicrotome has been used widely in the 

preparation of very thin, frozen samples of biological tissue and this technique could be 

used to obtain thinner polymer membranes suitable for AFM-IR measurements.  

Besides, for the thick membranes, another state-of-the-art technique named optical 

photothermal infrared (O-PTIR) spectroscopy, released in 2018 by Photothermal 

Spectroscopy Corp. might be able to overcome the problem. Similar to AFM-IR, O-PTIR 

(a) (b) (c) 

(a) (b) 

2960 cm-1 
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utilizes a mid-IR pulsed, tunable laser to heat the sample and the surface adsorption occurs 

when the IR laser excites a molecular vibration in the sample at a wavelength and thereby 

creates photothermal effects including thermal expansion. Different from AFM-IR, which 

uses AFM to detect the thermal expansion, O-PTIR use a visible probe laser, focused to 

0.5 μm spot size to measure the thermal expansion via the scattered light, as shown in 

Figure 2.23. The component of the reflected visible laser signal that is modulated at the IR 

pump laser repetition rate is directly proportional to the absorption coefficient of the sample 

at that wavenumber. By operating in reflection mode, the need for thin samples is also 

eliminated, leading to dramatically easier sample preparation. Thus, with 0.5 μm spatial 

resolution, O-PTIR technique is a promising tool for the nanoscale characterization of 

polymeric membranes. 

 
Figure 2.23 A pulsed tunable, IR source is focused on sample. Absorbed IR light causes 
sample to heat up, creating a photothermal response in the sample. A visible laser probe 
measures the photothermal response due to IR absorption. Figure was cited from website: 
https://www.photothermal.com/technique/. 
 

2.4 Conclusion 

In this study, we demonstrate that both AFM and AFM-IR are powerful techniques for 

analyzing the nanoscale surface properties of polymer membranes. Particularly, the 
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heterogeneous surface hydrophobicity and chemical distribution can be resolved at higher 

spatial resolutions compared to the water contact angle measurement and FTIR. The 

measured adhesion force between functionalized AFM tips and membrane surfaces was 

linearly correlated with “nanoscale” water contact angles (R2= 0.9449). The contact angles 

calculated from adhesion force were smaller (3.9%-25.9%) than the bulk water contact 

angles, indicative of the potential discrepancies between local and bulk surface 

hydrophobicity. The AFM-IR nanoimaging at 1152 cm-1 and 1668 cm-1 was used to 

differentiate PES and PVP, which could not be resolved by regular FTIR spectroscope due 

to the diffraction limitation. The modified membranes dip-coated with higher 

concentration PVP solutions presented a stronger level of PVP IR signals. The AFM and 

hybrid AFM-IR technologies may bring a promising way to revolutionize the 

characterization of membrane surfaces, which is critical for functional membrane design 

and manufacturing as well as investigations of membrane fouling and weathering processes.  

Moreover, these new methods are likely important for investigations of surface 

contamination or fouling process,367 material weathering process, and antifouling surface 

design (e.g., eye contact lenses368 and sanitary coating369). nanobubbles production and 

stability investigation on specific substrate,370 anti-fouling surface modified stainless steel 

for food processing,371 biomolecular manipulation,372 nanotopography release of 

nanoparticles from food package into environments373 and any related nanotechnology and 

science research. For example, the anti-fouling coatings on ship hull in marine shipping 

filed for biofouling prevention was investigated with AFM for nanoscale topography and 

module values,367 but AFM also can be used as a powerful tool for the nanoscale 

hydrophobicity analysis for those coatings instead of contact angle measurement method. 



92 

Another example, clean and contaminated membranes were analyzed and compared with 

AFM by Zhang et al,374 but AFM force curve could be used to analyze the hydrophobicity 

change after the fouling, and AFM-IR could be used to investigate the fouling components 

distribution on membrane surface and in member pores, for further understanding of 

fouling mechanism. 
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CHAPTER 3 

EXPERIMENTAL AND MODELING ASSESSMENT OF POLYMERIC 
MEMBRANE FOULING/DEFOULING KINETICS 

 

 

3.1 Introduction 

During the last few decades, membrane filtration has extensively been used in water and 

wastewater treatment,292, 293 desalination,294 dairy production,295 biomass/water 

separation,296 and recovery of rare metals.297, 298, 300 Membrane fouling is still a major issue 

during the application of membrane filtration. Membrane fouling is commonly caused by 

cake formation, pore blocking, particle deposition, and concentration polarization, which 

results in the increase of membrane resistance, filtration failure and high operational 

cost.375 Development of effective anti-fouling membrane materials is critical for economic 

viability and sustainability of membrane filtration processes. 

Membrane characteristics, such as hydrophobicity/hydrophilicity, surface charge, 

roughness, pore size and porosity, etc., have been proven to impact on membrane filtration 

performance, especially on membrane fouling.158, 179-181 Chemical modification such as 

cross-linking, adsorption or covalent grafting of charged ionic species and hydrophilic 

additives is a common way to engineer surface wettability and improve polymer 

membranes filtration. For example, macromolecular additives such as poly (ethylene 

glycol) (PEG)307-309 and polyvinylpyrrolidone (PVP)309-311 are widely used in membrane 

manufacturing industries. After the hydrophilization process, membrane properties 

(especially at nanoscale) could significantly differ from the pristine materials besides 

hydrophobicity or hydrophilicity. A small fraction of chemical blends may substantially 

alter the interfacial properties and the overall filtration performance.293, 312, 313 Moreover, 
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the characteristics and performances of these chemically modified membranes may change 

sensitively with the concentrations and the molar ratios of chemical blends or additives.319, 

376, 377 For example, hydrophilization of membranes could lead to a heterogeneous 

distribution of surface functional groups or chemical domains and influence physical (pore 

size, porosity, and surface roughness),314, 315 electric (zeta potential),316 and mechanical 

(elasticity) properties.317 These properties largely determine their bulk behavior such as 

solute-membrane interactions, filtration flux, selectivity, fouling/antifouling, and aging. 

For instance, Torrestiana-Sanchez et al. reported that water permeability and protein 

rejection were influenced by the addition of PVP and PEG during PES membrane.319  

Besides, molecular weight cut off (MWCO) of PES membrane could be changed by the 

addition of PVP.320  

Particularly, the impacts of hydrophobicity and surface charge on membrane 

fouling during microfiltration have largely been reported previously.179 However, most 

studies investigated the effects of hydrophobicity and surface charge of either membrane 

or foulants separately.378-381 Only a few reports considered two factors together,382-384 but 

none of them analyzed these interfacial properties of membranes and foulants at the same 

time.186 Further, the interfacial properties of membranes, though playing a pivotal role in 

solute-membrane and foulant-membrane interactions,385, 386 are largely overlooked 

probably due to the inadequate analytical approaches.  

AFM has evolved to be one of the most powerful tools for characterization of 

material surfaces especially at nanoscale.26, 27 Multiple physicochemical and electric 

properties can be mapped and quantified by AFM with nanometer resolutions. For example 

characteristics such as, surface morphology,31, 32 roughness,33 stiffness,34, 35 adhesiveness,36, 
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37 viscosity,38 hydrophobicity,33 conductivity,39 capacitance,40, 41 magnetization,42 surface 

potential43 and work function32 can be determined accurately. Compared to other electron 

microscopies, such as scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM),48, 49 AFM offers more characterization functions and more importantly, 

the original physiological states of samples can be well preserved. Samples can be placed 

in vacuum, gases, or aqueous environments with desirable conditions or chemistries, 

reducing potential artifacts on samples from sample preparation. Recent development of 

AFM has incorporated a suite of analytical techniques, including Raman spectroscopy, 

Infrared (IR) spectroscopy and confocal microscopy to further extend capabilities of 

chemical analysis and mapping on sample surfaces.58-60 Traditional diffraction (e.g., IR, 

Raman and Confocal Raman) has limited spatial resolution at several microns (e.g., 3–30 

µm), depending on the laser wavelength and instrumentation. By contrast, hybrid AFM 

techniques combined with IR and Raman demonstrated simultaneous physical and 

chemical characterization of polymer blends and multilayer films at ~10 nm lateral 

resolution and monolayer sensitivity (over 100 times higher in spatial resolution compared 

to traditional FTIR and Raman).59, 65-67 Clearly, hybrid AFM makes it possible to perform 

rapid, in situ, and possibly real-time imaging and quantification of both physical and 

chemical properties at a nanoscale level. This is crucial to unravel novel and revolutionary 

information about material properties.  

In this study, the effects of those macromolecular additives (PVP and PEG) on 

membrane properties and the filtration performances (e.g., filtration flux, foulant rejection, 

and fouling) of the resulting PES membranes were systematically investigated. The 

hypothesis to verify is that different amounts of PVP and PEG additives may yield 
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heterogeneous surface properties (e.g., hydrophobicity, surface charge) and significantly 

different filtration performances. A suite of analytic techniques such as AFM, ATR-FTIR, 

Raman, scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS) 

and dynamic light scattering (DLS) were employed to perform comprehensive 

characterization to reveal surface morphology, hydrophobicity, surface zeta potential, 

chemical binding and distribution of chemical additives on the base PES membrane matrix. 

These surface characteristics were further used to interpret the observed filtration 

performances (e.g., foulant rejection and antifouling). Bovine serum albumin (BSA) and 

Aldrich humic acid (HA) were used as model foulants, representative of proteins and humic 

substances, respectively. Finally, the interfacial properties were integrated into the 

extended Derjaguin–Landau–Verwey–Overbeek (EDLVO) theory to derive a new 

correlation with membrane fouling kinetics. This correlation may enable quantitative 

prediction of membrane fouling to aid fouling mitigation and prevention. The study also 

aims to offer new insights into the novel membrane development, surface modification, 

antifouling design, and other related filtration separation applications. 

 

3.2 Materials and Methods 

3.2.1 Preparation of Chemically Modified Membranes 

Three kinds of flat sheet PES membranes obtained from Pall Corporation for testing: (1) 

pristine PES membrane; (2) PES membrane blended with 10% (w/w) PVP; (3) PES 

membrane cross-linked with 8% (w/w) PEG. Another four kinds of PES membranes 

received from Millipore-Sigma Corporation are: Pristine PES membrane and PES 

membrane dip-coated in 2%, 3% and 4% PVP solution with a nominal pore size of 200 nm. 
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3.2.2 Bulk Scale Hydrophobicity Assessment by the Contact Angle Measurement 

3.2.2.1 Probe Liquids. To determine the surface tension components of membrane 

surfaces, we performed the contact angle measurements using three probe liquids with 

well-known surface tension properties.188 The probe liquids selected for this investigation 

are deionized (DI) water (18.2 MΩ cm at 25 oC, Direct-Q® UV3 System, EMD Millipore, 

Bedford, MA, USA), glycerol (CAS NO. 56-81-5), and formamide (CAS NO. 75-12-7). 

Surface tension components ( LWγ , γ+, and γ−), polar energy component ( 2ABγ γ γ+ −= )387 

and the total free energy component ( TOTγ ) of each probe liquid are shown in Table 3.1. 

Table 3.1 Surface Tension Properties of Probe Liquids388-390 

Probe liquids 
Apolar energy 

component 
LWγ   

Electron-
donor 

interaction 
components 

γ +  

Electron-
acceptor 

interaction 
components 

γ −  

Polar 
energy 

component 
ABγ  

Total free 
energy 

component 
TOTγ  

Water 21.8 25.5 25.5 51.0 72.8 
Formamide 39.0 2.3 39.6 19.0 58.0 

Glycerol 34.0 3.9 57.4 30.0 64.0 
 

3.2.2.2 Contact Angle Measurement Procedure. A drop of probe liquid (∼5 µL) was 

placed on a dry membrane surface. At least three measurements of liquid drops at different 

locations were averaged to obtain contact angles for each membrane sample. The image of 

the liquid drop was taken within 10 s to determine the air–liquid–surface contact angles 

with the ImageJ software. 

3.2.3 Measurement of Membrane Surface Zeta Potential and Its Principle 

The membrane surface charge or surface zeta potential was measured by a surface zeta 

potential cell equipped on a dynamic light scattering (DLS) instrument (Malvern 
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Instruments ZetaSizer Nano ZS). The membrane samples were cut into 4 mm × 5 mm 

pieces and attached by double coated adhesive tapes (Tedpella) to the cell as shown in 

Figure 3.1. The cell was placed in a standard 12 mm2 polystyrene cuvette (Fisher Scientific 

Co, Pittsburgh, PA) filled with the dispersant (i.e., 1 mM NaCl solution within the pH range 

4–10)391 and tracer particles (300 nm carboxylated latex particles). The cuvette and cell 

were then placed in the temperature controlled ZetaSizer instrument at a temperature of 

25± 1 ◦C. The pH was measured using a pH-meter (Orion model 420A, Boston, MA, USA) 

and adjusted by addition of NaOH and HCl solutions. 

The distance between the tracer particle electrophoretic mobility measurement 

position and the membrane surface was varied by a height adjustable sample holder to 

change the roles of electrophoresis and the electro-osmosis in the movement of tracer 

particles. The measured electrophoretic mobility varied as a function of distance from the 

membrane surface. By plotting the reported mobility, or zeta-potential, as a function of 

displacement from the surface, the relationship can be used to derive the membrane surface 

zeta potential.392, 393  

Figure 3.1a shows a charged surface in an electrolyte with an external electric field, 

E applied. The zeta potential of the surface in the electrolyte, the applied electric field and 

the presence of hydrated ionic species within the electrolyte cause electroosmotic fluid 

motion along the surface slipping plane.357, 392 When the electric field is applied the tracers 

will move under electrophoresis and electro-osmosis. The measurements of tracer 

motilities at various points (position A – E in Figure 3.1b) can then be extrapolated to the 

intercept to yield the tracer mobility at the surface. Then the zeta potential can be calculated 

by the tracer particle mobility using the Henry’s function:394 
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2 ( )
3E

zf KaU ε
η

=         (3.1) 

where UE is the mobility, ε is the dielectric constant, z is the zeta potential, f(Ka) is Henry’s 

function, and η is the viscosity. Henry’s function generally has value of either 1.5 or 1.0. 

For measuring zeta potential in aqueous solutions of moderate electrolyte concentration, a 

value of 1.5 is used and this is referred to as the Smoluchowski approximation.395 Then the 

surface zeta potential is indicated by the tracer electroosmotic mobility at the surface, 

which is calculated by the mobility at the surface subtract the electrophoretic mobility of 

tracer measured in the position far from the sample surface.  

The surface zeta potential measurement strategy consisted of five measurements in 

the region 125–625 µm (position A – E in Figure 3.1b and blue dots in Figure 3.1d) in 125 

µm steps and a further measurement at 1000 µm (red dots in Figure 3.1d) in order to 

estimate the tracer velocity, or tracer particle zeta potential particleζ . The measured 

electrophoretic mobility varied as a function of distance from the membrane surface. By 

plotting the reported mobility, or zeta-potential, as a function of displacement distance 

between the position where the mobility of tracer measured (marked as A, B, C, D or E in 

Figure 3.1b) and the sample surface, the relationship can be extrapolated back to the 

intercept, or zero displacement and obtain interceptζ . The membrane surface zeta potential 

membraneζ  was calculated using the equation:392, 393 

membrane intercept particleζ ζ ζ= − +        (3.2) 
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Figure 3.1 The basis of the surface zeta potential measurement technique. (a) The 
schematic of the surface zeta potential explanation; (b) the diagram with electro-osmosis, 
electrophoresis, resulting mobility; (c) schematics of the sample preparation procedure; (d) 
a typical measurement plot of zeta potential reported by the particle velocity against the 
displacement from the surface. 
 

3.2.4 Characterization of HA and BSA as Model Foulant and Pollutant 

The powdered HA (Sigma-Aldrich) was purchased to represent the humus-like substance 

in typical natural organic matters. The HA stock solution (0.1 g L–1) was prepared by 

dissolving 0.1 g HA into 1000 mL deionized water. The solution pH was adjusted before 

carrying out the measurements or experiments by 0.1 mol L–1 HCl or 0.1 mol L–1 NaOH. 

The solid BSA (MW = 67 kDa, Sigma- Aldrich) was chosen to represent the protein-like 

substance in natural organic matter. The BSA stock solution (2 g L–1) was prepared by 
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dissolving 2 g BSA into 1000 mL deionized water. The pH of the BSA solution was also 

adjusted with 0.1 mol L–1 HCl or 0.1 mol L–1 NaOH. 

Contact angles of the HA and BSA were measured using the same way as described 

in Section 3.2.2.2. The HA and BSA coated surfaces were made by depositing the HA 

solutions and BSA solutions onto clean flat gold coated wafer and dried in the air. Zeta 

potential and mean size of HA or BSA in the solution were determined by dynamic light 

scattering (DLS) with a Malvern Zetasizer, Nano ZS (Malvern Instruments Limited, UK). 

Zeta potential was calculated by the Smoluchowski equation.357 Each data value was an 

average of five measurements and all the measurements were performed at 25 ± 1 oC. The 

concentrations of BSA and HA solutions were determined by UV absorbance measurement 

at 287 nm and 254 nm,358, 359 respectively, using a UV–Vis Spectrophotometer (Evolution 

201, Thermo Scientific, Waltham, MA, USA). A linear calibration curve (Figure 3.7) with 

a coefficient of determination (R2) greater than 0.99 between BSA or HA concentration 

and UV absorbance was obtained within the concentration range used in this study. 

3.2.5 Static Adsorption of BSA and HA 

To determine the adsorption kinetics and surface interaction of BSA toward polymer 

membrane, static adsorption experiments were conducted batchwise for up to 2 h at room 

temperature with a stirring rate of 100 rpm in a 50 mL beaker.396 The beaker was filled 

with 8 mL of the BSA solution with an initial concentration of 100 mg L–1 and pH=6.25. 

Three square membrane pieces (0.25 cm2 each) were used in the static adsorption reaction. 

At 20 minutes intervals, 2 mL of liquid samples were taken to analyze the solution BSA 

concentration. The concentration of BSA in the medium was determined 

spectrophotometrically at 287 nm using a calibration curve as shown Figure 3.7. The 
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amount of BSA adsorbed from membranes was calculated with the initial and final 

concentrations of BSA in the medium. After determination of the mass adsorbed, the 

membranes were discarded. A fresh membrane was used for each measurement. The static 

adsorption of HA toward polymer membranes were also carried out following the 

procedure described above, but the adsorption amount was too small to be analyzed. 

Therefore, the relative data was not presented in this study and the fouling caused by the 

adsorption of HA on membranes was assumed to be negligible. 

3.2.6 Fabrication of Flat Membrane Cell 

The flat membrane cell was designed in AutoCAD 2016 by Autodesk (San Rafael, CA). 

Schematic diagrams of the flat membrane cell can be seen in the Figure 3.2. The cell has 

an outer width and length of 4 inches, making the effective membrane area approximately 

9.6 cm2. The cell was manufactured with polytetrafluoroetheylene (PTFE) due to its strong 

chemical resistance and microwave transparence. The screws and nuts used to seal the cell 

were also made from PTFE.  

 
Figure 3.2 Top view (a) and side view (b) schematic of the flat membrane cell or module 
with dimensions in inches. 

(a) (b) 
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3.2.7 Cross-flow Filtration Performance 

Figure 3.3 illustrates the schematic diagram for the bench scale filtration devise. The 

effective membrane area approximately 9.6 cm2. As mentioned above, all parts of the 

filtration cell are made from Teflon (PTFE), including the O-ring, screen, screws and nuts. 

Cross-flow filtration (CFF) mode was used in the study, in which the feed solution passes 

tangentially along the surface of the membrane. A pressure difference across the membrane 

filter drives aqueous components that are smaller than the pores through the membrane. 

The solution that passes along the membrane surface and back to the feed tank is the 

retentate, whereas the solution that passes through the membrane is called permeate. This 

solution is usually pumped back to the feed tank and recirculated. 

 
Figure 3.3 The schematic of the cross-flow filtration setup. 
 

Liquid pressure and flow rates are essential factors for controlling and monitoring 

a cross-flow filtration process. Hydraulic pressure was monitored in the feed stream (PF), 

the retentate stream (PR) and the permeate stream (Pp). TMP represents the driving force 

Waste 
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for transfer of material across the filter, and is calculated as shown in Equation 3.3. TMP 

was used to control the flux. The sum of the flow rates out of the filter on the retentate and 

permeate sides is equal to the flow rate of feed into the filter. The retentate flow rate is also 

known as the cross-flow rate or recirculation rate. The permeate flow rate is known as the 

flux.  Flux is commonly expressed in units of liters per m2 of membrane per hour (L m-2 

h-1, LMH).

2

F R
P

P P
TMP P

+
= − (3.3) 

The volume of the permeat was then measured and the flux was calculated using 

Equation 3.4:  

V
J

A t
=


(3.4) 

where J is the flux (LMH), V is the permeate volume (L), A is the effective surface area of 

the membranes (m2) and t is the time of the permeate collection (h). 

3.2.7.1 Compaction and Pure Water Permeability Measurement.    All experiments 

were carried out by using the cross-flow cell filtration system (Figure 3.3) connected to a 

reservoir and pressurized by a peristaltic pump. Before the pure water permeability tests, 

the membranes were all pre-compressed at 5 psi (34.5 kPa) for 30 min to achieve a steady 

flux and to minimize the compaction effect. The pure water flux was otained by recording 

the volume of permeate over the time of 30 min under TMP of 34.5 kPa.  
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3.2.7.2 Membrane Fouling in BSA/HA Filtration.  BSA was selected as the model 

protein foulant and HA as the model natural orgainc matters foulant in this study. For each 

filtration experiment, DI water was pumped at a TMP of 34.5 kPa through the filtration 

cell as a feed to determine the pure water flux (J0). Then, the foulant solution (200 mg L-1 

BSA solution and 10 mg L-1 HA solution) was subjected to the membrane cell under a 

TMP of 34.5 kPa and a cross-flow rate of 25 mL min-1 to observe the fouling accumulation. 

The TMP and flux were recorded every 5 min for 120 min. After that, the membranes were 

taken out, rinsed by immersion in 500 mL pure water and shaked for 1 min for removing 

the loosely-attached foulants on the membrane surface. Pure water fluxes before and after 

filtration were measured at the same pressure (34.5 kPa). The cleaning efficiency was 

indicated by the relative flux recovery (RFR) in Equation 3.5:309, 397 

0

(%) 100JRFR
J

= ×         (3.5) 

During filtration of foultant (BSA and HA) solution, foulant concentrations in feed 

and permeate solutions were measured to detemrine the rejection rate: 

0

0

Rejection  (%) 100C C
C
−

= ×        (3.6) 

where C0 and C are the concentrations of foulant in feed and permeate solutions, 

respectively. 
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3.2.8 Modelling of Membrane Fouling with BSA and HA Solutions 

3.2.8.1 EDLVO Theory Analysis. The membrane-foulant interactions were modeled 

as particle–surface geometry.398 In our calculation, the total interaction energies, TotalU , 

between membrane and foulants (BSA and HA) are equal to: 

Total vdW EL ABU U U U= + +        (3.7) 

where vdWU , ELU , and ABU are the Lifshitz–van der Waals (vdW), electrostatic double-

layer (EL) and polar or Lewis acid–base (AB) energy (kBT), respectively.188, 399, 400 To 

determine the individual contributions from van der Waals, electrostatic and Lewis acid–

base interactions to the overall interaction energy, we first determined the surface energy, 

Hamaker constants, and zeta potentials of interacting entities as detailed in the following 

subsection. 

First, vdWU and ELU  can be calculated by the following equations:166
  

132
132 ln

6 2 2
vdW A a a hU

h h a h a
  = − + +   + +  

             (3.8) 

( ) { }2 2 1 2
132 0 1 2 2 2

1 2

2 1 exp( )ln ln 1 exp( 2 )
1 exp( )

EL hU h
h

ξ ξ κπε ε ξ ξ κ
ξ ξ κ
 + −

= + + − − + − − 
          (3.9) 

Although surface hydrophobicity changes may induce the changes to van der Waals, 

electrostatic and steric interaction energies, to simplify the EDLVO calculation, the effect 

of surface hydrophobicity changes is only attributed to the change of acid-base interaction 

energy in this study:401 
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0

0
132 132, expAB AB

D
h hU a Gπ λ
λ
− = ∆  

 
                (3.10) 

0132,
AB

DG∆ can be estimated by following equations:402, 403 

0

132
132,

02
AB

D
KG

hπ λ
∆ = −        (3.11) 

1 2
132

cos coslog 7.0 18.0
2

K θ θ+ = − − 
 

     (3.12) 

where 
0132,

AB
DG∆ is the standard polar or acid-base free energy (J m-2) at the minimum 

equilibrium distance (h0=0.157 nm) due to Born repulsion can be estimated by the 

hydrophobicity determination using water contact angles,402, 403 K132 is the hydrophobic 

force constant (J). The contact angles (θ) were measured following the procedure described 

in Section 3.2.2.2.  

The extended Young's equation is used to calculate the surface tension:404 

(1 cos ) 2( )LW LW
L i L i L i Lθ γ γ γ γ γ γ γ+ − − ++ ⋅ = + +     (3.13) 

where γL is the probe liquid surface energy (mJ·m-2), which is known for the three probe 

liquids as shown in Table 3.1. LW
iγ is the apolar part of surface tension of condensed 

material (i) caused by dispersion energy between molecules, and to 
iγ
+ or 

iγ
−  are the polar 

part of surface tension of condensed material (i) caused by dipole interaction included 

dipole moments and hydrogen bonds. According to Equation 3.13, LW
iγ and the polar 

surface tension components: electron-acceptor (
iγ
+ ) and electron-donor (

iγ
− ) can be solved 



108 

once the surface tension properties of probe liquids ( LW
iγ ,

iγ
+ , and

iγ
− ) and the contact 

angles (θ) of probe liquids on the samples surfaces are known, which are available in 

literature and shown in Table 3.1. The results of surface tension components ( LW
iγ , iγ

+ and

iγ
−  ), polar energy component ( 2ABγ γ γ+ −= ) and the total free energy component 

( TOT LW ABγ γ γ= + ) are shown in Table 3.4. The surface tension results are further used to 

compute the Hamaker constant for interaction between membrane and foulants in water 

using the method of van Oss: 

( )( )2
132 0 1 3 2 324 LW LW LW LWA hπ γ γ γ γ= − −

    (3.14) 

where the subscript 1, 2, and 3 corresponds to membrane, foulant, and water, respectively. 

And all the parameters used in Equations 3.8-3.14 were explained in Table 3.2. 
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Table 3.2 Parameters Used in EDLVO Theory Equations 
Parameters Explanation Remark 

1θ  the water contact angles of membranes  

2θ  the water contact angles of foulants  

A132 Hamaker constant for interacting subject 1 and 
subject 2 in the medium 3 (J).  

h0 The minimum equilibrium distance due to the 
Born repulsion. 0.157 nm 

h The separation distance between the membrane 
and the foulants (nm).  

κ 
The inverse Debye length (m-1) defined as

( )1/22 2
0/A i i r BN e c z k Tκ ε ε= ∑ . 

 

NA Avogadro’s number. 6.02×1023 mol-1 
e Unit charge. 1.602×10-19 C 

ci ci is the molar concentration of one species 
ions (i), mol L-1.  

ε0 The dielectric permittivity of a vacuum 8.854×10-12 C V-1 m-1 
ε The dielectric constant of water 78.5 (dimensionless) 
zi The valence of the ith ion.  

Bk  Boltzmann constant. 1.38×10-23 J K-1. 
T The absolute temperature taken as 298 K.  

n 
The molar concentration of ionic species in the 
medium (mol m-3) multiplied by Avogadro’s 
number (# mol-1). 

 

1ξ  Surface zeta potential (mV) for membranes  

2ξ  Zeta potential (mV) for foulants  

 

3.2.8.2 Mathematical Modelling of Dynamic Membrane Fouling.  The phenomenon 

of permeation flux decline or transmembrane pressure increase with filtration time is 

commonly termed as “membrane fouling”. Flux decline is a result of the increase of 

membrane resistance commonly due to pore blocking, particle deposition, concentration 

polarization and cake formation.375 For example, as shown in Figure 3.4, in the boundary 

of the gel polarized layer, the concentration of solute or particles increases from the bulk 

value (cb) to cm at the surface of the gel layer. The concentration of particles in the gel layer, 

http://en.wikipedia.org/wiki/Avogadro_number
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6WHR-4J8JVR8-1&_mathId=mml24&_cdi=6857&_acct=C000059542&_version=1&_userid=56861&md5=0a182c13a1727ae07541747df5c2c932
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cg, is assumed equal to cm. The concentration of solute or particles in the filtrate is defined 

as cp. Flux is a subtle combination of the effects of interactions between the particles 

themselves, the particles and the membrane surface, as well as other effects such as the 

influence of hydrodynamic forces.405  

 
Figure 3.4 Schematic diagram of the concentration polarization and gel formation next to 
a membrane surface.405  
 

In this study, a model of fouling dynamics in cross-flow filtration is developed 

based on the particle transport equation and the EDLVO theory.406, 407  

x x
x x x

B

D F CCJ D u C
x k T

∂
= − + +

∂
      (3.15) 
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cg 
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cp 
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x 𝛿𝛿 

d
d
cD
x



111 

where xJ  is the particle flux (g m-2 s-1) that is related to the particle deposition rate, Dx is 

the diffusion coefficient (cm2 s-1), C is the particle concentration (mg L-1), xu  is the 

particle velocity components induced by the fluid flow (m s-1), xF is the component of the 

external force vector (N). T  is the temperature (K), Bk  is the Boltzmann constant, 

1.38×10-23 J K-1. 

For the particle dispersion component, the particle deposition rate or flux is 

expressed as: 

( )
b g

x disp x x

c cCJ D D
x h

−∂
= − = −

∂
      (3.16) 

where cb and cg are the particle concentration (mg L-1) in the bulk (feed) solution, and the 

gel layer, respectively; h is the separation distance between the foulants and the membrane 

(nm). 

The particle deposition flux as a result of advection is expressed as:408, 409  

( )x adve x bJ u C Jc= =        (3.17) 

where J is the pure water permeate flux, QJ
A

= . 

The particle deposition flux as a result of the interfacial force: 

( )

( )TOT
mwfx x x b

x force
B B

U hD F C D cJ
k T k T h

∂
= =

∂
     (3.18) 

All parameters in this equation are described above. Thus, the overall particle 

deposition flux is expressed below: 
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( )b g x b Total
x x b

B

c c D c U hJ D Jc
h k T h
− ∂

= − + +
∂

     (3.19) 

With the calculation result of overall particle deposition flux, we proposed that the 

particle deposition flux could be considered as the particle deposition rate, which is the 

growth rate of fouling layer on membrane surface as well. Then the positive correlations 

between the particle deposition rate and the flux decreasing rate might exist. The flux 

decreasing rate 0(J/ J )
t

∂
∂

 could be derived from slope of the flux changes with filtration 

time during the filtration time. It is assumed that the higher particle deposition rate 

calculated by Equation 3.19, the faster the flux decreasing rate will be. In this way, the 

fouling rate of the membrane could be indicated or predicted by calculation of particle 

deposition rate. 

 

3.3 Results and Discussion 

3.3.1 Hydrophobicity and Hydrophilicity Analysis  

Average contact angle measurements for the probe liquids on the three membranes (PES, 

PES/PVP and PES/PEG) and the two model foulants (BSA and HA) are shown in Table 

3.3. The hydrophobic/hydrophilic properties of chemically modified PES membranes were 

expected to vary as compared with the pristine PES membranes due to the presence of the 

hydrophilic functional groups such as hydroxyl groups and amino groups in PVP and ether 

groups in PEG. Table 3.3 shows that the pristine PES membrane displayed a water contact 

angle of 83.99 ± 1.06°, indicative of the highly hydrophobic nature of PES. After blending 

with PVP, the water contact angle reduced to 0°, a super-hydrophilic surface state. Similarly, 
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the Pall PES membrane cross-linked with PEG showed a water contact angle of 7.52±0.63°, 

also a highly hydrophilic surface property. Increasing the blending ratio of PEG from 0% 

to 4% in PES gradually reduced the water contact angle from 71o to 27o. 

Table 3.3 Average Contact Angles of Membranes and Two Model Foulants 

Materials 
Contact angle (º) 

Water Formamide Glycerol 

Pall 
Membranes 

PES  84.0±1.1 59.4±8.9 58.1±8.9 

PES/PVP  0±0 46.6±2.5 77.4±5.2 

PES/PEG  7.5±0.6 26.1±3.7 24.2±2.4 

Millipore 
Membranes 
Pore size: 
200 nm 

PES/0% PEG 71.3±12.3 12.1±3.5 42.4±7.4 

PES/2% PEG 39.3±6.9 15.0±6.4 38.8±9.6 

PES/3% PEG 42.7±8.5 12.1±4.9 43.9±9.8 

PES/4% PEG 27.4±2.9 0±0 52.5±14.5 

Foulants 
Bovine Serum 

Albumin 23.0±2.4 31.8±0.6 50.4±0.4 

Humic Acid 31.5±2.2 30.0±2.7 60.8±4.1 
 

Table 3.4 shows the calculated surface tension parameters and the free energy 

component for each of the membranes and foulants by Equation 3.13. The surface energy 

data show that PES membranes have high electron donor monopolarity, or high electron 

donor components (γ−) and relatively low electron acceptor components (γ+). By contrast, 

PES/PVP and PES/PEG membranes have high electron acceptor monopolarity. These 

results agree with previous studies reporting that original polymeric membranes typically 

have a high electron donor monopolarity.410, 411 Specifically, the PES membrane has a low 

electron acceptor component, which translates into a low AB component. A high γAB 

component value of PES/PVP and PES/PEG membranes means that there is a higher 

degree of hydration on the surface or high hydrophilicity.   
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Table 3.4 Surface Energy Parameters of Seven Membranes, Two Model Foulants, and 
Three Probe Liquids 388, 389 

Materials 

Polar 
surface 
tension 

components 
(mJ·m-2) 

Polar surface tension 
components (mJ·m-2) 

Polar 
energy 

component 
(mJ·m-2) 

Total free 
energy 

component 
(mJ·m-2) 

LWγ  
γ +

 γ −
 

ABγ  
TOTγ  

Pall 
membrane 

PES  6.6±4.6 2.9±2.9 39.2±10.8 21.51 28.13 

PES/PVP  9.5±13.3 83.0±30.4 12.3±8.7 63.97 73.53 

PES/PEG  12.1±14.8 60.1±2.2 17.5±13.1 61.57 73.75 

Millipore 
PES 

membrane 

0%PEG 14.0±8.6 17.5±13.9 36.9±26.8 51.00 65.02 

2%PEG 10.4±14.6 30.4±19.3 21.9±29.6 51.70 62.10 

3%PEG 14.6±16.8 26.0±22.3 9.4±9.4 31.35 46.02 

4%PEG 31.4±13.8 7.16±5.37 33.0±4.2 30.78 62.27 

Foulants 
BSA 0.14±0.12 7.63±6.65 54.±3.6 40.67 40.81 

HA 19.8±8.7 12.7±12.5 17.6±9.9 29.96 49.84 

Probe 
liquids 

Water 21.8 25.5 25.5 51.0 72.8 
Formamide 39.0 2.3 39.6 19.0 58.0 

Glycerol 34.0 3.9 57.4 30.0 64.0 

 

3.3.2 Membrane Surface Zeta Potential 

Figure 3.5a shows the pH dependence of the surface zeta potentials (SZP) for the three 

membranes. All membrane surfaces were negatively charged over the entire pH range 4‒

11. The absolute SZP values increased (more negatively charged) with the increasing pH, 

which is consistent with literature.391 The negative surface charges are because anions can 

approach more closely to hydrophobic surfaces (such as PES membrane).412 The addition 

of PVP and PEG to PES obviously decreased the net surface charge of the PES membrane. 

With the addition amount of PEG, the net surface charge of PES was progressively reduced 

(Figure 3.5a).  
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Figure 3.5 The surface zeta potential of membrane samples under different pHs. (a) Pall 
membranes; (b) Millipore membranes (pore size: 200 nm). 
 

3.3.3 Effect of pH on the Physicochemical Properties of BSA and HA 

Zeta potential of foulants, as a function of pH, is illustrated in Figure 3.6, which shows that 

the isoelectric point (IEP) of BSA was ~pH 4.7, consistent with the values reported in the 

literature.413 When the pH was less than ~4.7, the basic residues and hydrogen ions on the 

BSA surface were completely associated, which is why the zeta potential was positive. 

When the pH value increased, amino acidic residues on the BSA surface gradually played 

a role in the solution, increasing the negative charge on the protein surface. When the amino 

acid residues on the surface completely dissociated, the zeta potential became stabilized.413 

The pH value changes the properties of the protein surface charge by affecting the degree 

of protonation of amino acid residues on the protein surface.165  

Figure 3.6 shows that Zeta potential of HA molecules are negatively charged in the 

testing pH. The absolute values of zeta potential increases with pH increasing. This can be 

explained that large amounts of carboxylic and hydroxylic functional groups of HA 

molecular were protonated in acidic environment, which leads to the decrease of 

electrostatic repulsion and the molecular curls spherically. While the neutral and alkaline 

(a) (b) 
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conditions can deprotonate the functional groups of HA, which result in the increase of 

electronegative, so the molecular conformation stretch correspondingly.397, 414 

 
Figure 3.6 Effect of solution pH on zeta potential of BSA and HA. At least 3 replicate 
measurements were performed for each condition. 
 

3.3.4 Effects of Membrane Surface Characteristics (Surface Charge and 
Hydrophobicity) on Static Adsorption of BSA and HA 

The calibration curves for BSA and HA concentration measurements were obtained and 

shown in Figure 3.7. These calibration curves were used later as a means to determine the 

concentrations of BSA and HA in the solutions. The limits of detection (LOD) for BSA 

and HA were 3.08 mg L-1 and 0.39 mg L-1 respectively. 
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Figure 3.7 Calibration curves for BSA (a) and HA (b) based on the absorbance 
measurements at 287 nm and 254 nm respectively. 
 

The dynamic adsorption of BSA on polymer membranes is given in Figure 3.8. 

Adsorption kinetics varied with membranes. PES had higher affinity toward the adsorption 

of BSA than PES/2%PEG membranes did. This is probably because of the strong adhesion 

force between the hydrophobic membrane and hydrophobic BSA, which is further 

analyzed below using the EDLVO theory. 

 
Figure 3.8 The dynamic adsorption of BSA onto PES and PES/2%PEG membranes at pH 
6.25 with an initial BSA concentration of 100 mg∙L-1. 
 

(a) (b) 
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3.3.5 Evaluation of Filtration Performance  

3.3.5.1 Membrane Compaction and Pure Water Permeability.  Compaction is 

a common phenomenon during application of polymeric membranes, where the membrane 

structure is compressed under a transmembrane pressure difference. This compression may 

cause a decrease in membrane permeability due to mechanical deformation of the solid 

polymer.415, 416 In this compaction study, the membranes were pressurized at high pressure 

(34.5 kPa) for 30 min. Table 3.5 shows the pure water permeability measured after 30 min 

of compaction. The membrane prepared with an additive showed the higher permeability 

those membrane made of pure PES. Especially, the PES membrane with pore size of 20 

nm did not have any permeate through the membrane under the highest pressure shown by 

the pressure meter (200 kPa). In general, addition of a hydrophilic polymer (PVP or PEG) 

can facilitate the water through the membrane. But the higher amounts of PEG in the 

membranes did not obviously promote higher permeability than those with lower amounts. 

Table 3.5 Pure Water Permeability Results 

Membrane Water Permeability  
(L m-2 h-1 kPa-1) 

Pall 
PES 5.38 ± 0.22 
PES/PVP 28.25 ± 3.70 
PES/PEG 37.06 ± 0.57 

Millipore 20 nm pore size 

PES 0.41 ± 0.03 
PES/2%PEG 4.92 ± 0.24 
PES/3%PEG 4.03 ± 0.03 
PES/4%PEG 3.75 ± 0.07 

Millipore 200 nm pore size 

PES 3.95 ± 0.05 
PES/2%PEG 85.43 ± 0.20 
PES/3%PEG 97.57 ± 0.33 
PES/4%PEG 97.90 ± 0.35 

 

3.3.5.2 Membrane Fouling During Filtration of BSA Solution.  The effects of 

additives on membrane performance, fouling and pollutant rejection was investigated by 
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filtration of 200 mg L-1 BSA solutions. The results of flux changes over the filtration time 

(Figure 3.9) show that flux decreased for all membranes due to fouling or BSA clogging 

on pores. The presence of hydrophilic macromolecular additives clearly slowed down the 

decline rates of flux compared to pristine PES membrane. This is because water layer on 

hydrated membrane surface could hamper BSA adsorption and reduced membrane fouling. 

Figure 3.9b also indicates that when increasing PEG addition on PES, the fouling kinetics 

was significantly lowered.   

Figure 3.9 Flux decreasing in BSA filtration for PES, PES/PVP and PES/PEG membranes 
from Pall Corp. (a), and PES membranes with different PEG amounts from Millipore-
Sigma Corp. (b), 200 mg L–1 BSA solution, pH =7.46. 
 

The relative water flux recovery (RFR) was also used to assess the extent of 

cleaning efficiency and reversible fouling. Figure 3.10 shows that the pristine PES 

membrane had the highest flux recovery ratio although it suffered the fastest flux decline 

as shown in Figure 3.10. The possible reason is that the fouling mechanism for PES 

membranes could be dominated by the fast BSA adsorption on the shallow membrane pore 

surfaces. Therefore, the flux recovery on PES membrane could be easily obtained with 

water washing. For the modified membranes, however, the dominant fouling mechanism 

(a) (b) 
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might be the pore blockage because the modified membranes had bigger pore sizes and 

porosity, which increased the chances of BSA accumulation within the inner pores and 

surfaces. and the pore blocking that were not easily cleaned by water backwash.  

 
Figure 3.10 Relative flux recovery after filtration of BSA solution with PES, PES/PVP 
and PES/PEG membranes from Pall Corp. (a), and PES membranes with different PEG 
amounts from Millipore-Sigma Corp. (b), 200 mg L–1 BSA solution, pH =7.46. 
 

Rejection data presented in Figure 3.11 shows that the PES membrane had the 

lowest protein rejection while modified membranes showed similar protein rejection for 

the Pall membranes without significant differences (p>0.05).  

 
Figure 3.11 Protein rejection during the filtration of BSA solution with PES, PES/PVP and 
PES/PEG membranes from Pall Corp. (a), and PES membranes with different PEG 
amounts from Millipore-Sigma Corp. (b), 200 mg L–1 BSA solution, pH =7.46. 
 

(a) (b) 

(a) (b) 
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3.3.5.3 Membrane Fouling During Filtration of HA. During the filtration of 10 mg L-1 

HA solutions, permeate flux also decreased with time for all membranes (Figure 3.12). 

Unlike the BSA filtration results, the presence of hydrophilic macromolecular additives 

did not decreased the flux decline rates significantly other than the PES/4%PEG 

membrane. The RFR in Figure 3.13 indicated that PES/PEG membrane showed higher 

resistance towards fouling and higher flux recovery compared to that of PES or PES/PVP 

membranes. Increasing the PEG amounts increased the RFR.  Rejection data presented in 

Figure 3.14 shows that the PES membrane prepared without an additive had the lowest HA 

rejection while membranes prepared with an additive showed similar protein rejection. In 

general, performance test showed that the membrane prepared with addition of PEG as 

modifier agent for Pall Corp. and PES/4%PEG membranes for Millipore-Sigma Corp. 

showed the best performance, i.e., the low flux decrease, high relative flux recovery and 

similar rejection could be obtained.  

 
Figure 3.12 Flux decreasing in HA filtration for PES, PES/PVP and PES/PEG membranes 
from Pall Corp. (a), and PES membranes with different PEG amounts from Millipore-
Sigma Corp. (b), 10 mg L–1 HA solution, pH =6.57. 
 

(a) (b) 
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Figure 3.13 Relative flux recovery after filtration of HA solution with PES, PES/PVP and 
PES/PEG membranes from Pall Corp. (a), and PES membranes with different PEG 
amounts from Millipore-Sigma Corp. (b), 10 mg L–1 HA solution, pH =6.57. 
 

 
Figure 3.14 Humic acid rejection during the filtration of HA solution with PES, PES/PVP 
and PES/PEG membranes from Pall Corp. (a), and PES membranes with different PEG 
amounts from Millipore-Sigma Corp. (b), 10 mg L–1 HA solution, pH =6.57. 
 

3.3.6 EDLVO Theory 

Figure 3.15 shows the EDLVO interaction energy profiles for the two membrane–foulant 

interaction systems. For each membrane–foulant combination, Equations 3.8-3.9 were 

used to calculate the vdW, EL, and AB components of the interaction energies. These 

components were then added together according to their respective Equation 3.7 to obtain 

the total or net interaction energy profiles. The effects of zeta potential and hydrophobicity 

difference on the strength of energy barrier were compared. For all the seven membranes, 

(a) (b) 

(a) (b) 
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the total interaction was continually repulsive for the HA-membrane system due to the 

strong electrostatic repulsive force between HA and membrane surface according to the 

EDLVO theory. By contrast, the changes of surface hydrophobicity or hydrophilicity 

varied the order of magnitude of the AB interaction energy, which was less significant than 

the EL interaction energy. Therefore, increasing membrane surface charge might be more 

important than improving membrane surface hydrophilicity for membrane fouling 

control.166 
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Figure 3.15 EDLVO interaction energy profiles for all the membrane–foulants 
combinations tested. (to be continued) 

PES to BSA PES to HA 

PES/PVP to HA PES/PVP to BSA 

PES/PEG to HA PES/PEG to BSA 
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Figure 3.15 EDLVO interaction energy profiles for Millipore membrane–foulants 
combinations tested (to be continued). 

PES/3%PEG to HA PES/3%PEG to BSA 

PES/2%PEG to HA PES/2%PEG to BSA 

PES/0%PEG to HA PES/0%PEG to BSA 
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Figure 3.15 EDLVO interaction energy profiles for all the membrane–foulants 
combinations tested. 
 

3.3.7 Mathematical Modelling of Dynamic Membrane Fouling 

Previous studies have shown that the EDLVO theory can be used to predict membrane 

fouling in aqueous solutions.188 Wang et al. found a positive correlation between the 

membrane–foulant adhesion force and the flux decline rate in the initial filtration stage.161 

However, the results only showed the propensity of fouling predicted by the EDLVO 

approach rather than a statistical correlation between the fouling rate and the interaction 

energies. In our study, we developed a mathematical model based on particle transport 

equation and the EDLVO theory aiming to quantitatively describe the interfacial energy’s 

role in membrane fouling processes.  

According to Section 3.2.8.2, the particle deposition rate is controlled by the joint 

effect of three components or fluxes (J), dispersion, advection, and deposition, as shown in 

Equation 3.20: 

( ) ( ) ( )
( )b g x b Total

x x disp x adve x force x b
B

c c D c U hJ J J J D Jc
h k T h
− ∂

= + + = − + +
∂

  (3.20) 

PES/4%PEG to HA PES/4%PEG to BSA 
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where Dx is the diffusion coefficient (cm2 s-1); cb and cg are the particle concentration (mg 

L-1) in the bulk (feed) solution, and the gel layer, respectively; J is the pure water permeate 

flux; h is the separation distance between the foulants and the membrane (nm); Bk  is the 

Boltzmann constant, 1.38×10-23 J·K-1; T is taken as 298 K; TotalU  is the total membrane-

foulant interaction energies.  

For ( )x dispJ , Dx=3.3×10−7 cm2 s-1 for BSA solution,417 Dx=5.9×10−7 cm2 s-1 for HA 

solution,418 cb = 200 mg L-1 (BSA solution), cb = 10 mg L-1 (HA solution), cg is assumed to 

be 0 at the beginning of filtration, which is also the biggest point for the dispersion 

component. And h is assumed to be 0.157 nm, which is the nearest separation distance 

between the foulants and the membrane due to Borne repulsion.419 Thus,  

For BSA: )

2

(

2 -1
7 cm 200 mg L g m3.3 10  42.04

s 0.157 nm sx dispJ
−

−× ×− = −= . 

For HA: 
2 -1 2

7
( )

cm 10 mg L g m5.9 10  3.76
s 0.157 nm sx dispJ

−
−× ×= − = − . 

For ( )x adveJ , J is assumed to be 
1

0 2

5 mL min
9.6 cm

J
−

= at the beginning of filtration, 

which is also the biggest point for the advection component. Thus, 

For BSA: 
1

2
( ) 2

2
-1 5 mL min 1.74 10

9.6 c
g m200 m L

sm
g x adveJ

−−
−×= = × . 

For HA: 
1

4
( ) 2

2
1 5 mL min 8.68 10

9.6 c
g m10 mg

m
 L

sx adveJ
−

−
−

−××= = . 
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For xJ , 
( )TotalU h

h
∂

∂
 is calculated from Figure 3.15, where the highest slope was 

taken when the foulants approaching the membrane surface. Table 3.6 summarized the 

values of 
( )TotalU h

h
∂

∂
for different interaction pairs. 

 



Table 3.6 The Calculation of xJ

Foulants Membrane 
Pall Millipore 

PES PES/PVP PES/PEG 0% PEG 2% PEG 3% PEG 4% PEG 

BSA 

18( )
10TotalU h

h

−



(J m-1) -1.34 -4.56 -4.68 -0.277 -0.419 -0.749 -1.43

( )x forceJ (g m-2 s-1) -2.15×103 -7.32×103 -7.51×103 -0.445×103 -0.672×103 -1.20×103 -2.30×103

( )x dispJ (g m-2 s-1) 42.04 42.04 42.04 42.04 42.04 42.04 42.04

( )x adveJ (g m-2 s-1) 1.74×10−2 1.74×10−2 1.74×10−2 1.74×10−2 1.74×10−2 1.74×10−2 1.74×10−2

xJ (g m-2 s-1) -2.11×103 -7.28×103 -7.47×103 -0.403×103 -0.630×103 -1.16×103 -2.26×103

HA 

18( )
10TotalU h

h

−



(J m-1) -9.83 -10.6 -10.7 -8.00 -6.72 -9.14 -21.90

( )x forceJ (g m-2 s-1) -1.41×103 -1.52×103 -1.54×103 -1.15×103 -9.64×102 -1.31×103 -3.14×103

( )x dispJ (g m-2 s-1) 3.76 3.76 3.76 3.76 3.76 3.76 3.76

( )x adveJ (g m-2 s-1) 8.68×10-4 8.68×10-4 8.68×10-4 8.68×10-4 8.68×10-4 8.68×10-4 8.68×10-4

xJ (g m-2 s-1) -1.41×103 -1.52×103 -1.54×103 -1.15×103 -9.64×102 -1.31×103 -3.14×103

129
 



130 

According to Equation 3.19, the particle deposition rate is controlled by three 

components or fluxes (J): dispersion, advection, and deposition. The calculations of these 

three components showed that, compared with ( )x forceJ , the former two components ( ( )x dispJ

and ( )x adveJ ) are found to be substantially smaller by several orders of magnitude for both 

HA and BSA and thus can be negligible (see comparisons in Table 3.6). It is also interesting 

that these three transport components are all dependent on foulant concentration and 

( )x forceJ is always greater than ( )x dispJ and ( )x adveJ  under our experimental conditions. For 

instance, the diffusion coefficients (Dx) for BSA and HA range from 5×10−7 cm2 s-1  to 

8×10−7 cm2 s-1.417, 420 Our calculations show that only when the concentrations of BSA or 

HA reach above approximately 103 to 106 mg L-1, ( )x dispJ and ( )x adveJ  can reach similar 

orders of magnitude as ( )x forceJ  under normal filtration flux (40~100 LMH).421 However, 

typical BSA or HA concentrations commonly used as model fouling agents are between 

2.5 mg L-1 to 300 mg L-1.422-426   

3.3.8 Correlation between the Particle Deposition Rate and the Fouling Rate 

To predict the fouling behavior of the PES membranes, a correlation between the particle 

deposition rate and the flux decline rate was developed.  The flux decline rates, 0(J/ J )
t

∂
∂

, 

during the filtration of BSA and HA, could be derived by from the data in Figure 3.12 and 

are summarized in Table 3.7. 0(J/ J )
t

∂
∂

 and ( )x forceJ  (the dominant contribution for 

foulant deposition) for various membrane types were plotted in Figure 3.16, which elicits 

fairly satisfactory linear relationships (R2=0.7~0.9). This linear relationship also suggests 
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that ( )x forceJ or the interfacial forces between foulants and membrane surfaces play a 

decisive role in the membrane fouling kinetics, as opposed to diffusion or advection. 

Moreover, the linear correlation seems to shift from the two different membranes obtained 

from Pall Corporation and EMD Millipore Corporation. This shift implies that the different 

membrane fabrication procedures would greatly influence the correlation model. For 

example, molecular weight of polymers, membrane pore size, roughness and other possible 

membrane properties could vary the magnitude of hydrophobic and electrostatic 

interactions and consequently membrane fouling kinetics, which deserves further 

examinations. 

Table 3.7 The Calculation of 0(J/ J )
t

∂
∂

 

Membrane PES PES/
PVP 

PES/
PEG 0%PEG 2% PEG 3%PEG 4%PEG 

30(J/ J ) 10
t

−∂
×

∂
 

(min-1) 

BSA -12.7 -8.1 -7.9 -17 -9.3 -7.3 -3.6 

HA -11.3 -10.8 -11 -10.4 -10.7 -9.1 -3.4 

 

 
Figure 3.16 The positive correlation between the particle deposition rate and the flux 
decreasing rate during the filtration of BSA (a) and HA (b). Solid markers and line: Pall 
membranes; Hollow markers and dash line: Millipore membranes. 
 

(a)  (b) 
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3.4 Conclusions 

The filtration performance test generally showed that the membrane prepared with addition 

of PVP as modifier agent showed the best performance, i.e., the low flux decrease rate, 

high relative flux recovery and similar rejection could be obtained. Moreover, the 

combined effect of membrane and foulant hydrophobicity and surface charge on membrane 

fouling during filtration was studied theoretically through EDLVO approach. The results 

showed that, though the EDLVO theory combined the effect of membrane and foulant 

hydrophobicity and surface charge on fouling during filtration, the statistical analysis of 

the results indicates that electrostatic interaction, rather than hydrophobic interaction, may 

be the predominant mechanism affecting fouling in this study. Fortunately, a positive 

correlation between the fouling rate (indicated by the flux decreasing rate during the 

filtration) and the particle deposition rate (derived from the EDLVO theory) were obtained, 

which could be used to predict membrane fouling during filtration.  

The combined effects of hydrophobicity and surface charge of polymer membranes 

and foulants on membrane fouling was studied both experimentally and theoretically. 

Pristine PES membranes and their chemically modified forms were used for filtration 

experiments with BSA and HA as model foulants. The experimental results for different 

membrane–foulant systems showed that the hydrophilized membranes yielded smaller flux 

decline rates. Further, the EDLVO theory analysis indicated that the EL and AB 

components were both main contributors to the total interaction energy for BSA-membrane 

system, while the EL interaction energy was a primary contributor for HA-membrane 

system. Positive correlations (R2=0.74-0.99) were obtained between the fouling rates and 

the particle deposition rates on different membrane-foulant systems. This correlation could 
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be further improved for developing predictive models of membrane fouling, which requires 

additional considerations of other factors such as membrane pore size, surface roughness, 

solute chemistry, and hydrodynamic conditions. Overall, the findings have important 

implications for future studies to elucidate or predict the structure−property−performance 

relationship of chemically modified membranes. 
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CHAPTER 4 

POLYVINYL CHLORIDE (PVC) ULTRAFILTRATION MEMBRANE 
FOULING AND DEFOULING BEHAVIOR: EDLVO THEORY AND 

INTERFACE ADHESION FORCE ANALYSIS 
 

 

4.1. Introduction 

Membrane fouling has been a limiting factor for membrane filtration in diverse 

applications in separation and water treatment.154-159 Membrane fouling is primarily 

attributed to membrane–foulant interactions followed by subsequent foulant–foulant 

interactions.160-163 Interfacial properties of both membranes and foulants have important 

impacts on membrane fouling kinetics and fouling removal or defouling.161-168 Therefore, 

the delineation of the membrane–foulant or foulant–foulant interaction mechanisms are 

critical to understanding their roles in membrane fouling and defouling processes. 

Natural organic matter (NOM) and protein are common membrane foulants known 

to cause significant loss of membrane permeability and are often used as foulant models to 

analyze membrane fouling mechanism.161, 162, 168-174 In aqueous solutions, NOM and 

protein usually bond together to form colloidal aggregates of tens or hundreds of 

nanometers in size.160, 165, 167 Most previous studies examined bulk scale membrane fouling 

behavior and evaluations, such as membrane fouling index, membrane flux decline rate 

and flux resistance.175-178 However, membrane characteristics, such as 

hydrophobicity/hydrophilicity, surface charge, roughness, pore size and porosity, as well 

as foulants properties (e.g., molecular weight distribution, zeta potential and particles size) 

have proven to impact membrane filtration performance.158, 179-181 Particularly, the impacts 
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of hydrophobicity and surface charge on membrane fouling during filtration have been 

reported previously.158, 179, 182-185 The extended Derjaguin Landau Verwey Overbeek theory 

(EDLVO or XDLVO theory) is widely used to describe the contributions of surface 

properties of membranes or foulants to colloidal interactions and fouling potential on 

membrane filters.186-188 

Atomic force microscopy (AFM) has been used as a versatile tool for the study and 

characterization of pristine and fouled membrane surfaces.189-192 In addition to surface 

morphology mapping, quantification of interaction forces by AFM greatly provides aid in 

the understanding of membrane fouling mechanisms.161, 193-200 For example, interaction 

forces were measured between polymeric membranes and AFM probes coated with 

foulants of humic acid (HA) and bovine serum albumin (BSA).160, 165 Adhesion forces of 

membrane-foulant and foulant-foulant measured could indicate the fouling propensity.195-

200 Mi et al. observed a strong correlation between organic fouling and intermolecular 

adhesion force, indicating that foulant–foulant interaction plays an important role in 

determining the rate and extent of organic fouling.200 Meng et al. reported that high 

membrane–HA interaction forces result in a rapid adsorption of the HA onto the surface or 

in the inner membrane pore surface, causing severe membrane pore blocking or narrowing 

and membrane flux decline in the initial filtration stage.160 Nevertheless, many previous 

studies assessed membrane fouling or defouling behavior without sufficient examinations 

of microscale or nanoscale material properties and their contributions to membrane fouling 

or defouling processes. For instance, flux decline, flux recovery, and flux resistance are 

commonly measured to characterize fouling or defouling.178, 201-204 Clearly, further 

investigations of fouling formation, defouling processes, and contribution from interfacial 
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forces will provide new insight into the prevention of membrane fouling and rationale 

design of antifouling membrane filtration processes. 

In this study, we combined the experimental and theoretical assessment of 

polyvinyl chloride (PVC) ultrafiltration membrane fouling and defouling kinetics. Dextran 

(DEX), humic acid (HA) and bovine serum albumin (BSA) were used as model foulants, 

representative of polysaccharides, organic matters and proteins, respectively. Pristine and 

fouled PVC membranes were examined by confocal microscope and AFM-IR technique to 

reveal the foulant structural characteristics and chemical distribution. AFM was used to 

measure the interaction forces involved at the membrane–foulant and foulant–foulant 

interfaces. Surface interaction energies were calculated using the EDLVO theory to explain 

the contributions of factors such as surface hydrophobicity and charge to fouling kinetics. 

For the first time the fouling or defouling kinetics was analyzed separately for the initial 

and later stages of filtration, where foulant-membrane interactions and foulant-foulant 

interactions may jointly play a role. For example, we hypothesize that adhesion forces 

govern defouling propensity instead of fouling potential as reported previously, because 

adhesion only occurs when chemical bonds form between membrane and foulants. 

Therefore, adhesion forces were used to establish correlation with defouling kinetics based 

on Maxwell approach.427 

 

4.2. Method and Materials 

4.2.1 Organic Foulants 

Commercial protein (BSA) (Beijing Jiangchen Biotech Co., Mw=66.45 kDa, China), 
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dextran (DEX) (Aladdin, Mw=70 kDa, China) and humic acid (HA) (Sigma Aldrich, USA) 

were used to prepare stock feed solutions. The concentrations of these stock solutions were: 

1 g-BSA L-1, 0.83 g-DEX L-1, and 4.45 g-HA L-1, respectively, which yield the same level 

of TOC at 280 mg L-1. The HA solution was filtered with 0.45 µm membranes (cellulose 

nitrate membrane filters, Whatman) to remove the insoluble particles. All the solutions 

were stored at 4oC prior to use.  

4.2.2 Ultrafiltration Membranes 

Hollow fiber PVC membranes (MWCO, 50 kDa; manufacturer's reported pore sizes, 10 

nm) were purchased from Hainan Litree Purifying Technology Co. Ltd. The membranes 

were filled into membrane modules as shown in Figure 4.1a. The effective membrane 

surface area was approximately 6.28 cm2 per module. Prior to the experiment, virgin 

membranes were rinsed carefully to remove preservatives and soaked in deionized water 

for 24 h to remove impurities.159, 428 The clean water tests were conducted to determine the 

filtration performance at different TMPs as shown in Figure 4.1b.  

 

Figure 4.1 (a) The photo of PVC membrane module; (b) pure water permeate flux at 
different TMPs. 

4.2.3 Filtration Experiments 

A laboratory-scale filtration device (Figure 4.2) was assembled for membrane filtration 

(b) 
 

(a) 
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experiments. An electronic balance and computer were used to continuously monitor the 

permeate weight to calculate the permeate flux change. Filtration experiments generally 

consisted of the following steps. Firstly, the membrane was filtered with DI water under 

7.0 psi TMP (84.2 ml min-1) for 1h to reach a relatively stable flux. Then, the TMP was 

increased to 14.5 psi (14.2 ml min-1) to establish a stable water permeate flux named J0. 

Next, the fouling experiment was conducted at 14.5 psi (0.3 m s-1 of cross flow velocity) 

by filtering the stock solutions of BSA, DEX or HA, respectively. After every 15 minutes’ 

filtration, the membrane was backwashed at 25 psi with 30 ml DI water for 5 minutes. The 

total filtration time was 150 min (10 cycles) and each filtration experiment was repeated 

for 3 times. The control group was carried out with the same method using DI water. Fouled 

membranes were collected for the following characterization. 

 
Figure 4.2 Bench top membrane filtration system. 

The permeate flux data J (L·m-2·h-1) was calculated by Equation 4.1.  

1000mJ
t Aρ

∆
= ×

⋅∆ ⋅
       (4.1) 

Membrane module 

Permeate tank 
Pressure 
meter 

Mass balance Feed tank 

Pump 
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where J is the permeate flux (L·m-2·h-1, LMH); ∆m (kg) is the mass of permeate measured 

in filtration duration time ∆t (h); ρ is the density of permeate (kg·m-3); A is the filtration 

area (m2).  

The normalized flux *J  (dimensionless) is defined as the ratio of the actual flux 

J  and the maximum or clean membrane flux 0J : 

*
0

JJ
J

=          (4.2) 

The flux decline rate was calculated by Equation 4.3 to indicate the fouling rate 

(min-1):  

* *
0,d

d
n n

f

J JJ
t t

−
=

∆
         (4.3) 

where n is the cycle number; *
0,nJ  was the initial permeate flux of the n cycle; *

nJ  was 

the permeate flux at the end of the n cycle; ft∆  is the filtration time in each cycle.  

The flux recovery ratio was calculated with Equation 4.4: 

Flux recovery ratio (%) =
*
0,n 1

*
0,n

100
J
J

+ ×         (4.4) 

where n is the cycle number; *
0,nJ  was the initial flux of the permeate of the n cycle; 

*
0,n 1J +  was the initial flux of the permeate of the (n+1) cycle. The accumulative flux decline 

rate was calculated with Equation 4.5: 
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Accumulative flux recovery ratio (%) =
*
0,
*
0,1

100nJ
J

×     (4.5) 

where *
0,nJ  was the initial flux of the permeate of the n cycle; *

0,1J was the initial flux for 

the foulant at the first cycle. 

The flux recovery rate (defouling rate) was calculated with Equation 4.6: 

Defouling rate 
* * *
0,n 15, 1 15, 1( ) /d

d
n n

d

b

J J
tt

JJ − −

∆
=

−
      (4.6) 

where *
0,nJ  was the initial flux of the permeate of the n cycle; *

15, 1nJ −  was the flux before 

the backwashing at the n-1 cycle; bt∆  is the backwashing time during each cycle. 

4.2.4 Characterization of Membranes and Foulants 

4.2.4.1 Contact Angle Measurement.  Contact angle measurement was conducted on 

an optical contact angle goniometer (JC2000DM, Powereach, Shanghai, China). Three 

probe liquids with well-known surface tension properties were used,390 including DI water, 

diiodomethane, and formamide. A drop of probe liquid (∼5 µL) was placed on a dry flat 

membrane surface. At least three measurements of liquid drops at different locations were 

averaged to obtain the contact angles for each membrane sample. The image of the liquid 

drop was taken within 10 s to determine the air–liquid–surface contact angles.  

4.2.4.2 Measurement of Membrane Surface Zeta Potential. The membrane surface 

charge or surface zeta potential was measured by a surface zeta potential cell equipped on 

a dynamic light scattering (DLS) instrument (Malvern Instruments ZetaSizer Nano ZS), 

and this method was described in our previous work.168 Briefly, the membrane samples 
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were cut into flat pieces with 4 mm × 5 mm area and attached by double coated adhesive 

tapes (Ted Pella, Inc.) to the surface zeta potential cell. The cell was placed in a standard 

12 mm2 polystyrene cuvette (Fisher Scientific Co., Pittsburgh, PA) filled with the 

dispersant (i.e., 1 mM NaCl solution within the pH range 4–10) and tracer particles (300 

nm carboxylated latex particles). The cuvette and cell were then placed in the temperature 

controlled ZetaSizer instrument at a temperature of 25 ± 1 oC. The pH was measured using 

a pH-meter (Orion model 420A, Boston, MA, USA) and adjusted by addition of NaOH 

and HCl solutions.  

4.2.4.3 Characterization of BSA, DEX and HA.  Contact angles of BSA, DEX and 

HA were measured using the same technique as described above on BSA, DEX and HA 

coated surfaces, which were made by depositing 1 mL stock solutions of BSA, DEX and 

HA onto pre-clean square glass slides (18×18mm, Fisher Scientific). The samples were 

dried and kept in a desiccator for contact angle measurement. Zeta potential and 

hydrodynamic diameter of BSA, DEX or HA were determined by the DLS instrument.168 

Each data value was an average of five measurements and all the measurements were 

performed at 25 ± 1 oC. 

4.2.4.4 Chemical Mapping by AFM-IR.  To obtain chemical distribution of 

foulants on PVC membranes at nanoscale, AFM-IR was performed on a NanoIR2 system 

(Anasys Instruments, Inc., Santa Barbara, CA, USA) operating with top-down illumination. 

All the tested membrane samples were cut into flat sheets and mounted onto AFM 

specimen disks (Ted Pella, 12 mm diameter) with adhesive tape (Ted Pella) (Figure 4.3). 

Then, the sample holder was placed on the NanoIR2 instrument sample stage for analysis. 

All AFM topographic and IR mapping images were collected in contact mode at a scan rate 
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of 0.1 Hz using a gold-coated silicon nitride probe (PR-EX-NIR2, 0.07–0.4 N m-1 spring 

constant, 13 ± 4 kHz resonant frequency, Anasys Instruments). Analysis Studio software 

(version 3.11, Anasys Instruments, Inc., Santa Barbara, CA, USA) was used for data 

collection and analysis. The power levels of the incident IR radiation on the sample surface 

were set to ca. 50 μW. Local spectra were collected over spectral ranges of 900-1800 cm−1 

and the spectra resolution was 4 cm−1. 

 
Figure 4.3 Photo of the mounted membrane samples on the AFM disks. 

4.2.4.5 Foulant Layer Characterization by Confocal Microscopy.  Confocal laser 

scanning microscopy (CLSM; Leica TCS SP8 Confocal Spectral Microscope Imaging 

System, GmbH, Germany) was employed to analyze the fouling distribution on PVC 

membranes at both inner surface and cross-section surfaces perspective. Fluorescein 

isothiocyanate (FITC) and calcofluor white were utilized to probe BSA and DEX content 

distributions, respectively.429-432 There is no literature that applied confocal microscopy to 

evaluate HA distribution and thus we did not include HA in this study. For BSA-fouled 

membrane staining, the wet membrane fragments were placed in Eppendorf tubes. 0.1 M 

NaHCO3 buffer solution was added into the tubes up to 1 mL with incubation of 30 min to 

keep the amine group in non-protonated form. 10 μL FITC solution (10 g L-1) was added 

into the tubes with 2 hours of incubation in dark followed by DI water washing for twice 

to remove excess stain. For Dextran-fouled membrane staining, the same procedures with 

Double sided tape 

Polymer membrane 
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BSA-fouled membrane staining were used except for that incubation time changed to 30 

min after adding 10 μL calcofluor white solution. Then, the samples were immediately 

observed under the confocal microscope. Excitation at 488 nm and emission at 500–540 

nm (green) were used to detect the FITC.432 Calcofluor white was detected by excitation at 

405 nm and from the emission width at 410–480 nm (blue). The results were analyzed 

using Leica confocal software and ImageJ software.  

4.2.5 Interaction Energy Calculation Based on EDLVO Theory 

In this study, the membrane-foulant interactions were modeled as surface–particle 

geometry and foulant-foulant interactions were particle-particle geometry. The total 

interaction energies ( ) of membrane-foulant and foulant-foulant systems are 

contributed by the Lifshitz–van der Waals (vdW), , electrostatic double-layer (EL), 

 and Lewis acid–base (AB) energy, , according to the EDLVO theory:188, 400, 433 

      (4.7) 

Equations for calculations of van der Waals, electrostatic and Lewis acid–base 

interaction energies are detailed in Chapter 3 Section 3.2.8.168, 399 

4.2.6 Measurement of Foulant-Foulant and Foulant-Membrane Interaction Forces by 
AFM 

4.2.6.1 Preparation of Foulant-coated Probes. The probe used in the AFM force 

measurements was commercial tipless silicon nitride probe (MLCT-O10, Bruker, America) 

with only one cantilever (E cantilever, marked spring constant 0.1 N m-1). The AFM 

equipment (Bioscope Catalyst, Bruker, America) was used to first coat the free end of the 

TotalU

vdWU

ELU ABU

Total vdW EL ABU U U U= + +
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cantilever with a small drop of two-component epoxy resin (1:1) under an inverted 

microscope. Then, a polystyrene microsphere (10 µm diameter) was attached to the end of 

cantilever. The prepared probe was left at room temperature for at least 12 h. Figure 4.4 are 

the scanning electron microscopy (SEM) images that were acquired on the field emission 

scanning electron microscope (FESEM, LEO 1530 VP, Oberkochen, Germany) to show 

the AFM probe before and after attachment of microsphere. The foulant-coated colloidal 

probes were fabricated by immersing the prepared colloidal probes into BSA, DEX and 

HA solutions (identical to that in the corresponding fouling experiments) for 24 h at 4 oC 

in order that adsorption equilibrium was reached.160 Deflection sensitivity and spring 

constant were calibrated before use by the thermal noise and Sader methods.434 

  
Figure 4.4 SEM images of (a) clean commercial probe and (b) modified colloidal probe. 
 

4.2.6.2 Adhesion Force Measurements by AFM. All AFM measurements were carried 

out in a Petri dish with DI water using contact mode at the oscillation frequency of 1.03 Hz 

and the initial loading force of 5.0 nN. Each membrane sample was cut into flat sheets and 

then mounted onto a Petri dish bottom with double-sided adhesive tape. Each interaction 

force measurement was done at 15 spots and 20-30 curves depending on the repeatability 

of measurement results. QC was conducted between foulant-coated probe and pristine PVC 

membrane to make sure the adhesion forces were repeatable, which indicated no significant 

(a) 

50 µm 50 µm 
 

(b) 
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loss or detachment of foulant coating occurred. Our QC result shows that when the 

adhesion force measurement times at one sample spot were above 50, the force peaks 

became significantly lower (1/2 smaller than that obtained from the first 30 curves).  

4.3. Results and Discussion 

4.3.1 Characterization of Membranes and Foulants 

4.3.1.1 Hydrophobicity and Hydrophilicity Analysis.  The contact angles of three 

probe liquids on the pristine PVC membranes and the three model foulants (BSA, DEX 

and HA) were measured and shown in Table 4.1. The hydrophobic/hydrophilic properties 

of fouled PVC membranes were expected to vary as compared with the pristine PVC 

membranes due to the presence of the functional groups such as hydroxyl groups and amino 

groups in BSA, DEX and HA. 

Table 4.1 Average Contact Angles of Tested Membranes and Three Model Foulants 

Materials 
Contact angle (o) 

Water Diiodomethane  Formamide  

Pristine PVC 72.0±2.4 13.3±1.6 39.8±2.1 

Bovine Serum Albumin 33.4±1.6 54.2±1.4 31.8±2.4 

Dextran 11.4±1.9 29.4±1.9 15.1±0.9 

Humic Acid 23.4±2.3 45.1±2.5 26.4±4.2 
 

Table 4.2 shows the calculated surface tension parameters and the free energy 

component for the PVC membrane and foulants. The surface energy data show that pristine 

PVC membrane had high electron donor components (γ−) and relatively low electron 

acceptor components (γ+). This result agrees with previous studies reporting that polymeric 

membranes are typically characterized by a high electron donor monopolarity.435, 436 All 

foulants exhibited high electron donor monopolarity, i.e. high electron donor components 



146 

(γ−) and negligible electron acceptor components (γ+), as demonstrated in previous study.435 

These surface tension parameters will be used in the determination of Hamaker Constant 

for the EDLVO calculations. 

Table 4.2 Surface Energy Parameters of PVC Membranes, Three Model Foulants, and 
Three Probe Liquids390 

Materials 

Apolar surface 
tension 

components 
(mJ·m-2) 

Polar surface tension 
components (mJ·m-2) 

Polar 
energy 

component 
(mJ·m-2) 

Total free 
energy 

component 
(mJ·m-2) 

LWγ  γ +

 
γ −

 
ABγ  

TOTγ  

Membranes Pristine PVC 49.4±0.19 0.38±0.02 5.38±0.65 2.85 52.3 

Foulants 

Bovine Serum 
Albumin 31.9±0.45 2.71±0.09 48.4±0.26 22.9 54.8 

Dextran 34.0±1.45 2.24±0.39 50.6±0.15 22.1 56.1 

Humic Acid 36.9±0.77 0.91±0.06 52.6±0.30 13.8 50.7 

Probe 
liquids 

Water 21.8 25.5 25.5 51.0 72.8 

Formamide 39.0 2.3 39.6 19.0 58.0 

Diiodomethane 50.8 0.0 0.0 0.0 50.8 

 
4.3.1.2 Surface Zeta Potential of Membrane and Foulants. The characteristics of 

foulants and membranes were summarized in Table 4.3. BSA and HA had mean 

hydrodynamic diameters of 266 and 213 nm respectively, which were greater than that of 

dextran. Zeta potentials of BSA and HA in their stock solution were also greater in 

magnitude than that of dextran.  
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Table 4.3 Characteristics of the Foulants and Tested Membrane 

Foulant pH value Hydrodynamic 
diameter /nm 

Zeta 
Potential/mV 

Mass 
concentration/ 

g L-1 

Average 
Molecular 

weight/g mol-1 

BSA 8.0±0.1 266±20 -22.1±3.5 1 66,450 

DEX 8.2±0.1 26±6 -16.4±3.1 0.83 70,000 

HA 7.9±0.1 213±13 -39.1±1.8 4.45 4,100a 

Pristine PVC 
membrane / / -46.1±3.5b / / 

aChin et al. (1994).437 According to previous literature, HA molecular weight range could be: 
65% > 100 kDa438; 2-50 kDa439, 440; or 2-500 kDa.441 
bPristine PVC membrane was measured in 1 mM NaCl solutions with pH 8.0±0.1. 
 

4.3.1.3 AFM-IR Results.  Figure 4.5 shows the spectral shifts on PVC membranes 

before and after filtration of different foulant solutions. The pristine PVC membrane did 

not show those characteristic stretching assignments related to C-H bonds near Cl (1250 

cm-1) or C-C stretch bond (1099 cm-1) in PVC.442 The possible reason is that the expansion 

coefficient of PVC could be too low to generate detectable thermal expansion for AFM tip. 

By contrast, the fouled membranes exhibited characteristic bands of foulants. The 

characteristic bands around 1550 cm-1 related to amide II bonds (N-H bending vibration 

and C-N stretching vibration) in BSA.443 The band around 1428 cm-1 was attributed to the 

carbonate stretching vibrations of aliphatic bonds in DEX and HA.444, 445 Additionally, the 

fouled membranes showed stronger IR signals among the tested wavelength range and 

more visible spectrum peaks than pristine PVC membranes under the same laser power. 
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Figure 4.5 The IR spectra of the tested membranes. 
 

Figure 4.6 shows the topography images and roughness of the pristine and fouled 

membranes. From the topography images, there is the obvious deposition of foulants on 

fouled membranes; while pristine membranes and membranes filtered DI water exhibited 

evenly and clear pores distribution. Some protein aggregates can be observed on the BSA-

fouled membrane surface (as marked by the arrow), which increased the surface roughness. 

Similarly, Corbatón-Báguena et al. reported protein clusters and increased roughness on 

fouled membranes.446 Compared with the BSA fouled membrane, the HA-fouled 

membranes shows that HA deposited on membranes much evenly as smooth layers and the 

roughness of the HA-fouled membrane was 96±12 nm, which was close to that of the 

pristine membrane. Yu et al. also used AFM to observe the morphological changes of 

fouled membrane surface and found that foulant materials could fill membrane pores and 

created an even and smooth layer over the original membrane.447 That explains why the 

roughness for the BSA-fouled membrane was higher than the HA fouled membranes.  

All of the IR mapping images in Figure 4.6e, h, k are shown with the colour scale 
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bar indicating signal intensities of BSA (1236 cm−1), DEX (1428 cm−1) and HA (1428 

cm−1). Areas with a high intensity of the foulants are shown in red, whereas areas with a 

reduced intensity in green or blue. The IR mapping images show that the foulants evenly 

distributed on the membrane surfaces. 

 
Figure 4.6 The topography image, IR mapping  and roughness of (a-c) pristine PVC 
membranes and (d-l) fouled PVC membranes. 
 

4.3.1.4 Confocal Microscopy Results.  Figure 4.7 shows the fluorescence images of 

the PVC membranes fouled by DEX (blue) and BSA (green) through the staining method 

as mentioned above. Pristine membrane stained by FITC or calcofluor showed no 
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fluorescence and appeared completely dark in the graph (thus not shown). Figure 4.7a 

shows that membrane surface after 150 min filtration of DEX was covered by DEX, which 

is white colored and snowflakes like materials similar to AFM topography images in Figure 

4.6g. By contrast, BSA (green dots) was homogeneously distributed on the surface of BSA-

fouled membrane (Figure 4.7b). 

 
Figure 4.7 Confocal images of inner surfaces of (a) DEX-fouled and (b) BSA-fouled 
membranes. 
 

To further analyze the morphology differences of DEX and BSA fouled membranes, 

the cross sections of both fouled membranes were observed with the CLSM. Figure 4.8 

shows that the thickness of DEX-fouled layer was 22.17±2.69 μm, while that of BSA-

fouled layer was 4.80±1.02 μm. Moreover, DEX was found in membrane pores (as marked 

by the arrow), whereas BSA was present only on the inner and outer surfaces as the green 

curves indicated. This means that the DEX may lead to membrane fouling through pore 

blocking due to the smaller size of DEX (25 nm) compare to BSA (>250 nm). BSA caused 

membrane fouling primarily through the formation of cake layer, which is a dominant 

mechanism for ultrafiltration when foulants size is larger than the membrane cut-off.448, 449 

25µm 

(b) 
 

(a) 

25µm 
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Figure 4.8 Confocal images of cross-section of (a) DEX-fouled and (b) BSA-fouled PVC 
membranes. 
 

4.3.2 Fouling Kinetics for Different Foulants on PVC Membranes 

Figure 4.9 shows the permeate flux changes during the filtration of BSA, DEX and HA 

solutions. Figure 4.9a shows the absolute fluxes for different foulants, which are 

normalized to the initial water fluxes (Figure 4.9b). The flux change in each filtration cycle 

was similar with a fast flux decrease in the first two minutes and a relatively slow decrease 

in the following time. Thus, the first filtration cycle in Figure 4.9b was extracted to better 

exhibit the potential turning point during fouling (Figure 4.9c), which was also used to 

analyze the fouling rates during filtrations of different foulants.  

For those three foulants, the flux decline rates calculated by Equation 4.3 were 

different during the initial (the first two minutes in the cycle) and later filtration stages 

(after two minutes in the cycle). During the initial filtration period, the filtration flux 

decreased more rapidly and the flux decline rates (fouling kinetics) followed the order: 

BSA > HA > DEX. At the later filtration stage, the flux decline rate slowed down and 

generally followed the order: DEX > BSA > HA. Clearly, membrane fouling processes are 

200μm 200μm 

BSA-fouled 
layer 

DEX-fouled 
layer 

(a) (b) 
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likely affected by various factors such as physicochemical properties of foulants and 

membranes and surface interaction characteristics (foulant-membrane and foulant-

foulant),160-163 which result in different fouling modes or fouling mechanisms.450-452 

Because the cluster size of BSA is greater than the pore size, BSA molecules are 

trapped by membrane pores and accumulate on the membrane surface and subsequently 

form a cake layer as evidenced in Figure 4.6d and Figure 4.7b. The cake layer blocks the 

pores and reduces permeate flux sharply at the initial stage. In comparison, the permeate 

flux decline rate for DEX was relatively slower than that of BSA. As DEX has a particle 

size (26 ± 6 nm) and may pass through the membrane pore during the initial filtration stage, 

followed by the surface deposition on inner membrane pores and pore blocking as indicated 

by Figure 4.8a. This explains why at the initial filtration stage DEX led to a slower fouling 

rate than BSA. Additionally, BSA is more hydrophobic than DEX, and thus, the 

hydrophobic interactions could cause rapid binding and attachment of BSA on PVC 

membrane and thus a faster rate of fouling and flux decline than DEX in the beginning. 

Figure 4.9c shows that the fouling rate for the filtration of HA was between the rates of 

BSA and DEX. Since HA is not a homogeneous model organic matters, with molecular 

weights ranging from 2 kDa up to over 500 kDa,438, 441 the fouling mechanism for HA could 

be a combination of pore blocking and a cake layer formation.453 The large sized HA may 

deposit on the membrane surface and form a cake layer, whereas the small sized HA 

accumulates and blocks the pores. Figure 4.9d shows that the flux decline rate in each cycle 

during the 150 min filtration of DEX decreased slightly while decline rates of BSA and HA 

slowed down abruptly after two filtration cycles and then stayed at a slower rate level than 

DEX. This phenomena could be explained by the differences in the fouling modes of DEX 
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and HA and BSA. Fouling process could be affected by various factors such as 

physicochemical properties of foulants and membranes, operation conditions and solution 

chemistry.450-452 Previous studies showed that the membrane-foulant and foulant-foulant 

interactions played an important role in the occurrence of membrane fouling and 

demonstrated that the EDLVO theory could partly explain membrane fouling behavior.160-

163 Therefore, both foulant-membrane and foulant-foulant interaction energies were 

calculated to predict the membrane behavior and fouling mechanism in the following 

sections. 

 
Figure 4.9 (a) Absolute flux changes and (b) normalized flux decline curves for BSA, DEX 
and HA (20℃, TMP=14.5 psi); (c) flux change with filtration time (solid dots) and the flux 
decline rate in different filtration stages (hollow dots) in the first cycle; and (d) Flux decline 
curves for BSA, DEX and HA in each cycle. 
 

(d) 

(a) (b) 

(c) 
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4.3.3 Interaction Energy for Membrane–Foulant and Foulant-Foulant Systems 

Figure 4.10a shows the interaction energies between the PVC membranes and three 

foulants in DI water, which play decisive roles in the initial surface deposition (rate) of 

foulants on membrane. The energy barriers for the three foulant-membrane systems follow 

the order: HA > BSA > DEX. A lower magnitude of energy barriers usually lowers the 

repulsion of foulant-membrane interaction and causes rapid deposition of foulants on 

membrane surface.167 The fouling rate for these three foulants should follow the order: 

DEX > BSA > HA, which partially agrees with the results of Figure 4.9c. DEX-membrane 

system actually had the slowest fouling rate although having the lowest energy barriers. 

This indicates that interaction energy analysis for fouling kinetics may not be valid for pore 

blocking and pore narrowing mechanisms by DEX or other colloids that have smaller sizes 

than pores.428 Therefore, the fouling kinetics of DEX on PVC membranes was not further 

analyzed with EDLVO theory.  

Figure 4.10b shows the interaction energies between foulants themselves, which 

were considered in the analysis of fouling kinetics in later filtration stage. Compared with 

the membrane-foulant interactions, the interaction energies were appreciably lower in 

magnitude for foulant-foulant interactions. The energy barriers followed the order: HA-HA 

> BSA-BSA > DEX-DEX, which is congruent with the fouling rate order (DEX > BSA > 

HA) during the later fouling stage (Figure 4.9c). HA had the highest inter-molecular 

repulsion, whereas DEX had the lowest. As a result, a lower inter-foulant energy barrier 

clearly promotes foulant-foulant interaction and formation of a relatively compact foulant 

layer, which increases the fouling tendency or rates (or a faster flux decline rate).   

Figure 4.10 shows the EL interactions were always repulsive for all the three 
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foulants, and provided the repulsive force preventing foulant deposition on membrane 

surface or foulant layer. As the EL interaction stems from surface charge interactions, and 

the absolute surface potential of these foulants followed the order: HA > BSA > DEX. And 

the EL interaction was the dominant force when the foulants approaching the membrane 

surface. Meanwhile, the hydrophobicity of the three foulants follows the order: 

BSA>HA>DEX, which suggests the irrelevance of the hydrophobicity to the deposition 

tendency of foulants in the filtration system. Therefore, surface charge is a more important 

controlling factor rather than hydrophobicity of foulants or membranes in the membrane 

fouling. In order to further clarify the effect of interaction energy barrier on membrane 

fouling prediction, correlations between the fouling rate and the interaction energy were 

performed. The correlations were theoretically based on an EDLVO approach and the 

aggregation kinetics in the following section. 
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Figure 4.10 EDLVO interaction energy profiles for the membrane–foulant (a) and foulant-
foulant combinations tested (b). 

4.3.4. Fouling Resistance Analysis 

The total filtration resistance RT was determined by Equation 4.8 according to the Darcy's 

(a-1) 

(a-2) 

(a-3) 

(b-1) 

(b-2) 

(b-3) 
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law.454  

1000 3600T
PR

J η
∆

= × ×
⋅

       (4.8) 

where ∆P was the TMP (Pa); J was the filtration flux (L·m-2·h-1); and η is viscosity of 

solution filtered (Pa∙s). The total resistance (RT) is generally the sum of the intrinsic 

resistance of the membrane (Rm) and resistance caused by the existence of foulant (Rf) 

brought by the feed solution.178, 455 The foulant resistance can be divided into two parts: 

reversible resistance (Rre) caused by cake and irreversible resistance caused by pore 

blocking (Rir). The fouling resistance values and the corresponding percentage values were 

calculated as follows: 

, 1
, 1
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T n

PR
J η+

+

∆
= × ×

⋅
      (4.9) 
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J η
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,nf T mR R R= −        (4.11) 

, , 1re T n T nR R R += −        (4.12)  

, 1ir T n mR R R+= −        (4.13)  

( )Reversible resistance percentage % 100%re

f

R
R

= ×    (4.14) 
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( )Irreversible resistance percentage % 100%ir

f

R
R

= ×    (4.15) 

where RT,n was the total resistance before backwash followed by the filtration of (n+1) cycle; 

Jn was the filtration flux (L·m-2·h-1) before backwash followed by the filtration of (n+1) 

cycle; RT,n+1 was the resistance just after backwash in the (n+1) cycle; ∆P was the trans 

membrane pressure (Pa); JT,n+1 was the filtration flux (L·m-2·h-1) after backwash in the (n+1) 

cycle; J0 was the DI water flux; and η is the viscosity of solution filtered (Pa∙s).  

As shown in Figure 4.11, The red part in the column represented the calculated 

percentage of irreversible fouling resistance in each cycle and the black part represented 

the percentage of reversible fouling resistance. We can see that for BSA, the irreversibile 

resistance is the main resistance for the whole filtration process, and the calculated average 

percentage of irreversibile resistance was 52.37%. For DEX and HA the reversible 

resistance accounted for most resistance, and the average percentage of reversibile 

resistance was 77.73% and 80.56%, respectively.  The average irreversibile resistance 

percentage increased followed the order: BSA>DEX>HA. Considering the results that the 

accumulative defouling rate increasing in the following order: BSA<DEX<HA, it was 

obvious that for these three foulants, the larger irreversibile percentage, the lower was the 

defouling rate. 

Figure 4.11 showed that the ratio of irreversible fouling was smaller than the 

reversible fouling for HA, compared with BSA. For BSA, the irreversible resistance is the 

main resistance for the whole filtration process, and the calculated average percentage of 

irreversible resistance was 52.37%. For HA, the reversible resistance accounted for most 

resistance, and the average percentage of reversible resistance was 80.56%. The 
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irreversible fouling resistance appeared to be correlated with the membrane-foulant 

adhesion force. The high adhesion forces between the membrane foulant led to a more 

severe irreversible fouling or higher irreversible resistance in the initial filtration stage. 

 
Figure 4.11 Reversibility of fouling during filtration experiment with different foulant: (a) 
BSA; (b) DEX; (c) HA. 
 

4.3.5 Correlation Analysis Between Foulant Deposition Rate and Fouling Rate 

Generally, a high interaction energy barrier reduces the tendency of colloidal interactions 

on membrane and thus prevents membrane fouling.166 In Chapter 3, a fouling kinetics 

model that incorporated the EDLVO theory into the particle transport equation is 

established.168 This model indicated that the gradient of attractive interaction energy 

mediated the fouling rates of BSA or HA on polymer membranes. To further explain the 

effect of interaction energy barrier on membrane fouling prediction, correlations between 

(a) (b) 
 

(c) 
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the fouling rate and the interaction energy were performed based on an EDLVO approach 

and the irreversible aggregation kinetics in Smoluchowski’s population balance 

equation:456 

1

1 ( , ) ( , ) ( , ) ( , )
2

k
i j i j i j k i k i k i

i j k i

dn r r r r n n n r r r r n
dt

α β α β
+ = =

= −∑ ∑    (4.16) 

where dn
dt

 is the irreversible aggregation kinetics of particles (or surface deposition rate), 

( , )i jr rα  is the collision efficiency, ( , )i jr rβ  is the collision frequency function, 
in  is 

the number concentration of particles, ir  is the radii of particles.  

In this study, the surface deposition process is assumed to occur in two sequential 

processes: (1) the deposition of foulant particles on the membrane surface in the initial 

filtration stage; and (2) foulant-foulant deposition in the later filtration stage. If the foulant 

detachment is ignored, the surface deposition rate can be approximated from the 

Smoluchowski’s population balance equation: 

1
2

dn n
dt

αβ=         (4.17) 

The collision efficiency (α) can be solved with the Maxwell approach:427  

1/2d
b

E

E
e E Eα δ

∞ −= ⋅ ∫        (4.18) 

where δ is the hydrodynamic damping factor (also called the drag effect factor, 

dimensionless), which is simplified to 1. Eb is the interaction energy barrier (kBT), obtained 

from the interaction energy profiles as shown in Figure 4.10, and E is the random kinetic 
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energy (kBT) of foulants.  

The collision frequency (β) of foulant particles against membrane surface is 

expressed as:407, 456-458 
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/u h r=          (4.21) 

where 
vwdU   is the van der Waals forces interaction energy calculated by the EDLVO 

theory equation (Equation 4.7); 
Bk   is the Boltzmann constant; T is the absolute 

temperature; μ is the viscosity of the solution (1×10-3 Pa·s); r is the radius of foulants; h is 

separation distance between two particles (nm) or between particle and surface (nm); and 

( )u is the correction factor for the diffusion coefficient, which is related to the separation 

distance by the Equation 4.20. 

Particle number concentration (n) was approximated by the molar concentration of 

foulants (
ic , mol L-1) times the Avogadro constant (NA, 6.022×1023 # mol-1). The molar 

concentration is equal to the mass concentration (
iC , mg L-1) divided by molecular weight 

(MW, g mol-1) of foulants (Table 4.3). 

i
i

C
c

MW
=         (4.22) 

i An c N=          (4.23) 
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The calculated dn
dt

 through Equation 4.17-4.23 is summarized in Table 4.4 using 

Matlab (the Matlab codes and instructions are detailed in the Appendix; also the results 

were verified by https://www.integral-calculator.com). Since the calculated values of dn
dt

 

and flux decline rates calculated from Figure 4.9c using Equation 4.2 have significant 

variations in order of magnitude, they were expressed in logarithm (Table 4.5).  

Table 4.4 The Calculation of Deposition Rate ( dn
dt

) 

Initial filtration stage: membrane-foulant interaction 

Foulant bE (J) b

B

E
k T

− (kBT) α  
β  (m3 

s-1) 
foulantn  

(# m-3) 

dn
dt

 (# s-1) log dn
dt

 
 
 

 

BSA 8.65E-19 -210.4 6.12E-91 6.60E-18 9.26E+21 1.87E-86 -85.7 
HA 1.23E-18 -299.13 2.12E-129 6.79E-18 6.70E+23 7.10E-106 -105.1 

DEX 5.08E-20 -12.34 1.60E-05 7.02E-18 7.14E+21 5.71E+16 16.8 
Later filtration stage: foulant-foulant interaction 

Foulant bE  (J) b

B

E
k T

−  (kBT) α  
β  (m3 

s-1) 
foulantn  (# 
m-3) 

dn
dt

 (# s-1) log dn
dt

 
 
 

 

BSA 1.09E-19 -26.6 1.47E-11 5.04E-18 9.26E+21 3.43E-7 -6.5 
HA 3.76E-19 -91.54 1.69E-39 5.62E-18 6.70E+23 3.18E-33 -32.5 

DEX 5.75E-21 -1.40 3.22E-06 5.49E-18 7.14E+23 6.31E-02 -1.2 

Table 4.5 The Calculated Fouling Rate or Flux Decline Rate ( d
d
J
t

) 

Foulant 
Initial stage Later stage 

d
d
J
t

 (min-1) dlog
d
J
t

 
 
 

 d
d
J
t

(min-1) dlog
d
J
t

 
 
 

 

BSA 0.23 -0.6 0.008 -2.1 
HA 0.18 -0.7 0.003 -2.5 

DEX 0.02 -1.7 0.017 -1.8 

Table 4.4 showed that the deposition rates of BSA and HA at the initial filtration 

were the lowest, due to the small collision efficiency caused by the high energy barriers of 

BSA-membrane and HA-membrane interactions. The collision frequency of each foulant 

at either initial or later filtration stage is at the similar level (5.49-7.02×10-18 m3 s-1) as 



163 

shown in Table 4.4. Thus, the deposition rate at which foulant particles accumulate on a 

membrane surface or foulant layer is primarily determined by the collision efficiency α. 

According to Equation 4.18, foulants generally deposit fast onto the membrane/foulant 

layer surface when the interaction energy barrier is low. Table 4.5 showed the flux decline 

rate during the initial stage was much higher than that in the later stage, especially for BSA 

and HA. As discussed in above sections, BSA and HA were assumed to form foulant layer 

quickly at the initial filtration stage and caused an abrupt flux decline.  

Our hypothesis to validate is whether the surface deposition rate ( dn
dt

) is correlated 

with the fouling rate. A linear regression between the deposition rate and the flux decline 

rate is established in Figure 4.12. The linear fitting to experimental data was shown with 

95% prediction confidence limits. All the filtration data at the later filtration stage fitted 

the linear regression curve, indicating that the model may be suitable for the foulant-foulant 

interaction as the dominant fouling mechanism. Figure 4.12 shows that the filtration data 

of BSA and HA at the initial filtration stage did not fit the model prediction data. The actual 

flux decline rates were higher than that predicted by the linear fit. A schematic of foulant 

deposition processes presented in Figure 4.12b illustrate the BSA and HA foulants formed 

cake layer on the membrane surface and blocked the membrane pores, which caused the 

rapid flux decline within only 2 minutes (Figure 4.9c). The foulant-foulant interaction 

began to dominate the fouling process afterwards immediately. As a result, the flux decline 

rate was governed by foulant layer formation, whereas the contribution to fouling 

resistance and flux decline from membrane-foulant interaction remains constant. 
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Figure 4.12 (a) The correlation between the logarithm of flux decline rate and the 
logarithm of deposition rate. The linear regression as well as the 95% prediction confidence 
are plotted; (b) the schematic of different foulant depostion processes of BSA, HA and 
DEX. 
 

4.3.6 Defouling Kinetics for Different Foulant-Membrane Systems 

Figure 4.13a shows the flux recovery ratio as defined in Equation 4.4 in each 

filtration/backwash cycle. The flux recovery ratio for all foulants was lowest at the first 

cycle of filtration after 15 min, which means that most irreversible fouling occurred in the 

first cycle. The flux recovery ratios for these three foulants were around 80% and stabilized 

after the third filtration cycle. Figure 4.13b shows that the accumulative recovery ratio 

followed the order: BSA (50.08%) < DEX (57.96%) < HA (77.94%), which means that the 

highest backwash cleaning efficiency was achieved on the HA-fouled PVC membranes.  

(a) (b) 
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Figure 4.13 Flux recovery ratios for BSA, DEX and HA (a) in each cycle and (b) 
accumulative ratio; (c) Flux recovery rate (defouling rate) curve for BSA, DEX and HA in 
each cycle. 
 

Figure 4.13c shows the defouling rate as defined in Equation 4.6 in each cycle as a 

measure of the flux recovery rate during the backwashing. DEX had a higher defouling 

rate than BSA and HA. Moreover, the defouling rate monotonically decreased with the 

filtration time for BSA and HA. However, DEX led to a peak of the defouling rate probably 

because DEX caused fouling through pore blocking or pore narrowing and backwash could 

remove the initial DEX deposit in pores more efficiently than remove BSA or HA foulant 

layers on membrane surfaces. Comparing the two cases it is observed that even though 

DEX fouling is more severe than the one caused by HA and BSA (Figure 4.9c), it is to a 

large extent reversible by backwashing. On the contrary, fouling caused by BSA is 

characterized by greater and increasing irreversibility, which is not remedied by the 

(a) (b) 

(c) 
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periodic backwashing (Figure 4.11a).  

Backwash was performed every 15 minutes to mitigate the membrane fouling. The 

flux decline rate after backwash followed the order: DEX > BSA > HA (Figure 4.9b). This 

result indicate that the filtration flux decline due to the pore blocking of DEX is hard to 

reverse by backwashing, compared with the cake layer formation of BSA and HA. It is 

possible that BSA formed a denser cake layer, whereas HA formed a looser cake layer, 

which led to different fouling and defouling rates for BSA and HA. Other factors (layer 

thickness, porosity, and compressibility) may also vary the flux resistance and 

fouling/defouling characteristics.   

4.3.7 Adhesion Force Measurement for Foulant-Foulant and Foulant-Membrane 
Systems 

During the defouling process, the detached foulant must overcome the adhesion force 

between the membrane and the foulants or between the foulants themselves. Adhesion 

force is also called rupture force that is used to break the adhesive bonds. Adhesion force 

can be measured by AFM through the typical force-distance curve as illustrated in Figure 

4.14a or 4.14c. Figure 4.14b and 4.14d presented the relative frequency distributions and 

the average adhesion forces between BSA, DEX and HA and PVC membranes. The 

adhesion forces of membrane-foulant are stronger than the corresponding adhesion forces 

of foulant-foulant for each type of foulants used in this study. 

The adhesion forces for PVC-BSA (3.8 nN) is greater than PVC-HA (0.03 nN), 

which supports the calculated defouling rate order (BSA < HA) in Figure 4.13c. Likewise, 

the adhesion forces between foulant and foulant followed the order: BSA-BSA > HA-HA, 

which coincided with the defouling rate in later filtration/backwash cycles. High 

membrane-foulant adhesion forces are likely to cause irreversible fouling and low flux 
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recovery ratio (Figure 4.13a) as reported previously.165  

 
Figure 4.14 Representative force-distance curves and frequency distribution of (a-b) 
membrane-foulant and (c-d) foulant-foulant adhesion forces. 
 

4.3.8 Correlation Analysis between Adhesion Force and Membrane Defouling 
Kinetics 

A membrane defouling kinetics model was developed based on the particle transport 

equation that we employed previously:406, 407  

x x
x x x

B

D F CCJ D u C
x k T

∂
= − + +

∂
      (4.24) 

where 
xJ  is the particle flux or the particle detachment rate (g m-2 s-1), Dx is the diffusion 

coefficient (cm2 s-1), C  is the particle concentration (mg L-1), 
xu  is the particle velocity 

components induced by the fluid flow (m s-1), 
xF is the component of the external force 

 (a)  (b) 

(c) (d) 
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vector (N). In our case, Fx is the adhesion force measured by AFM. T  is the temperature 

(K), 
Bk  is the Boltzmann constant, 1.38×10-23 J K-1. 

For the particle dispersion component, the particle detachment rate or flux is 

expressed as: 

( )
b g g b

x disp x x x

c c c cCJ D D D
x h h

− −∂
= − = − =

∂
    (4.25) 

where cb and cg are the particle concentration (mg L-1) in the bulk (backwash) solution, and 

the gel layer (saturated concentration), respectively; h is the separation distance between 

foulants and membrane surface (nm). 

The particle detachment flux as a result of advection driven by the fluid flow, is 

expressed as:408, 409  

( )x adve x b gJ u C J c= =        (4.26) 

where bJ  is the backwashing water flux (m3 m-2 s-1), b
b

QJ
A

= , bQ  is the flowrate of the 

backwashing flow (6 mL min-1); A is the membrane area (6.28 cm2). 

The particle detachment flux is dictated by the interfacial adhesion force: 

( )
x adh gx x

x force
B B

D F cD F CJ
k T k T

= =       (4.27) 

where adhF is the adhesion force measured by AFM. In the initial filtration stage, adhF  is 

the adhesion force between the membrane and foulant; in the later filtration stage, adhF  is 

thus approximated to be the sum of the adhesion force of membrane-foulant and foulant-

foulant. 

Thus, the overall particle detachment rate is expressed below: 
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g b x adh b
x x b

B

c c D F cJ D Jc
h k T
−

= + +      (4.28) 

The detailed calculations of these three components are as follows: For ( )x dispJ , 

Dx=3.3×10−7 cm2 s-1 for BSA solution,417 Dx=5.9×10−7 cm2 s-1 for HA solution,418 

Dx=3.9×10−7 cm2 s-1 for DEX solution, cg = 40 mg L-1 (BSA solution), cg = 1500 mg L-1  

(HA solution), cg = 30 mg L-1 (HA solution), cb is assumed to be 0 for backwashing water, 

which yields the highest values of the dispersion component. And h is assumed to be 0.157 

nm, which is the nearest separation distance between the foulants and the membrane due 

to Borne repulsion.419 Thus,  

For BSA: ( )

2 -1 2
7 3cm 40 mg L g m3.3 10  8.41 10

s 0.157 nm sx dispJ
−

− ×= × × = . 

For HA: 
( )

2 -1 2
7 3cm 1500 mg L g m5.9 10  5.64 10

s 0.157 nm sx dispJ
−

−× × = ×= . 

For DEX: 3
( )

2 -1 2
7 cm 30 mg L g m3.9 10  7.45 10

s 0.157 nm sx dispJ
−

− ×= × × = . 

For ( )x adveJ , is assumed to be 
1

2

6 mL min
6.28 cmbJ

−

= . Thus, 

For BSA: 
1

3
( ) 2

2
-1 6 mL min 6.37 10

6.28 c
g m40 mg

m
 L

sx adveJ
−−

×= = × . 

For HA: 
1 2

1 5
( ) 2

6 mL min 2.39 10
6.2

g m1500 m
8 cm

g L
sx adveJ

− −
− × ××= = . 

For DEX: 
2

1
1

3
( ) 2

6 mL min 4.78 10
6.28

g m30 mg
s cm

 Lx adveJ
−

−
−

= = ××× . 

For ( )x forceJ , adhF  is taken from Figure 4.14 and Table 4.6 summarized the values 

of adhF  and ( )x forceJ  for different interaction pairs. 

According to Equation 4.28, the particle detachment rate is controlled by three 

J
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components: dispersion, advection, and adhesion force. The calculations of these three 

components (see comparisons in Table 4.6) showed that, compared with ( )x forceJ , the 

former two components ( ( )x dispJ and ( )x adveJ ) were found to be smaller. Particularly for BSA 

and DEX, ( )x dispJ  and ( )x adveJ  were substantially smaller by several orders of magnitude 

and thus could be negligible while the adhesion force for DEX was almost 100 to 300 times 

smaller than BSA and DEX, the three components for DEX were at the same order of 

magnitude.  It is also interesting that these three components are all dependent on foulant 

saturated concentration cg and ( )x forceJ  is always greater than ( )x dispJ  and ( )x adveJ  under 

our experimental conditions. Our calculations show that only when the backwashing flux 

of BSA or DEX reach above approximately 1.1×105 to 3.5×105 LHM, ( )x dispJ and ( )x adveJ  

can reach similar orders of magnitude as ( )x forceJ . However, typical backwashing flux 

commonly used for polymeric ultrafiltration membranes is between 7.5 LMH to 500 

LHM.459-463 

The defouling rate ( d
d

dJ
t

) is taken as the slope of the flux changes during the 

backwashing and calculated by Equation 4.6 using the data in Figure 4.13c. The calculated 

defouling rates are summarized in Table 4.7.  

The particle detachment rate calculated in Equation 4.28 and the defouling rate 

were plotted in Figure 4.15, which elicits a linear relationship (R2=0.845) for BSA and HA 

filtration system. However, the experimental flux decline rate for DEX was much higher 

than that predicted by the linear regressions. Since the colloidal size of DEX is smaller than 

HA and BSA, DEX might form pore narrowing or pore blockage to cause the flux decline. 
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During the backwash, the fouling caused by DEX foulants in the pores might be easier to 

be removed than the porous foulant layer on membrane surfaces. This also implies that our 

defouling kinetics model is primarily suitable for explaining the role of adhesion force in 

the cake layer fouling mechanism. 

Table 4.6 The Calculation of xJ  

System Parameters BSA HA DEX 

Initial 
stage 

adhF  (nN) -3.81 -0.03 -10.33 

( )x forceJ (g m-2 s-1) -1.22×106 -6.46×105 -2.94×106 

( )x dispJ  (g m-2 s-1) 8.41×103 5.64×105 7.45×103 

( )x adveJ  (g m-2 s-1) 6.37×103 2.39×105 4.78×103 

xJ  (g m-2 s-1) -1.21×106 1.57×105 -2.93×106 

Later 
stage 

adhF  (nN) -3.87 -0.05 -10.69 

( )x forceJ (g m-2 s-1) -1.24×106 -1.08×106 -3.04×106 

( )x dispJ  (g m-2 s-1) 8.41×103 5.64×105 7.45×103 

( )x adveJ  (g m-2 s-1) 6.37×103 2.39×105 4.78×103 

xJ  (g m-2 s-1) -1.23×106 -2.73×105 -3.03×106 

 

Table 4.7 The Calculation of 
d
d

dJ
t

 

 BSA HA DEX 
d
d

dJ
t

 (min-1) 
Initial stage 0.0244 0.0343 0.0337 
Later stage 0.0183 0.028 0.039 
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Figure 4.15 Linear correlations analysis between detachment rate and defouling rate. 

 

4.4. Conclusions 

Based on the evaluation of fouling and defouling kinetics of HA, BSA and DEX on PVC 

membrane during filtration, this study presented a universal toolset for analysis of 

membrane fouling and defouling kinetics using the combined EDLVO theory, Maxwell 

approach, and particle transport equation. A graphic summary of the main work done in 

this study was shown in Figure 4.16. In particular, membrane fouling and defouling 

performances were analyzed through monitoring the flux decline during filtration and flux 

recovery during backwash. The foulants distribution and morphology on PVC membrane 

were characterized using confocal microscopy and AFM-IR instrument. Physico-chemical 

properties (e.g., hydrophobicity and surface charge) of PVC membrane and foulants were 

characterized, which were used in the EDLVO theory to calculate the interaction energies 

between membrane-foulant and foulant-foulant. The results showed that fouling kinetics is 

governed by interaction forces between foulant-membrane and foulant-foulant; the flux 

decline rate could be strongly correlated with the deposition rate (determined by the 
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interaction energy profile calculated by EDLVO) well at the later filtration stages.  

Moreover, the adhesion forces of membrane−foulant and foulant−foulant were 

further measured by atomic force microscopy (AFM) with modified colloidal probes. The 

results showed that adhesion forces between the membrane and foulant and between 

foulants themselves dictated defouling rate and flux recovery. A correlation between the 

particle detachment rate (derived from particle transport rate with adhesion force) and the 

defouling rate was developed, which elicits fairly satisfactory linear relationships 

(R2=0.845) for BSA and HA foulants filtration system. Moreover, DEX foulant filtration 

system was an outlier point in the correlation models for defouling kinetics prediction. This 

outlier implies that this correlation might be better suitable for cake layer fouling mode. 

 
Figure 4.16 The graphic summary of this work. 

 

4.5. Future Work and Recommendations 

For further improvement of our modeling analysis, other important factors that could vary 

the fouling and defouling behavior, such as foulants colloidal sizes, membrane fouling 
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modes, fouling layer coverage ratio and foulant layer conformational change, deserve 

further examinations. Though the membrane fouling by polysaccharides, proteins and 

humic substances has been studied extensively, but this process is still complicated and has 

many problems to be solved. Most studies about fouling or defouling mechanism analysis 

were generally leading to the correlation fitting instead of developing specific models for 

universe membrane filtrations. The foulant deposition process seems to be generally rapid 

while the formation of foulant layer is usually accompanied with a structural change, such 

as the conformational change or rearrangement of the structure of the deposited foulants. 

Usually, the modeling has implicitly taken the foulant molecules as sphere colloids with 

homogeneous nature; whereas they actually bear structural flexibility and physicochemical 

heterogeneity.464 The affecting factors are highly related to the physicochemical 

characteristics of foulants and membranes.465 The development in instrumentation and 

instrumental techniques might help reveal the fouling behavior better. As such, 

modifications of the model are proposed for future work, including: (a) analyzing the role 

of interaction forces and adhesion forces for pore blocking fouling mechanisms, (b) giving 

consideration to the conformational change into the fouling kinetics, and further (c) 

developing feasible instrumental techniques for real-time fouling/defouling process 

observation. 
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CHAPTER 5 

CHEMICAL AND THERMAL AGING OF CHEMICALLY MODIFIED 
POLYMERIC MEMBRANES: IMPACTS ON MEMBRANE PROPERTIES AND 

FILTRATION PERFOMRANCES 
 

 
5.1 Introduction 

Material aging is one of the major drawbacks that most polymer-based membranes have 

been suffering in water or chemical filtration processes.227, 230, 233, 468, 469 Under physical, 

chemical or mechanical stresses, membrane materials may undergo physical damage and 

chemical degradation that leads to adverse impacts on the membrane filtration 

performances or stability.22, 470 For example, after the hypochlorite treatment, a polysulfone 

ultrafiltration membrane began to have an increased flux increase and poor rejection 

against pollutants owing to the pore size increase.206, Wolff and Zydney analyzed and 

established the relationship between membranes pore size and bleach treatment duration.208, 

209 Hashim et al. investigated and revealed the dependence of mechanical properties, 

thermal properties and crystalline structure of the polyvinylidene fluoride (PVDF) hollow 

fiber membranes on the exposure to the sodium hydroxide (NaOH) solution as well as 

exposure conditions such as the NaOH concentration, exposure time and temperature.215 

Membrane aging is shown to not only affect membrane filtration performances but also 

contribute to possible emerging pollutions from the release of co-polymers,469, 471 

monomers,472 fragments of membrane materials470, 473 or microplastics/nanoplastics.  

Besides chemical aging during the membrane cleaning, thermal aging 

investigations on polymer membranes show great importance as well for three main 

reasons. First, polymer membranes that used in fuel cells and batteries applications, 
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required high thermal safety and stability. For example, polyvinylidene fluoride (PVDF) 

membrane is used as a polymer separator in lithium-ion batteries because of its significant 

thermal stability.474 While the perfluorosulfonic-acid (PFSA) membranes, the most widely 

used ionomer for polymer-electrolyte fuel cell (PEFC) applications,475 are frequently 

subjected to high temperatures during operation, altering the properties of the polymer 

electrolyte. Second, thermal aging might change the membrane functional stability, such 

as hydrophilicity.476-478 Third, the chemically modified polymer membranes (e.g., PES 

membrane coated with PVP) might lose their surface hydrophilicity due to the loss of PVP 

additives on their surface.  

Membrane aging occurs both on macroscopic and microscopic levels. In many 

studies, membrane aging is characterized by the changes of color or appearance,215 

permeability or rejection performance,213, 221 morphology,213 surface hydrophilicity,213 

crystal structures or crystallinity,215 surface charge, and surface functional groups.213, 215, 

217, 219, 220 Besides, many studies also focused on the stability and distribution of chemical 

modifiers or additives during aging processes, which are shown to vary the bulk membrane 

properties and filtration performances.222, 479-481 So far, no quantitative criterion has been 

proposed to classify the aging levels. Moreover, some research reports or findings are still 

debatable on the membrane characteristics that change during various aging processes.482 

For instance, several studies reported an increase in water permeability for aged 

membranes472, 483-485 while a few studies have seen the opposite effect – decreasing 

permeability.486-488 One of possible causes for this misinterpretation or debate is that lack 

of proper characterization tools and interrelationships between physicochemical and 

filtration characteristics. For example, the contact angel measurement is not only affected 
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by the surface chemical species but also affected by the surface roughness, which may 

depend on the pore sizes. Thus, it is difficult to attribute membrane surface hydrophobicity 

changes to one single factor (surface roundness or pore size). Nevertheless, many previous 

studies overlooked the interrelationships of these characterized membrane characteristics. 

To address these knowledge gaps, this study first examined a suite of 

physicochemical characteristics (e.g., surface hydrophobicity, surface charge, roughness, 

surface porosity) and filtration performance as a result of membrane aging, followed by a 

rigorous analysis of the quantitative structure-activity relationships between these 

membrane properties and filtration performance. We performed the accelerated membrane 

aging experiments on polyethersulfone (PES) membranes in both the filtration and 

immersion modes. The accelerated membrane aging was achieved under the same chemical 

treatment intensity (at a fixed exposure time to the hypochlorite solution). Hypochlorite 

solution was selected as the oxidant as it is widely used as a chemical cleaning agent to 

remove irreversible membrane foulants. 469, 489 In contrast to the immersion mode, aging 

tests via a filtration process may enable an inner membrane exposure to chemical oxidants 

and thus vary the membrane aging mechanisms or kinetics. Besides chemical aging, 

thermal aging was also studied these PES membranes as thermal stability or tolerance is 

also critical in many industrial applications.490 Overall, this study holistically assessed the 

evolution of membrane properties during chemical/thermal aging treatment processes with 

a goal of establishing the relationship between these properties with membrane filtration 

performance. The degradation mechanisms of PES and PVP in the membranes were also 

analyzed to provide new insight into the development of anti-aging membrane materials. 
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5.2 Method and Materials 

5.2.1 Membranes for Aging Tests 

As shown in Table 5.1, PES membranes with different chemical modifications were 

prepared by a phase inversion method324 and modified using UV-induced graft 

polymerization that a Rayonet photochemical chamber reactor system contained 300 nm 

UV lamps was used with the dip modification technique.491 Briefly, the modifier solutions, 

including polyvinylpyrrolidone (PVP) as a hydrophilic modifier (for hydrophilic 

membranes) and fluoro-alcohols (F(CF2)nCH2CH2OH) as a hydrophobic modifier (for 

super-hydrophobic membranes),492 were prepared in deionized (DI) water. Then, the 

pristine PES membranes were dipped into the modifier solutions for 30 min with stirring 

at 22 oC. For the double hydrophilic PES and double super-hydrophobic PES membranes, 

the dip-coating procedure was operated twice. After exposure to the modifier solution, the 

membranes were sealed in the photochemical chamber and irradiated in water-saturated N2 

(to minimize water evaporation from the modifier solution on the membrane surface) for 

10 minutes. After modification, the membranes were washed rigorously and immersed in 

DI water for 24 h before use.  

Table 5.1 The Information about the Polymeric Membrane Samples 
Sample Types Modification groups 
0.2 μm hydrophobic PES None None 
0.2 μm hydrophilic PES Crosslinked Amide 
0.2 μm Super-hydrophobic PES Crosslinked Fluorinated 
0.2 μm Double hydrophilic PES Double Crosslinked Amide 
0.2 μm Double Super-hydrophobic PES Double Crosslinked Fluorinated 

 

In this study, the five PES membranes were used to study the stability of modifier 

additives on membrane surface through characterization with surface hydrophobicity, 
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AFM-IR and FTIR. Meanwhile, the hydrophobic PES and PVP-functionalized hydrophilic 

PES membranes were selected to study the changes in membrane properties such as surface 

morphology and pore geometry, surface hydrophilicity, surface charges, FTIR, tensile 

strength that jointly influence membrane permeability and pollutant rejection via QSAR 

models. 

5.2.2 Aging Procedures 

The chemical treatment intensity or dose is typically defined to be the chemical oxidant 

concentration × contact or exposure time (“c × t”).213 To accelerate the aging process in a 

relatively short duration (e.g., a few hours or days), high concentrations of chemical 

oxidants are used to achieve the same equivalent chemical treatment intensity in longer 

exposure times such as months or years. 

5.2.2.1 Static Immersion Chemical Aging with Sodium Hypochlorite.   Accelerated 

aging tests were performed by soaking different polymer membranes in 4000 ppm NaClO 

solutions at pH 9 at 40 oC for different exposure times (1, 2, 5, and 10 days). The pH 9.0 

as it was demonstrated that the pH range 8-9 of NaClO solutions leads to the most severe 

damage to polymer membranes.493 The polyethylene flasks with membrane samples 

soaking in NaClO solutions were placed in a dark and thermostatized chamber under an 

orbital agitation of 150 rpm. The NaClO solution was decanted and replaced with 

new/fresh ones every day to maintain a constant NaClO concentration.213 After each aging 

experiment, membrane samples were thoroughly rinsed with water to remove residual 

NaClO in the membrane,215 then soaked in DI water for 24 h and finally dried at room 

temperature in a desiccator for 24 h.230 The schematics of the static immersion aging 
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process is shown in Figure 5.1.213, 494 In addition, control groups are those membranes that 

were immerged in DI water and subjected to the same soaking/rising procedures.213 

 
Figure 5.1 Schematics of the static immersion chemical aging process. 

5.2.2.2 Chemical Aging via Dynamic and Continuous Filtration.  To simulate the 

chemical aging that may occur during the chemical backwash on fouled membranes,495 a 

continuous membrane filtration unit was assembled as shown in Figure 5.2. The chemical 

aging test via this filtration mode was performed with the same chemical treatment 

intensity. The only difference is that the treated membrane was continuously fed with the 

NaClO solution (4000 ppm and pH 9.0) for different times (1, 2, 5, and 10 days) at a flux 

of 150 L·m-2·h-1 (TMP varied with different membranes) in a dead-end mode.495 The 

NaClO solution was freshly prepared and used in this test every 24 hours. 

 
Figure 5.2 Experimental procedures for the dynamic chemical aging process. 

5.2.2.3 Thermal Aging Tests. The thermal stability of these chemically modified 

membranes was examined by placing three identical pieces of membrane samples (2 cm × 

2 cm) in an autoclave (Saniclave RS-SC-102, REVSCI, USA) with heating at 123 oC for 
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different hours (i.e., 1 h, 2 h, 5 h and 10 h) and cooling for 40 min (Figure 5.3). After 

cooling, samples were thoroughly rinsed with DI water to remove any surface debris on 

the membrane and soaked in DI water for 24 h and then dried at room temperature in a 

desiccator for 24 h. 

 
Figure 5.3 Schematics of the thermal aging process. 

5.2.3 Characterization Techniques 

A variety of characterizations were conducted to compare the changes of aged membranes 

as illustrated in Figure 5.4. According to many prior studies, it is imperative to study the 

changes in membrane properties such as surface morphology and pore geometry, surface 

hydrophilicity or charges that jointly influence membrane permeability and pollutant 

rejection.222 

 
Figure 5.4 Membrane aging characterization tools used in this study. 
 



182 

5.2.3.1 Scanning Electron Microscope (SEM). The surface morphology of the 

membrane samples were examined by a Scanning Electron Microscope (SEM; JSM-

5610LV, JEOL, Tokyo, Japan). These membrane samples were positioned on a metal 

holder, then sputter coated with 8-mm thick gold under vacuum. The micrographs of the 

membrane surfaces were taken at various magnifications and locations.215 

5.2.3.2 Atomic Force Microscopy (AFM). Topography of membrane surfaces and 

Young’s modulus were simultaneously acquired by a Bruker Dimension AFM using Peak 

Force quantitative nanomechanical analysis (PeakForce QNM) mode at room temperature. 

Images were acquired using ScanAsyst-air probes (silicon tips on silicon nitride lever, 

Bruker) at a scan rate of 1 Hz at a resolution of 256 pixels and 256 lines. The nominal 

spring constant of the cantilevers was 0.4 N m−1. In all cases, the roughness and Young’s 

modulus were measured repeatedly at three different scan areas with scan sizes: 5 µm × 5 

µm and 10 µm × 10 µm. The first scan was always made at a large area (10 µm × 10 µm) 

and then zoomed into a small area (5 µm × 5 µm). Presented AFM topography images have 

been flattened with order 1 and analysed using the roughness analysis feature of Nanoscope 

Analysis 1.8. The RMS roughness (root-mean-squared roughness, Rq) was used to quantify 

the surface roughness. 

Given that AFM images could be distorted by convolution between pore shape and 

cantilever tip shape and, the measurement of membrane pore size from AFM images is not 

always straightforward.496 Moreover, the AFM mapping is often obtained on relatively 

small areas, which may not yield statistical representation of membrane pore geometry.497 

Thus, statistical analysis of morphological or pore size changes primarily relied on SEM 

images.  
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5.2.3.3 Contact Angle Measurements. To measure the water contact angle on 

membrane surface, a ∼2.5µL drop of deionized water was placed onto the dried membrane 

surface with a 1 mL-syringe, and the air–water–surface contact angle was measured within 

10s. At least three measurements of drops at different locations were averaged to obtain 

the mean and standard deviations of contact angles for one membrane sample. 

5.2.3.4 Surface Zeta Potential for Membranes. The membrane surface charge was 

investigated by a surface zeta potential cell on the Zetasizer Nano instrument (Malvern 

Instrument, UK). The detailed procedure has been described elsewhere498, 499 and in 

Chapter 3 Section 3.2.3. 

5.2.3.4 ATR-FTIR Spectroscopy and FTIR Microscope.  Attenuated Total 

Reflection Fourier Transform Infrared (ATR-FTIR) spectroscopy penetrates to greater 

depths (from <200 nm to >1 μm) depending on, among other factors, the incident wave 

number and the incident angle.500 Although less quantitative than XPS, ATR-FTIR 

provides significant qualitative information about the types of functional groups. ATR-

FTIR spectra and FTIR imaging were recorded on a FTIR spectrometer (Cary 660, Agilent 

Technologies, USA) coupled to an IR microscope (Agilent Cary 600). All spectra (64 scans 

at 4.0 cm−1 resolution and subtracted from the appropriate background spectra) were 

recorded at 25 oC.  

ATR-FTIR imaging has successfully been used to map the distribution of proteins 

and lipids in biological samples with a high spatial resolution.501 Moreover, the ATR-FTIR 

imaging has also been used to determine the composition of the fouling layer on 

polypropylene (PP) and polytetrafluoroethylene (PTFE) membrane.502 In our study, the 

ATR-FTIR imaging was obtained with a 64 by 64 pixels FPA detector. The Ge crystal in 
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the ATR accessory had a refractive index of 4 and numerical aperture 2.4. The depth of 

penetration was approximately 1.2 μm at 1000 cm−1 and the lateral resolution of 5 μm. 

Three 350 × 350 μm areas on each membrane were analyzed. The spectra were recorded 

with 64 scans and 4 cm−1 spectral resolution and analyzed in the range 950–4000 cm−1. 

5.2.3.5 AFM-IR.  Nanoscale infrared analysis (AFM-IR) was performed on a NanoIR2 

system (Anasys Instruments, Inc., Santa Barbara, CA, USA) operating with a top-down 

illumination. The detailed procedure has been reported by our prior study503 and also in 

Chapter 2 Section 2.2. 

5.2.3.6 Tensile Strength and Elongation.  Tensile strength and elongation properties 

were analyzed for aged membranes, which were measured at the break of the prepared 

membranes using a Texture Analyzer (TA.XT2, Texture Technologies, Corp., New York) 

with a load cell of 1 kN at a constant elongation velocity of 5 mm min-1 at room temperature 

(20 oC). At least three sample fibers with 30 mm length and 10 mm width were tested and 

the average data was taken from each sample. Elongation at break (ε) was calculated from 

the experimental stress-strain curves.215 

 
Figure 5.5 Tensile strength test on a Texture Analyzer. 
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5.2.3.7 Filtration Performances.  A laboratory scale membrane module with a 

membrane surface are of 12 cm2 was used to test the pure water permeability of pristine 

and aged membranes at controlled temperature of 20 ± 5 oC. To overcome the impact of 

membrane compaction, each tested module was first subjected to filtration of ultra-pure 

water at a maximum TMP of 0.14 MPa until pure water flux stabilized around 20 min. 

After membrane compaction, the TMP was operated ranging from 0.05 to 0.14 MPa to 

obtain the pure water flux. The pure water permeability at 20 oC in L h-1 m-2 kPa-1 was then 

taken as the slope of the linear regression between TMP and flux values according the 

Darcy law.504 After dynamic aging (continuous filtration), pure water permeability was 

directly measured using the same filtration setup (Figure 5.3) by replacing the hypochlorite 

solution with DI water as the circulating feed solution. 

Humic acid (HA), purchased from Sigma-Aldrich, was used as the model foulant 

in the rejection test for pristine and aged membranes. Fresh HA solution at a concentration 

of 5 mg L-1 was prepared by dissolving 5 mg HA in 1 L 0.1 M NaOH solution and filtered 

with 0.45 µm membranes (cellulose nitrate membrane filters, Whatman) to remove the 

insoluble particles. The molecular distribution of most HA substances was below the 

molecular weight cut-off (MWCO) of PES membranes. Membrane rejection was 

determined by assessing the removal rate of HA via membrane filtration. The HA 

concentration was measured on a UV spectrometer at 254 nm. The HA rejection ratio was 

calculated with the HA concentration in the permeate tank after 1 h filtration over the 

concentration in the feed. 

5.2.3.8 Statistical Analysis.  Statistical tests were used to determine if the 

characteristic changes on aged membranes were significantly different from those on the 
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pristine membranes. For the SEM images, at least three images at each magnification level 

of each membrane sample were obtained in randomly selected locations. Generally, the 

SEM images for all the membrane samples were all obtained by the same voltage and 

working distance conditions. 

For the AFM topography images, at least three different regions of membrane 

surface were randomly selected, and the scanned areas were carried out over 5 μm × 5 μm, 

2 μm × 2 μm, and 0.5 μm × 0.5 μm sample sections. Generally, the cantilever tips were 

regularly changed to avoid experimental artifacts and tip contamination. The force 

measurements within an AFM image were all completed by the same cantilever tip unless 

the reproducibility in force measurement became worse due to tip damage or contamination. 

The approach and retraction curves between the cantilever tip and the bare silicon wafer 

were always reproducible and thus easily averaged to check the status of cantilever tips. 

Finally, the reported roughness values for each membrane sample were averaged data from 

mean values from at least three AFM images, together with their standard deviations. 

For the AFM-IR topography and IR mapping images, at least three different regions 

of membrane surface were randomly selected, and the scanned areas were carried out over 

0.5 μm × 0.5 μm sample sections. At least three different locations were randomly selected 

to collect the spectrum on each IR mapping image. The modifier distribution area ratio on 

the IR mapping image was analyzed with ImageJ software and the results were presented 

with mean values ± standard deviation from at three IR mapping images. The same 

procedure was carried out for the IR amplitude ratio of characteristic bonds of modifier 

over the membrane matrix. For example, I1736/1586 is the IR amplitude ratio of carbonyl 
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bond (hydrophobic modifier) at 1736 cm-1 over phenyl ring vibration band (backbone 

polymer PES) at 1586 cm-1. 

For the FTIR spectrum, at least three different samples were used for FTIR 

spectrum collection and one typical spectrum was selected for presentation. For FTIR 

imaging, at least three 350 × 350 μm areas on each membrane were analyzed and the 

spectra were recorded with 64 scans and 4 cm−1 spectral resolution and analyzed in the 

range 950–4000 cm−1. The data was presented following the same procedure as described 

above for AFM-IR techniques. 

5.2.4. Quantitative Structure-Activity Relationships (QSAR) for Water Permeability 
and HA Rejection by Membrane Aging Characteristics 

To draw connections between the filtration performance of aged membranes and the aging 

descriptors, a QSAR model was developed using the multiple linear regression (MLR) 

model (fitlm function) in MATLAB.505 The MLR model is a statistical technique that 

models the relationship between several explanatory variables and one response variables 

and predicts the level of effect of explanatory variables on the outcome of a response 

variable. The MLR assumes that each explanatory variable has a linear relationship with 

the response variable and creates a relationship that best approximates all the data points. 

In our study, a total of eight variables or descriptors were used as explanatory variables: 

surface porosity, S.P.; surface roughness, S.R.; surface hydrophobicity, S.H.; surface 

charge, S.C.; surface modifier spectrum intensity ratio, S.M.I.; tensile strength, T.S.; and 

elongation, EL.; and two variables were used as response/outcome variables: pure water 

permeability, P.W.P.; and HA rejection, HA.R. The data for each variable was obtained 

from previous sections and summarized together with the MATLAB codes and instructions 

of developing QSAR models detailed in Appendix. 
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5.3 Results and Discussions 

5.3.1 Effects of the Aging Processes on Membrane Surface Porosity (Hydrophobic 
and Hydrophilic PES Membranes) 

5.3.1.1 Chemical Aging.  The pore structure of the pristine PES membranes was 

relatively homogeneous with the surface porosity of 35.0±0.2% for hydrophobic and 

34.8±0.4% and hydrophilic membranes, as calculated from the SEM images with ImageJ 

software (Figure 5.6). After chemical aging treatment, apparent changes of pore structures 

were observed from the SEM images. For instance, after 2-day immersion in the NaClO 

solution, some polymeric fibers agglomerated due to degradation as pointed by the yellow 

arrows. Similarly, dynamic filtration with NaClO caused increased porosity from 35% to 

over 48% for hydrophobic membranes, indicating pore opening was one of the key changes 

to surface morphology of aged membranes. For the hydrophilic membranes, the SEM 

images in Figure 5.6b also revealed the same obvious damage to membrane morphology 

as visualized from the broken porous structures and fibrous debris. Figure 5.7 presents 

more zoom-out images of hydrophobic and hydrophilic membranes under two chemical 

aging modes, which further compares the destructive effects as discussed above. 

Figure 5.8 plotted surface porosity versus the treatment times of two chemical aging 

modes. Clearly, surface porosity increased gradually with the exposure duration to NaClO 

agents. And the dynamnic filtraiton of NaClO solution yielded greater increase in porosity, 

which agrees with the SEM observitions of the apparent pore opening or perforation after 

dynamic filtration treatment. 
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Figure 5.6 SEM image of (a) hydrophobic PES membrane and (b) hydrophilic membrane 
before and after chemical treatments.  

(a) 
(b) 
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Figure 5.7 SEM micrographs of hydrophobic (left column) and hydrophilic (right column) 
membranes before and after static immersion and dynamic filtraion aging processes. 
 

 
Figure 5.8 Surface porosity changes of (a) hydrophobic and (b) hydrophilic membranes in 
static immersion and dynamic filtraion processes. 

(a) (b) 
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5.3.1.2 Thermal Aging.  Figure 5.9 and Figure 5.10 show that the surface porosity of 

both hydrophobic and hydrophilic PES membranes increased from 35% to 40%, 

respectively, after 10-h thermal treatment, with bigger pores appeared on the surface (see 

the yellow arrows). Besids, thermal aging at 123oC appeared to cause almost equivalent 

porosity increase for both hydrophobic and hydrophilic PES membranes and the porosity 

changed insignificantly after 2-day themal treatments (Figure 5.11). Thus, it is assumed 

that the porosity change might be attributed to the release of some loose residue left from 

the fabrication process but not by the degradation of PES or PVP polymers as during 

chemical aging process. 

 
Figure 5.9 SEM image of (a) hydrophobic PES membrane and (b) hydrophilic membrane 
before and after thermal treatments. 

 

(a) 

(b) 
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Figure 5.10 SEM micrographs of hydrophobic (left column) and hydrophilic (right column) 
membranes before and after thermal aging processes. 
 

 
Figure 5.11 Surface porosity changes of hydrophobic and hydrophilic membranes during 
thermal aging processes. 

5.3.2 Effects of the Aging Processes on Membrane Surface Roughness (Hydrophobic 
and Hydrophilic PES Membranes) 

5.3.2.1 Chemical Aging.  Figure 5.12 shows the AFM images of the hydrophobic and 

hydrophilic PES membranes before and after the aging processes. Different from SEM 

images, these AFM images were in fact three dimensional, which allows for the calculation 

of surface roughness, (RMS). Similar to what was observed on SEM images, hydrophobic 
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and hydrophilic membranes exhibited a homogeneous pore distribution with RMS 

roughness of 92 and 73 nm, respectively. After the aging with immersion in or filtration 

with the NaClO solution, there was an increase in roughness up to 130 nm, which is 

consistent with previous studies that found chemical aging treatment increased membrane 

roughness by 20%.213 To statistically assess the changes in surface roughness, the scan size 

of AFM images was increased to 10 μm × 10 μm and the results are presented in Figure 

5.13. 

Figure 5.14 compares the changes of surface roughness for the hydrophobic and 

hydrophilic PES membranes before and after two different chemical aging processes. The 

roughness increased more significantly for the hydrophilic PES membranes, probably due 

to the release of PVP additives from the membrane surface. The error bars of the roughness 

calculated from three different AFM images for each membrane samples were higher after 

the aging treatment, probably due to the large variations of surface roughness that highly 

depends on the analyzed sample area.213 Different from surface porosity changes, the 

hydrophobic and hydrophilic PES membranes generally had similar roughness increase 

and did not show strong dependence on the aging treatment modes. These membrane 

morphological changes are possibly connected with chemical characteristics and 

fingerprint changes as resolved by the FTIR analysis. Moreover, the ultimate impacts from 

these morphological properties permeability or water flux were also reported previously.212 
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Figure 5.12 AFM topography images of hydrophobic (a) and hydrophilic (b) PES 
membranes before and after chemical treatments. 
 

  

(a) 

(b) 
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Figure 5.13 AFM images of the hydrophobic (left column) and hydrophilic (right column) 
membranes before and after the chemical aging. RMS roughness was calculated for the 10 
μm × 10 μm scanned areas of the membranes. 
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Figure 5.14 Surface roughness of (a) hydrophobic and (b) hydrophilic membranes before 
and after the aging under different exposure time and modes. RMS roughness was 
calculated for the 10 μm × 10 μm scanned areas of the membranes. 
 

5.3.2.2 Thermal Aging.  By contrast, the thermal aging under 123 oC induced an 

increase in roughness up to 140 nm but the surface looks similar to the one in the original 

conditions. In Figure 5.15 and Figure 5.16, clearer and slightly bigger pores were observed 

after the thermal aging, which might induce the higher roughness. Both hydrophobic and 

hydrophilic membranes demonstrated a stabilization of roughness values and large error 

bars after 5-10 hour thermal aging (see Figure 5.17).  

(b) (a) 
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Figure 5.15 AFM topography images of (a) hydrophobic and (b) hydrophilic PES 
membranes before and after thermal treatments. 
 

 
Figure 5.16 AFM images of the hydrophobic (left column) and hydrophilic (right column) 
membranes before and after the thermal aging. RMS roughness was calculated for the 10 
μm × 10 μm scanned areas of the membranes. 
 

(a) 

(b) 
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Figure 5.17 Surface roughness of hydrophobic and hydrophilic membranes before and 
after the thermal aging. RMS roughness was calculated for the 10 μm × 10 μm scanned 
areas of the membranes. 

5.3.3 Effects of the Aging Processes on Surface Hydrophobicity 

5.3.3.1 Chemical Aging. 

a. Hydrophobic and Hydrophilic PES Membranes.  Figure 5.18 compares the 

changes in surface hydrophobicity of hydrophobic and hydrophilic PES membranes after 

two different chemical aging treatments. For hydrophobic membranes, immersion in the 

NaClO solution caused the greater decline of CA than that from the dynamic filtration 

aging treatment. According to some previous works,222, 469 under oxidative chemical 

attacks, the hydrophobic PES may undergo a chain scission of the backbone structure into 

sulfonic acid groups and phenyl chloride groups as illustrated in Figure 5.19.469 The 

sulfonic acid was produced as a result of hydrolysis of sodium sulfonate. The sulfonic acid 

groups and phenyl chloride groups rendered the increasing hydrophilicity on the PES 

membranes. It is surprising that the dynamic filtration did not have the same impact as the 

immersion aging did. We suspected that under the influence of physical filtration pressures, 
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the surface structures of the hydrophobic PES membrane was damaged such as the pore 

size increase as shown in Figure 5.18a. The increased pores might result in the Cassie effect 

when measuring the water CA, where large void air pockets could exist on the membrane 

surface and repel water drops, which increases the measured values of water CA.362 

However, for hydrophilic membranes, dynamic filtration of the NaClO solution 

caused the highest increase of CA among three aging treatments. Different from 

hydrophobic PES membranes that have no additives on the membrane surface, the PVP 

additives on the hydrophilic PES membrane surface are more vulnerable to the chemical 

oxidant attacks than the PES backbone. During the dynamic filtration aging process, the 

oxidant may permeate through membrane and oxidize PVP from the membrane surface. 

Compared to the static immersion, dynamic filtration results in faster removal of PVP 

because dynamic filtration of NaClO solution increased the oxidation rate of membrane 

materials as reported previously.493  

 
Figure 5.18 Membrane surface hydrophobicity evolution with different aging intensity: (a) 
hydrophobic PES membrane and (b) hydrophilic PES membranes. 
 

(a) (b) 
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Figure 5.19 Three proposed PES degradation mechanisms: (a) the formation of sulfonic 
acid,469, 506 the formation of sulfonic acid and phenyl chloride (b)230 via chain scission and 
(c) radical-mediated degradation mechanism proposed by Prulho et al.507 
 

b. Five Different Chemically Modified PES Membranes.  The PES membranes 

with different chemical modifications exhibit different surface hydrophobicity as shown in 

Figure 5.20a. After the immersion chemical aging treatment, the hydrophobic PES 

membrane shifted to hydrophilic gradually (with the CA reducing from 90o to 25o). 

However, the super or double super hydrophobic PES membrane remained highly 

hydrophobic with slight decrease in CA (from 120o to 100o). By contrast, the hydrophilicity 

of the hydrophilic PES membrane did not have significant changes in CA. Pellegrin et al. 

also observed little changes in hydrophilicity for pristine PES/PVP membranes and those 

H2O 

Chain scission 
(a) 

(b) 

(c) 
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aged ones after immersion in the NaClO solution.484 Other studies indicated that the 

formation of charged groups such as COOH (carboxylic acid) or COO- (carboxylate 

groups) derived from the PVP degradation484 and ring opening469 increased the 

hydrophilicity of aged PES/PVP membrane. Thus, the increased hydrophobicity on the 

aged hydrophilic membrane is not only ascribed to the formation of ionizable groups but 

also to the removal of the hydrophilic modifier (PVP) on membrane surface. 

Figure 5.20 Hydrophobicity change measured by contact angle values for PES membranes 
(hydrophobic, hydrophilic, super hydrophobic, double-hydrophilic, and double-super 
hydrophobic, respectively) during (a) chemical and (b) thermal aging experiments. 

5.3.3.2 Thermal Aging. 

a. Hydrophobic and Hydrophilic PES Membranes.  Since the PES backbone is 

thermally stable, as expected both the hydrophobic and hydrophilic PES membranes had 

negligible changes in hydrophobicity from the thermal treatment. 
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Figure 5.21 Membrane surface hydrophobicity evolution with different aging intensity. 
 

b. Five Different Chemically Modified PES Membranes.  Figure 5.22 shows the 

changes of surface hydrophobicity of various PES membranes were not significant after 

thermal aging, which is attributed to the high thermal stability of PES polymers.508 The 

super-hydrophobic and double super-hydrophobic PES membranes had minor decrease in 

hydrophobicity after the thermal aging treatment, because the fluoro-alcohol additives on 

the PES membrane are thermally unstable and thus could be lost or degraded under thermal 

treatment.509 

 
Figure 5.22 Hydrophobicity change measured by contact angle values for PES membranes 
(hydrophobic, hydrophilic, super hydrophobic, double-hydrophilic, and double-super 
hydrophobic, respectively) during thermal aging experiments. 
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5.3.4 Effects of the Aging Processes on Surface Charge (Hydrophobic and 
Hydrophilic PES Membranes) 

5.3.4.1 Chemical Aging.  The changes of surface functional groups on aged PES 

membranes are expected not only to change surface hydrophobicity but also surface 

charges. Figure 5.23 shows that for both hydrophobic and hydrophilic membranes, both 

chemical aging treatments rendered more negative surface charges as indicated by the 

surface zeta potential, which is probably owing to the formation of sulfonic acid and phenyl 

chloride groups on oxidized PES membranes as mentioned above230 or the formation of 

carbonyl and carboxylate groups on oxidized PES.510 

For the hydrophilic membrane, the increase of negative surface charges may be 

attributed to the ionization of weak acids groups due to the PVP degradation through a ring 

opening.511 The FTIR data (Figure 5.25c) showed that most of the carbonyl group peak 

(1668 cm-1) in the hydrophilic membranes disappeared due to the degradation of PVP. 

These surface charge changes on aged membranes likely influence filtration 

performances,498, 499 which is discussed in the following section. 

  
Figure 5.23 Membrane surface zeta potential evolution with different NaClO exposure 
intensity (4000 ppm): (a) hydrophobic PES membrane; (b) hydrophilic PES membranes. 
(pH=9, temperature = 25 oC, ionic strength = 10 mM NaCl). 
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5.3.4.2 Thermal Aging.  Figure 5.24 shows that for hydrophobic membranes, 

thermal aging treatments rendered less negative surface charges after 2-hour treatment 

while more negative surface charges after 5-hour and 10 hour treatments. While the 

hydrophilic membranes did not show much change on surface zeta potential after thermal 

treatment. This is in agreement with the discussion about surface porosity change after 

thermal aging that the change might be due to the release of residue left on the membrane 

surface during fabrication procedure instead of any chemical degradation. 

Figure 5.24 Membrane surface zeta potential evolution with different thermal aging 
intensity (123 oC. 

5.3.5 Effects of Different Aging Modes on Surface Functional Groups 

5.3.5.1 Chemical Aging. 

a. Hydrophobic and Hydrophilic PES Membranes. In this section, we compared the 

FTIR spectra evolution under different aging procedures with hydrophobic and hydrophilic 

PES membranes in Figure 5.25. It shows apparent changes in the characteristic peaks of 

PES and PVP after dynamic aging treatments. Compared to the NaClO static aging, the 

relative intensity decreased immediately after 1-day dynamic aging. For example, the peak 

at approximately 1660 cm-1 (assigned to C=O vibration of the PVP amide group 
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demonstrated significant decrease as compared to the pristine hydrophilic membrane. We 

believed that the peak representing carbonyl bond (C=O) is attributed by the additive PVP 

that is responsible for the hydrophilicity of the PES membranes. Therefore, the reduction 

in C=O peak intensity suggested a decline in hydrophilicity. This finding is in line with the 

contact angle measurement as the membrane was found to be more hydrophobic upon the 

dynamic aging process (Figure 5.14). This is further indicating that the chemical additive 

used to enhance the hydrophilic nature of the PES membranes may have been removed 

gradually during aging. Meanwhile, for the hydrophobic PES membranes, the 

characteristic band at 1240 cm-1 (assigned to C=O vibration of the PES backbone material) 

decreased gradually along with the dynamic aging duration. It is assumed that the dynamic 

aging might render the damage on PES material, which would be verified by the tensile 

tests in Section 5.3.6.  

It is interesting to notice that a new peak around 1735 cm-1 (corresponding to the 

stretching vibration of carbonyl in ester groups, which is hydrophobic) was found on the 

aged hydrophilic membranes by dynamic aging. This new peak might from the succinimide 

groups (1700 cm-1) formed by PVP degradation but shifted slightly.511 
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Figure 5.25 FTIR spectrum of dynamic NaClO treated  hydrophobic PES membranes 
(left column) and hydrophilic PES membranes (right column); Normalized relative 
absorbance of the characteristic functional group bands measured on hydrophobic PES 
membranes (1240 cm-1) and hydrophilic PES membranes (1660 cm-1) aged under different 
chemical treatment modes. 
 

(c) (d) 

(e) (f) 

(a) (b) 
Hydrophobic membrane Hydrophilic membrane 
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b. Five Different Chemically Modified PES Membranes.  The FTIR spectra of 

various membrane samples under chemical treatments (DI water immersion as a control) 

are depicted in Figure 5.26. There were no changes in both the peak heights and peak 

numbers, when the membranes were immersed in DI water only (spectra were same as the 

untreated samples). On the other hand, there were significant decreases in the peak 

intensities when sodium hypochlorite were used. It indicated that the chemical properties 

of the membrane surfaces deteriorated continuously as the absorbance of functional groups 

(i.e., the height of peaks) decreased gradually, with an increase of the immersion duration 

in the sodium hypochlorite solution.  

The pristine PES membrane had some characteristic stretching assignments related 

to aromatic bonds (1486 cm-1) and to O=S=O symmetric stretching (1152 cm-1).341 Besides 

the assignments peaks of PES, PVP-modified membranes exhibited characteristic bands 

around 1668 cm-1 related to amide C=O stretching bonds in PVP.342 And the higher PVP 

blend level on the PES membranes, the stronger signals found for the characteristic peaks 

at 1668 cm-1. From Figure 5.20a, the characteristic bands of the PES functional groups 

were clearly observed in all the spectra, including absorption bands at 1323 cm-1 and 1297 

cm-1 due to the SO2 asymmetric stretching vibration and absorption band at 1151 cm-1 

corresponding to the SO2 symmetric stretching vibration. Aromatic bands at 1577 cm-1 and 

1485 cm-1 and aromatic ether band at around 1240 cm-1 were also observed in the spectra. 

The obvious differences in the spectra of pristine and modified PES membranes were 

marked in the inserted figure.  

The appearance of an absorption band at 1660 cm-1 was corresponding to the amide 

band from the hydrophilic modifier PVP. And it shows that the intensity of this peak was 
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higher in the double-modified hydrophilic PES membrane than the hydrophilic PES 

membrane. Another new absorption band at 1735 cm-1 corresponding to the stretching 

vibration of carbonyl in ester groups, which might be from the superhydrophobic modifier. 

Similarly, the absorption strength of the ester group showed a significant increase in the 

double modified superhydrophobic PES membrane. This indicated that the amount of ester 

groups coated onto the PES backbone after the second time of dip-coating into the modifier 

solutions.  
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Figure 5.26 FTIR spectrum of untreated PES membranes (a) and sodium hypochlorite 
(4000 ppm, 45 oC) treated PES membranes: (b) hydrophobic PES, (c) hydrophilic PES, (d) 
super hydrophobic PES, (e) double hydrophilic PES, and (f) double super hydrophobic 
PES.  
 

These characteristic groups were recorded during the aging experiments. Figure 

5.27 shows the relative absorbance of the amide band (1660 cm-1), aromatic ether band 
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(1240 cm-1) and carbonyl ester band (1735 cm-1) decreased with an increase of the 

immersion duration in the sodium hypochlorite cleaning solution. It showed that the least 

relative absorbance change happened for the unmodified hydrophobic PES membrane, 

which indicated that PES material itself was chemical resistant. Meanwhile, the amide band 

in hydrophilic PES membranes and double modified hydrophilic PES membranes 

decreased to approximately 46% and 30% of its initial value after NaClO treatment, 

respectively. It demonstrates that PVP present in the membrane material was dislodged 

from PES matrix after the aging treatment. However, the absolute absorbance intensity at 

1660 cm-1 for double modified hydrophilic PES membrane was still higher than the 

hydrophilic PES membrane. On the other hand, for the super hydrophobic PES membrane 

and double modified super hydrophobic PES membrane, the ester band at 1735 cm-1 

decreased to 82% and 68%, respectively. It indicated that the detachment of those 

hydrophobic modifiers was not as severe as that of hydrophilic PES membranes. 

 
Figure 5.27 Normalized relative IR absorbance of the characteristic functional group bands 
measured on membrane exposed to sodium hypochlorite (4000 ppm, pH=9, 45 oC) at 
different immersion duration. 

 

As shown in Figure 5.26c and Figure 5.26e, FTIR spectrum showed the appearance 
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of a band around 1700 cm-1 that can be attributed to succinimide groups,511 formed by PVP 

radical attack from NaClO according to Figure 5.28 below. Indeed, Prulho et al. showed 

that hydroxyl radicals formed in bleach solution provoke PVP radical oxidation after a 

sufficiently long exposure time, leading to the formation of succinimide groups.507 

Figure 5.28 Succinimide formation mechanism by PVP radical attack.507 

5.3.5.2 Thermal Aging. 

a. Hydrophobic and Hydrophilic PES Membranes.  As shown in Figure 5.29, no 

significant changes were observed for the hydrophobic PES membranes after thermal 

aging, indicating that PES material was thermal resistant. By contrast, hydrophilic PES 

membranes shows gradual decrease of functional group band signal with the increasing 

thermal aging time, indicating the release or dislodgement of PVP additives from the PES 

membrane surface.  

We hypothesized the cross-linking process of PVP on PES matrix as well as the 

release processes of PVP from PES membrane surface through two different processes in 

Figure 5.30. The PES membranes was sulfonated512 and dipped into the PVP solution to 

load the amide groups on the PES membrane surfaces. As shown in Figure 5.30a, PVP was 

assumed to be crosslinked onto sulfonated PES by hydrogen bonding. During the thermal 

aging treatment, the hydrogen bonding between PVP and PES might be broken and the 
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PVP released from the membrane surface (Figure 5.30b), inducing the decrease of IR 

absorbance for the amide group. 

 
Figure 5.29 Normalized relative absorbance of the characteristic functional group bands 
measured on hydrophobic PES membranes (1240 cm-1) and hydrophilic PES membranes 
(1660 cm-1) aged thermally. 
 

 
Figure 5.30 The hypothesized (a) cross-linking processes of hydrophilic membranes and 
(b) dislodgement process of PVP from PES matrix during thermal aging. 
 

b. Five Different Chemically Modified PES Membranes.  The thermos-stability of 

macromolecular additive in polymer membrane matrix was examined by being heated in 

(b) 

(a) 
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an autoclave (see Figure 5.2). The FTIR spectra of various membrane samples under 

thermal treatments are depicted in Figure 5.31. There were different levels of decreases in 

the peak intensities after the thermal aging treatment. It indicated that the chemical 

properties of the membrane surfaces deteriorated continuously as the absorbance of 

functional groups (i.e., the height of peaks) decreased gradually, with an increase of the 

heating duration in the autoclaves. These characteristic groups were recorded during the 

aging experiments. Different from the chemical aging results, there was no new peaks 

around 1700 cm-1 (succinimide groups511 formed by PVP degradation) were found, which 

indicated that the thermal aging might induced only physical detachment of PVP from PES 

matrix instead of chemically degradation. This is in line with the findings reported in the 

work of Hassouna et al.,490 where the thermos-degradation results show that the PVP did 

not show any degradation.  

Figure 5.32 shows the relative absorbance of the amide band (1660 cm-1), and 

carbonyl ester band (1735 cm-1) decreased with an increase of the heating duration in the 

autoclave at 123 oC. It showed that the least relative absorbance change happened for the 

unmodified hydrophobic PES membrane, which indicated that PES material itself was 

thermal resistant. Meanwhile, the amide band in hydrophilic PES membranes decreased 

seriously after 10-hour thermal treating while the absorbance of double-hydrophilic 

membrane only decreased to 50% of its initial value. It demonstrates that PVP present in 

the membrane material was dislodged from PES matrix after the thermal aging treatment. 

However, the absolute absorbance intensity at 1660 cm-1 for double modified hydrophilic 

PES membrane was still higher than the hydrophilic PES membrane. On the other hand, 

for the super hydrophobic PES membrane and double modified super hydrophobic PES 
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membrane, the ester band at 1735 cm-1 decreased to 10% and 40%, respectively. It 

indicated that the detachment of those hydrophobic modifiers was as severe as that of 

hydrophilic PES membranes.  

 

   

 
Figure 5.31 FTIR spectrum of untreated PES membranes (a) and thermally aged (123 oC) 
PES membranes: (b) hydrophobic PES, (c) hydrophilic PES, (d) super hydrophobic PES, 
(e) double hydrophilic PES, and (f) double super hydrophobic PES. 
 



215 

 
Figure 5.32 Normalized relative absorbance of the characteristic functional group bands 
measured on membrane exposed to high temperature (123 oC) at different treatment 
duration. 
 

5.3.6 Analysis of Aging Mechanisms  

5.3.6.1 Chemical Aging.  The degradation mechanisms of PES/PVP membranes have 

been analyzed or proposed in previous studies as summarized in Table 5.2.513 Typically, 

four kinds of mechanisms were proposed: (1) The formation of sodium sulfonate from the 

chain scission at the sulfone groups of the PES as shown in Figure 5.19c.506 The sodium 

sulfonate hydrolyses with water and become sulfonic acid end-groups. HClO could further 

attack the C-S bond and convert the SO2 groups into SO3 groups. The second  mechanism 

is that the chain scission of the PES backbone resulted in the formation of sulfonic acid 

groups and phenyl chloride groups as shown in Figure 5.19b as proposed by Yadav et al.230 

The third degradation mechanism (Figure 5.19c) indicated that the radical oxidation of the 

aromatic rings of PES and later sulfonic acid groups led to the generation of phenol groups 

as proposed by Prulho et al.507 

PVP was most frequently used as hydrophilic additive that can influence membrane 

filtration properties. PVP is a polymer soluble in water and it has the polar amid group 
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which gives it hydrophilic properties. The degradation mechanisms of PVP degradation 

related to the filtration membranes: 

(1) An opening mechanism of PVP cycle under the action of hypochlorite ion in 
alkaline medium was proposed by Roesink et al.514 As shown in Figure 5.33a, the breaking 
chains of PVP was resulted from a macroradical rearrangement induced by hydroxyl 
radicals. The ring opening of the PVP component is typically accompanied by the 
formation of carboxylic acid groups. 

(2) Chain scission of PVP under the action of hydroxyl radicals in acid medium 
was proposal by Roesink et al. as well.514 Smaller PVP chains and non-cyclic imide groups 
were formed. 

(3) PVP β-scission with NaClO was proposed by Hassouna et al. through two ways 
(see Figure 5.34).490 Oxidation involving secondary carbon leads to oxidation products of 
the pyrrolidone nucleus with some cyclic imides with no chain scission. Oxidation on 
tertiary carbon leads to non-cyclic imids and unsaturated products with macromolecular 
chain scission. 
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Figure 5.33 PVP degradation mechanism by NaClO in (a) alkaline condition and (b) acidic 
condition proposed by Roesink et al.514 
 

 
Figure 5.34 PVP degradation mechanism proposed by Hassouna et al.490 

(a) 

(b) 
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It is difficult to compare these previous studies because the experiments were not 

performed under identical conditions. Especially, the pH of NaClO solution was not 

consistent. Particularly, HClO and ClO- components predominant under different pH of the 

NaClO solution: pH 6.0 (HClO predominance), 8.0 (coexistence of HClO and ClO-) and 

11.5 (ClO- predominance) as shown in Figure 5.35.515 Hanafi et al. concluded HClO 

and ·OH to be the responsible species for PES chain-scission and HClO was identified to 

have a greater impact than that of the free radicals.511 

 
Figure 5.35 Concentration of HClO and ClO- as function of pH.515 

 

5.3.6.2 Thermal Aging.  PES was analyzed under the pyrolysis temperatures from 

500 °C to 700 °C.516 It was indicated that phenol as a pyrolysis product is preferentially 

generated over SO2 during the pyrolysis. In our study, the thermal aging was operated 

under 123 °C, where the pyrolysis process might not happen. 

It was found that the vinyl pyrrolidone is the main volatile products of the thermal 

degradation of PVP under the temperature at more than 395 oC.517 That is to say, the 

predominant mechanism during thermal degradation of this polymer is the 

depolymerization to monomer of the polymeric main chain. However, it was also evident 

that simultaneous reactions may be involved yielding oligomers: Peniche et al. concluded 
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that the obtained spectra strongly suggest the formation of pyrrolidone as the main product 

of the thermal degradation of PVP.518 In contrast, Bianco et al. claimed that the very intense 

absorption band at 1748 cm−1 was apparently associated with ester formation as 

consequence of the scission of the N–C=O bond.519 

Nevertheless, Loria-Bastarrachea et al. performed thermal degradation of PVP 

using a Perkin Elmer Thermogravimetry coupled with Fourier Transform Infrared 

Spectroscopy (TG/FTIR) system under high temperatures from 50 to 600 oC. The results 

showed that PVP exhibited only one mass loss which started at 395 oC and its maximum 

rate decomposition temperature was located at 480 oC.517 It indicated that thermal 

decomposition might not happen in our study, where the temperature was set at no more 

than 123 oC. 
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Table 5.2 Summary of Previous Works on Degradation of PES/PVP Membranes by NaClO.513 
Membrane 
materials 

NaClO 
conc. pH Characterization 

tools Main findings Refs. 

PES 0.4 
wt% 

9 and 
11.5 

SEM-DEX and ATR-
FTIR 

• Breakage of C-S bond, Cl-S bond formation
• PES degradation

Begoin et al.232 

PES / 8 IR, SEC, and tensile 
tests 

• PES degradation
• Chain scissions localized at the sulfone group

Thominette et 
al.506 

PES 150 
ppm 

7.2 XPS, ATR-FTIR, 
AFM 

• Chain scission of the PES polymer (formation of phenyl sulfonate).
• Decrease in mechanical strengths of the membranes and loss in

membrane integrity

Arkhangelsky 
et al.469 

PES 700 
ppm 

9 and 12 ATR-FTIR, SEM, 
TGA, and XPS 

• Surface pitting and cracking was observed
• Chain scission of the PES polymeric backbone into two parts

(terminated by a sulfonic acid group and a phenyl chloride group)

Yadav et al.230 

PES 700 
ppm 

9, 10, 11 
and 12 

Water flux, proteins 
rejection and SEC 

• Scission and pitting of PES polymer
• Increased water flux and reduced protein rejection

Yadav et al.483 

PES & 
PES/PVP 

3000 
ppm 

3.6, 6.9 
and 11.5 

NMR, IR and GPC • Decrease in molecular weight of PVP
• PES resistant to NaOCl treatment

Wienk et al.520 

PES/PVP 4000 
ppm 

/ SEM and flux change • Removal of PVP
• Five times membrane flux increment
• Narrower pore size distribution

Qin et al.521 

PES/PVP 350 
ppm 

8 XPS, ATR-IR, SEC 
and AFM 

• Degradation of PES/PVP membrane as a result of a radical induced
PVP degradation 

Pellegrin et 
al.472 

PES/PVP 4000 
ppm 

8 and 12 UV visible spectra, 
FTIR and SEC 

• Formation of phenol groups, as a result of the radical oxidation of
the aromatic rings of PES

Prulho et al.507 

PES/PVP 400 
ppm 

8 Streaming current 
and ATR-FTIR 

• Formation of first phenol groups and later sulfonic acid groups on
the surface of the membranes

Hanafi et al.522 

PES/PVP 200 
ppm 

6.8 and 
11.5 

Flux, Streaming 
current, XPS and 
ATR–FTIR 

• Degradation of PVP at all chosen pH values.
• HClO and ·OH found to be responsible for PES chain-scission

Hanafi et al.511 

SEC: steric exclusion chromatography; XPS: X-ray photoelectron spectroscopy; NMR: Nuclear magnetic resonance; GPC: gel permeation chromatography; 
TGA: thermal gravimetric analysis. 



221 

5.3.7 Effects of the Aging Processes on Bulk Distributions of Surface Modifier (Four 
Different Chemically Modified PES Membranes) 

Based on the FTIR spectrum obtained for the five different PES membranes in Figure 5.25a, 

the characteristic band assignments are summarized in Table 5.3. The C=C stretch at 1260 

cm-1 is assigned to v(C-O), which was present in all PES membrane samples. The amide I 

band was identified by the bands of 1668 cm-1, which was present in the hydrophilic and 

double hydrophilic membranes. The C=O stretch at 1742 cm-1 is assigned to the fluorinated 

group present in the super-hydrophobic and double super-hydrophobic membranes. FTIR 

spectra of the membrane with the intensity ratio values of the absorbance at 1736 cm-1 

(carbonyl bond) over that at 1580 cm-1 (phenyl ring vibration band) (i.e., I1736/1580) for super 

hydrophobic membranes and the absorbance at 1665 cm-1 (amide bond) over that at 1580 

cm-1 (phenyl ring vibration band) (i.e., I1665/1580) for hydrophilic membranes were 

calculated to quantify the aging effects on functional groups.  

Table 5.3 Assignment of IR Bands on PES Membranes 

Peak position (cm-1) Assignment Present in membranes 

1260 v(C-O) All PES membranes 

1660 Amide I Hydrophilic, double hydrophilic membranes 

1745 v(C=O) Super-hydrophobic, double super-hydrophobic 
 

5.3.7.1 Chemical Aging.  Figure 5.36a shows that the super-hydrophobic membranes 

had a homogenous distribution of modifiers on the surface and higher absorbance intensity 

than the aged membranes by chemical aging. Meanwhile, a heterogeneous surface 

distribution of super-hydrophobic modifiers in the double super-hydrophobic membranes 

with almost 10 times higher of absorbance intensity than super-hydrophobic membranes 

and areas at high modifiers concentration reaching hundreds of μm2. The dislodgement of 
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the hydrophobic modifiers in these areas could reasonably lead to the formation of 

modification defects. After the aging treatment, the distribution of modifiers obviously 

decreased indicating that the v(C=O) is physically or chemically detached from the PES 

membrane surface during the aging. 

For the hydrophilic membranes, the amide I bands were present on the surface as 

depicted in Figure 5.36b. In contrast to the double super-hydrophobic membranes, the 

double hydrophilic membranes demonstrated higher but still homogenous distribution of 

modifiers on the surface after twice dip-coating process. The hydrophilic PES membrane 

cleaned with NaClO for 10 days contained much less bands that could be assigned to 

Amide I suggesting that the NaClO might degraded the hydrophilic modifiers on the 

membrane surfaces.  
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Figure 5.36 Representative modifier distribution images of (a) super-hydrophobic and (b) 
hydrophilic PES membranes before and after chemical aging treatment. The left two panels 
shows the corresponding 2D FTIR imaging map, where the intensity of the absorbance at 
1734 cm-1 (carbonyl bond) for super hydrophobic membranes or 1665 cm-1 (amide band) 
for hydrophilic membranes was imaged in the chromatic maps. The right panel shows the 
FTIR spectra of the membrane with I1736/1580 and I1665/1580. The chromatic scale of the maps 
qualitatively shows the increasing intensity of the band as follows: blue < green < yellow 
< red. 

 
The quantitative analysis of the IR images are summarized in Table 5.4 by modifier 

distribution area ratio and the specific band intensity ratio. When comparing the area ratios 

(b) 

(a) 
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of the modifier groups (amide I: 1660 cm-1, fluorinated: 1745 cm-1) to the membrane (PES: 

1260 cm−1), the ratios for the NaClO treated membranes were almost half of the pristine 

ones, thus giving the indication that the chemical aging procedure caused obvious aging to 

these PES membranes. It is in agreement with the findings on contact angles (Figure 5.18) 

and normalized absorbance changes (Figure 5.25) as shown in above sections. 

Table 5.4 Modifier Distribution on the PES Membranes after Different Aging Procedures 

Modifiers Membranes 
Pristine Chemical aging  

(10 day) 
Area (%) Intensity Area (%) Intensity 

Amide I* 
hydrophilic 14 0.06 2.2 0.01 

double 
hydrophilic 48 0.22 8.1 0.09 

v(C=O)** 

super-
hydrophobic 20 0.19 3.0 0.05 

double super-
hydrophobic 8.0 1.99 1.1 0.99 

* The intensity was calculated with the ratio of I1660/I1520. 
** The intensity was calculated with the ratio of I1734/I1520. 
 

5.3.7.2 Thermal Aging.  Figure 5.37 shows that super-hydrophobic membranes lost 

a majority of additives on the surface after 10-hour thermal aging while double super-

hydrophobic membranes remained half of the additives. The spectra intensity also showed 

similar results, which indicates that double dip-coating might help enhance the modifier 

stability for the super-hydrophobic membranes. In contrast, hydrophilic membranes did 

not show significant modifier loss after 10-hour thermal aging while double hydrophilic 

membranes had only half of the additives on the surface. And the intensity ratio of the 

double hydrophilic membranes decreased to half of the original value as well, which might 

due to the solubility of hydrophilic modifier after the second dip-coating and its release 

from the membrane surfaces during thermal aging process. The quantitative analysis of the 



225 

IR images are summarized in Table 5.5 by modifier distribution area ratio and the specific 

band intensity ratio. The results indicate that the thermal aging procedure caused severer 

aging to the super hydrophobic PES membranes than the hydrophilic ones and double dip-

coating was more beneficial for super hydrophobic membranes. 
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Figure 5.37 Representative modifier distribution images of (a) super hydrophobic 
membranes and (b) hydrophilic PES membranes before and after thermal aging treatment. 
The left two panels shows the corresponding 2D FTIR imaging map, where the intensity 
of the absorbance at 1734 cm-1 (carbonyl bond) for super hydrophobic membranes or 1665 
cm-1 (amide band) for hydrophilic membranes was imaged in the chromatic maps. The 
right panel shows the FTIR spectra of the membrane with I1736/1580 and I1665/1580. The 
chromatic scale of the maps qualitatively shows the increasing intensity of the band as 
follows: blue < green < yellow < red.  
  

(a) 

(b) 
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Table 5.5 Modifier Distribution on the PES Membranes after Thermal Aging Procedures 

Modifiers Membranes 
Pristine Thermal aging  

(10 hour) 
Area (%) Intensity Area (%) Intensity 

Amide I* 
hydrophilic 14 0.06 11 0.06 

double 
hydrophilic 48 0.22 22 0.11 

v(C=O)** 

super-
hydrophobic 20 0.19 3.1 0.09 

double super-
hydrophobic 8.0 1.99 3.2 1.64 

* The intensity was calculated with the ratio of I1660/I1520. 
** The intensity was calculated with the ratio of I1734/I1520. 
 

5.3.8 Effects of the Aging Processes on Nanoscale Distributions of Surface Modifier 
(Four Different Chemically Modified PES Membranes) 

The changes in the functional groups of membranes caused by the aging solutions treatment 

are studied by AFM-IR as well. AFM-IR is a tool that reveals chemical composition of 

crucial nanostructures across a diverse range of applications, which has been summarized 

in Chapter 1. The procedures and application on nanoscale characterization of modified 

membrane surfaces have been elaborated in Chapter 2. This section aims to apply AFM-

IR to investigate the modifier change at nanoscale for aged membranes. 

5.3.8.1 Chemical Aging.  Figure 5.38a shows the topography image, IR mapping 

image of modifier, and IR spectrum of super hydrophobic PES membranes. The spectrum 

was consistent with the FTIR spectrum obtained in ATR-FTIR. For the fluorinated 

modifiers used in the dip-coating process for the super-hydrophobic membranes, the 

characteristic spectrum peak of the modifier was assumed to be around 1736 cm-1, which 

was assumed to be carbonyl bond in the fluorinated modifiers.523 The IR mapping obtained 

by fixing the IR laser wavenumber at 1736 cm-1 showed the distribution of modifiers (15%, 

Figure 5.39). Compared with super-hydrophobic membrane, Figure 5.38e showed the 
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distribution area of the modifiers in the double super-hydrophobic membranes was slightly 

higher (21%, Figure 5.39). The normalized IR signal intensity by dividing with IR signal 

at 1586 cm-1 (phenyl ring vibration band in backbone polymer PES) to show the change of 

modifier signal. It showed that the normalized IR signal of modifier in double super 

hydrophobic membranes (0.76) was much stronger than that in super hydrophobic 

membranes (0.35). It indicated that more modifiers were dip-coated on the PES 

membranes. 

After the immersion in NaClO solutions, the IR spectrum and IR mapping at 1736 

cm-1 were checked again to observe the potential release of modifiers in the double super 

hydrophobic membranes. Compared with pristine double super-hydrophobic membranes, 

the modifiers IR mapping area ratio did not show obvious decrease after 2-day aging 

treatment, while the area ratio of modifier distribution decreased from 21% to 2.1% after 

10-day aging treatment. The IR spectrum also showed that the modifier functional group 

normalized signal decreased from 0.75 to 0.6 in double super hydrophobic membranes after 

10-day aging treatment while no obvious change was observed for the membranes after 2-

day aging treatment. 
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Figure 5.38 AFM topography, IR mapping images and IR spectra of (a-c) super-
hydrophobic PES membrane, (d-f) double super-hydrophobic PES membrane, (g-i) double 
super-hydrophobic membrane aged for 2 days and (j-l) 10 days (4000 ppm NaClO, pH=9, 
45 oC). 

 
Figure 5.39 Modifier distribution area on modified membrane surface before and after 
aging treatment and the IR amplitude ratio at 1736 cm-1 to 1586 cm-1 (4000 ppm NaClO, 
pH=9, 45 oC). 
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Figure 5.40a shows the topography image, IR mapping image of modifier, and IR 

spectrum of hydrophilic PES membranes. The characteristic spectrum peak of the modifier 

was assumed to be around 1664 cm-1, which was assumed to be amide group in the 

hydrophilic modifiers, PVP. The IR mapping obtained by fixing the IR laser wavenumber 

at 1664 cm-1 showed the distribution of amide groups (14%, Figure 5.41). Compared with 

hydrophilic membrane, Figure 5.40e showed the distribution area of the modifiers was 

much higher (23%) in double hydrophilic membranes. The normalized IR signal intensity 

by dividing with IR signal at 1586 cm-1 was also calculated to show the change of modifier 

signal. It showed that the normalized IR signal of modifier in double hydrophilic 

membranes (0.69) was much stronger than that in hydrophilic membranes (0.35). It 

indicated that more PVP modifiers were dip-coated on the PES membranes. 

After the chemical aging treatment, the IR spectrum and IR mapping at 1664 cm-1 

were checked again to observe the potential release of modifiers in the double hydrophilic 

membranes. Compared with pristine double hydrophilic membranes, the PVP distribution 

area ratio showed slightly increase after 2-day aging treatment while the IR normalized 

signal decreased obviously from 0.69 to 0.28. The increase in the area ratio might be due 

to the measurement error and we did not measure the area ratio of PVP in aged membranes 

repeatedly due to the limited time and expense. On the other hand, the area ratio of modifier 

distribution decreased from 23% to 6.5% after 10-day aging treatment and the normalized 

IR signal decreased from 0.69 to 0.25 in double hydrophilic membranes after 10-day aging 

treatment. This results showed that the modifiers released seriously from the PES 

membranes after 10-day immersion in NaClO solutions. 
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Figure 5.40 AFM topography, IR mapping images and IR spectra of (a-c) hydrophilic PES 
membrane, (d-f) double hydrophilic PES membrane, (g-i) double hydrophilic membrane 
aged for 2 days and (j-l) 10 days (4000 ppm NaClO, pH=9, 45 oC). 
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Figure 5.41 Modifier distribution area on modified membrane surface before and after 
aging treatment and the IR amplitude ratio at 1664 cm-1 to 1586 cm-1 (4000 ppm NaClO, 
pH=9, 45 oC). 
 

5.3.8.2 Thermal Aging.  Figure 5.42a-c shows the topography image, IR mapping 

image of modifier, and IR spectrum of super hydrophobic PES membranes. The spectrum 

was consistent with the FTIR spectrum obtained in ATR-FTIR. Since Millipore Corp. did 

not provide the information of the super hydrophobic modifier used in the modification 

process, the characteristic spectrum peak of the modifier was assumed to be around 1736 

cm-1, which was assumed to be carbonyl bond in the fluorinated modifiers. The IR mapping 

obtained by fixing the IR laser wavenumber at 1736 cm-1 showed the distribution of 

modifiers (area ratio 17%). Compared with super hydrophobic membrane, Figure 5.42e 

showed the distribution area of the modifiers was slightly higher (22%). The normalized 

IR signal intensity at 1736 cm-1 by dividing with IR signal at 1586 cm-1 (A1736/A1586) to 

show the change of modifier signal. The IR peak at 1586 cm-1 was assigned to be phenyl 

ring vibration band in backbone polymer PES. A1736/A1586 in double super hydrophobic 

membranes (0.76) was much stronger than that in super hydrophobic membranes (0.35). It 

indicated that more modifiers were dip-coated on the double super hydrophobic PES 

membranes. 
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After the aging treatment, the IR spectrum and IR mapping at 1736 cm-1 were 

checked again to observe the potential release of modifiers in the double super hydrophobic 

membranes. Compared with pristine double super hydrophobic membranes, the modifiers 

IR mapping area ratio did not show obvious decrease after 2-hour aging treatment or even 

10-hour aging (Figure 5.43a). The IR spectrum also showed that the modifier functional 

group normalized signal did not show significant decrease after 10-hour. 

Figure 5.43a-c shows the topography image, IR mapping image of modifier, and 

IR spectrum of hydrophilic PES membranes. The spectrum was consistent with the FTIR 

spectrum obtained in ATR-FTIR. The characteristic spectrum peak of the modifier was 

assumed to be around 1664 cm-1, which was assigned to be amide group in the hydrophilic 

modifiers, PVP. The IR mapping obtained by fixing the IR laser wavenumber at 1664 cm-

1 showed the distribution area ratio of amide groups was 10%. Compared with hydrophilic 

membrane, Figure 5.43e showed the distribution area ratio of the modifiers was slightly 

higher, 12% in double hydrophilic membranes. The normalized IR signal intensity of 

modifiers (A1664/A1586) in double hydrophilic membranes (0.69) was much stronger 

than that in hydrophilic membranes (0.35). It indicated that more PVP modifiers were 

coated on the PES membranes after second-time dip coating. 

After the aging treatment, the PVP distribution area ratio in double hydrophilic 

membranes showed a slight increase after 2-hour aging treatment, but t-test showed that 

there was no significant difference between the aged and pristine ones (Figure 5.44b). 

Similarly, no significant changes were observed for the membranes after 10-hour 

treatments. This result showed that the thermal aging process did not result in obvious 

modifier release from the membrane surface as serious as that by NaClO treatments. 
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Figure 5.42 AFM topography, IR mapping images and IR spectra of (a-c) super-
hydrophobic PES membrane, (d-f) double super-hydrophobic PES membrane, (g-i) double 
super-hydrophobic membrane aged for 2 hours and (j-l) 10 hours (123 oC). The red region 
represents the distribution of hydrophobic chemical modifier (fluorinated groups). 
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Figure 5.43 AFM topography, IR mapping images and IR spectra of (a-c) hydrophilic PES 
membrane, (d-f) double hydrophilic PES membrane, (g-i) double hydrophilic membrane 
aged for 2 hours and (j-l) 10 hours (123 oC). The red region represents the distribution of 
hydrophilic chemical modifier (amide groups). 
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Figure 5.44 Modifier distribution area on modified membrane surface before and after 
aging treatment and the IR amplitude ratio at (a) 1736 cm-1 to 1586 cm-1 (hydrophobic 
chemical modified membrane) and (b) 1664 cm-1 to 1586 cm-1 (123 oC) (hydrophilic 
chemical modified membrane). 
 

5.3.9 Effects of the Aging Modes on Tensile Strength and Elongation (Hydrophobic 

and Hydrophilic PES Membranes) 

5.3.9.1 Chemical Aging.  In this section, we evaluated the effect of aging modes on 

membrane mechanical properties: tensile strength and elongation. In Figure 5.45 we have 

reported the evolution of elongation at break and tensile strength of membrane samples 

versus aging time as a function of exposure modes. We found an obvious and sharp 

decrease in tensile strength and elongation after both the NaClO static and dynamic aging 

processes. The results indicate that contact with NaClO induced a significant decrease on 

membranes’ mechanical strength, which is consistent with works already published.472, 493 

(a) (b) 
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Figure 5.45 Tensile strength (left column) and elongation at break (right column) of 
membranes exposed to different aging modes versus aging time. 
 

5.3.9.2 Thermal Aging.  As shown in Figure 5.46 the thermal aging did not result in 

obvious evolution of mechanical properties. This result confirmed the thermal stability of 

PES and PVP polymers again. 
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Figure 5.46 Tensile strength (a) and elongation at break (b) of membranes versus thermal 
aging time. 
 

5.3.10 Effects of the Aging Modes on Membrane Filtration Performance 
(Hydrophobic and Hydrophilic PES Membranes) 

5.3.10.1 Chemical Aging. As Figure 5.47 shows, when hydrophobic PES membrane 

interacted with NaClO solution, its water permeability increased significantly, then 

decreased and reached the stable stage (around 15 LMH kPa-1), which could linked to the 

enhanced surface hydrophilicity and enlarged pore size. In addition, the HA rejection rate 

of hydrophobic membranes decreased obviously from 41% to 32% after exposure to 

NaClO while it also entered into a relative stable status in the region of 2-10 days for the 

static NaClO aging but kept decreasing for the dynamic NaClO aging. In consideration of 

the improved surface hydrophilicity and charges, the hydrophobic interaction between HA 

and membrane surface was weakened, and the electrostatic repulsion was enhanced. 

However, the aged membrane surface didn’t play a positive effect in HA rejection. 

Therefore, we can only ascribe this decreased HA rejection to the pore enlargement, which 

was in agree with the SEM images (Figure 5.6).524 

For the hydrophilic PES membranes, Figure 5.47 shows clearly that pure water 

(a) (b) 
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permeability decreased continuously along with the aging intensity. According to the 

previous studies, the enhanced hydrophilicity resulted in higher permeability. Considering 

the evolution on membrane surface properties such as membrane surface hydrophobicity, 

surface charge, and porosity during the aging processes, we proposed that the decreased 

hydrophilicity may have a dominant potential to decrease the membrane permeability. 

Meanwhile, the HA rejection was governed mainly by the pore size, hydrophilicity and 

electrostatic repulsion.525 Therefore, the enhanced surface hydrophobicity, negative 

charges and porosity after the aging treatments resulted in the fluctuation of HA rejection 

for the hydrophilic membranes without a clear linear relationship. 

  

  
Figure 5.47 Membrane pure water permeability (left column) and HA rejection (right 
column) as a function of aging intensity. 
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5.3.10.2 Thermal Aging.  Figure 5.48 summarized the membrane filtration 

performance after the thermal treatments. With the thermal aging treatments, the 

hydrophobic membranes demonstrated increasing water permeability and reached stable 

stage around 35 LMH kPa-1; while hydrophilic membrane showed decreased water 

permeability and stopped around 60 LMH kPa-1. This might due to the dwelling of 

membranes after the steaming in the autoclave heating. Similarly, HA rejection for both 

hydrophobic and hydrophilic membranes increased slightly and then decreased to the same 

level as pristine membranes. It indicated that the HA rejection might be related to the 

surface properties measured in the above sections, which did not show much change after 

the thermal aging treatments. 

 
Figure 5.48 Membrane pure water permeability (a) and HA rejection (b) as a function of 
thermal aging intensity. 
 

5.3.11 Development of Quantitative Structure-Activity Relationships (Hydrophobic 

and Hydrophilic PES Membranes) 

Quantitative structure–activity relationships (QSARs) based on MLR models have been 

used to reveal the filtration performance (i.e., pure water permeability, P.W.P.; and HA 

rejection, HA.R.) of pristine and aged membranes according to their physicochemical 

(a) (b) 
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characteristics of seven descriptors (i.e., surface porosity, S.P.; surface roughness, S.R.; 

surface hydrophobicity, S.H.; surface charge, S.C.; surface modifier spectrum intensity 

ratio, S.M.I.; tensile strength, T.S.; and elongation, EL.). Particularly, QSAR for pure water 

permeability that may present the actual filtration performance by different aging 

intensities was developed as follows: 

P.W.P. 55.705 2.2717 (S.P.) 0.26925 (S.R .) 0.07244 (S.H.)
               0.70522 (S.C.) 3.1303 (S.M.I.) 0.001249 (T.S.)
               0.00435 (EL.)

= − + ⋅ − × + ×
+ × + × + ×
+ ×

 (5.1) 

In this model, we observed that positive coefficients for all these properties except 

roughness, indicating that surface porosity, charge, hydrophobicity, modifier intensity, 

tensile strength and elongation can increase the pure water permeability except surface 

roughness. Particularly, the two descriptors of S.H. and S.M.I. may influence each other in 

the QSAR because the surface hydrophobicity tends to decrease with increasing modifier 

intensity. Meanwhile, the larger surface roughness would result in less water permeability. 

In addition, QSAR for HA rejection by different aging intensities was also 

developed as follows: 

HA.R. 144.14 2.6579 (S.P.) 0.2579 (S.R .) 0.01696 (S.H.)
               0.14521 (S.C.) 49.292 (S.M.I.) 0.002145 (T.S.)
               0.001334 (EL.)

= − × + × − ×
− × − × + ×
− ×

 (5.2) 

In this model, we observed that the HA rejection were related positively with two 

descriptors: surface roughness and tensile strength. Increased HA rejection were likely 

related with decreasing surface porosity, hydrophobicity, surface charge, modifier intensity 

and elongation due to negative values. 

From the developed QSARs (Equation 5.1 and 5.2), scatter plots between the 

developed QSARs versus the experimental permeability were shown with a reference line 
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in Figure 5.49. The majority of the permeability data were located near the reference line 

with the exception of hydrophilic membranes after 10-hour thermal aging treatment, which 

may demonstrate the meaning of considering statistical significances to develop more 

predictive QSARs.  

 
Figure 5.49 Relationship between observed and developed (a) P.W.P. and (b) HA.R. from 
the QSARs. 
 

In QSAR results, the models showed the good relationships between seven 

descriptors of membrane characteristics and the filtration performances, which provide 

some insights on the effects of membrane properties on membrane filtration performances 

and moreover suggest roles of physicochemical descriptors on filtration processes during 

aging processes. However, membrane filtration performance would strongly be influenced 

by surrounding water chemistry conditions such as pH, ionic strength (IS), pollutants 

concentrations and hydraulic conditions. Therefore, there is a limitation to use our 

developed QSARs to predict membrane performance in different operation conditions. 

And other potential descriptors that may affect membrane filtration performance will be 

investigated in future research. 

 

(a) (b) 
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5.4 Conclusions and Future Prospects 

To better understand the effect of thermal aging and chemical aging processes on filtration 

performance, physicochemical properties and mechanical strength of PES membranes, this 

study carried out detailed analysis using advanced characterization tools. The PES chain 

scission, PVP ring opening and radical oxidation degradation mechanism occurred when 

the PES membranes were exposed to NaClO solutions, and this has been discussed by 

summarizing previous studies about NaClO reaction with PES or PES/PVP membranes in 

the literature.  

Particularly, modified PES membranes with different modification goals (i.e., 

hydrophilic, super-hydrophobic, double hydrophilic and double super-hydrophobic) were 

investigated by thermal aging (heated in autoclave at 123 oC) and chemical aging 

treatments (soaking in or filtration with 4000 ppm sodium hypochlorite solutions). The 

membranes' physicochemical characteristics (i.e., surface porosity, roughness, IR spectrum, 

modifiers distribution, surface charge and hydrophobicity) and mechanical properties (i.e., 

tensile strength and elongation) were investigated comprehensively. The results indicate 

the aging mechanism and evolutions differed with the aging levels (chemical or thermal 

aging) and modes (static or dynamic). Furthermore, the distribution of modifiers on the 

membrane surface was analyzed with AFM-IR and FTIR microscopy with IR mapping 

images to present the modifier stability after the aging treatment. In addition, the water 

permeability and the foulant rejection of the aged membrane are also investigated by pure 

water filtration and humic acid (HA) filtration, respectively.  

In terms of filtration performances, pore enlargement could be verified by the SEM 

images as well as the increased water permeability and the decreased HA rejection rate. 
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Moreover, the increased negative charge on aged PES membrane surface have a great 

impact on its rejection behavior for HA. It was confirmed that NaClO exposure induced 

PES degradation as well as PVP degradation and dislodgement from the PES matrix, 

leading to IR band intensity changes and mechanical strength decease. It was apparent that 

the filtration performance were affected by many different changes in characteristics and 

the given characteristics could impact performance in multiple ways. Thus, in order to 

elucidate the relationship between aging effects on membrane properties and the membrane 

filtration performances, the QSAR models were developed to highlight the linear 

relationship between the properties and performance whatever the aging mode. Thus, the 

membrane filtration performance could be predicted through their properties as membrane 

ages based on the models developed in the work. 

However, there still remains a challenge to better understand membrane aging. It is 

essential for aging studies to be conducted under conditions that mimic the industrial 

process and have sufficiently long run lengths and repeated periods to ensure the best match 

between the outcomes coming from the research activities and the needs of industrial 

practitioners. As shown in this study, the aging process was simulated with filtration and 

immersion experiments in NaClO solutions and the dynamic aging mode rendered server 

degradation effects on the membranes. Furthermore, aging research must consider foulant 

effects in addition to interactions between membrane material and chemical aging agent in 

the practical applications. Thus, from a practical perspective, the future work about 

membrane aging will be suggested to be carried out in an industrial conditions.  
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CHAPTER 6 

MICROWAVE-ASSISTED ANTIFOULING MEMBRANE FILTRATION 
TECHNOLOGY 

 

 

6.1 Introduction 

6.1.1 Membrane Fouling and Current Antifouling Methods 

Membrane filtration finds many applications in chemical separation, water treatment, 

biopharmaceutical manufacturing and even clinical treatment systems (e.g., point-of-care 

diagnostics and dialysis). However, membrane filtration technologies suffer from 

membrane fouling due to pore blocking, cake formation, concentration polarization, 

organic adsorption, inorganic precipitation and biological fouling.526 Membrane fouling 

often results in the need for high-pressure pumps, increasing cost of maintenance, and 

shorter membrane lifetimes.  

Investigation of membrane fouling has been a longstanding interest.527-530 

Membrane filters commonly undergo reversible and irreversible fouling. Reversible 

fouling could be removed by hydraulic backwash while irreversible fouling, often involved 

in strong chemical binding between foulant and membrane surface, has to be chemically 

cleaned using harsh agents (e.g., oxidant, acid and base).20, 21 The intensity of backwash 

and the exposure of cleaning agents may have negative influence on the membrane life 

time.22 For example, chemical cleaning can induce the polymer degradation and thus 

compromise the material integrity of membranes. Additional drawbacks of those periodic 

cleaning techniques are that they interrupt the continuous filtration process and increase 

operational cost. Besides, periodically relax (a 30-minute production time followed by a 1-
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minute relaxation), increasing cross-flow velocities, or a combination of the two were 

applied to increase flux.531 The mechanical and bulk methods of reducing filter clogging 

are effective but time consuming, and in some instances, stopping operation to relax or 

flush the system is not favorable or even possible.531 Alternatively, pretreatments (e.g. 

coagulation, adsorption, oxidation, biological treatment, and some combinations) can in 

various degrees alleviate the fouling by improving the membrane filtration feed quality. 

But for these pretreatment technologies, multiple problems (e.g. uncertainty on the 

membrane fouling, unfavorable by-products, scale problem and higher cost) emerge during 

the applications.  

Other traditional antifouling techniques include the addition of magnetic or electric 

fields, ultrasonic perturbations and synthesis of functionalized nanocomposite membranes 

or modification of membrane surface for enhanced antifouling properties, ideally causing 

foulants to keep from attaching or to detach from the membrane surface.532, 533 However, 

when handling potentially delicate products, chemical agents may harm the species 

targeted for collection or analysis and might damage the membranes themselves. So far, 

the membrane fouling mitigation strategies still came up with three categories: 1) coupling 

with pretreatments or external field, such as coagulation/electrocoagulation,534 

UV/chlorine pre-oxidation,535 ozonation,169, 536  granular activated carbon (GAC)537, 538 

and electric field;539, 540 2) surface modification of membranes including surface pattern by 

nanoimprint,541 tailoring surface charge,542 and special wettability;543 3) nanocomposite 

membranes, such as graphene oxide (GO)/multi-walled carbon nanotubes (MWCNTs).544 

Clearly, novel membrane filtration processes that exhibit robust antifouling properties are 

urgently needed to promote sustainable membrane filtration processes for water treatment. 
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6.1.2 Challenges in Water Treatment and Applications of AOPs 

Besides the issue of membrane fouling, traditional membrane separations also suffer from 

inadequate removal of dissolved organic matters, especially for the trace emerging 

pollutants. For examples, 1,4-dioxane (C4H8O2) was used as a model emerging organic 

pollutants.545 The U.S. Environmental Protection Agency (USEPA) classified 1,4-Dioxane 

as a Group B2 Probable Human Carcinogen. In accordance with the New Jersey Ground 

Water Quality Standards rules at N.J.A.C. 7: 9C-1.7, the Department of Environmental 

Protection (DEP) has developed an interim specific ground water quality criterion of 0.4 

μg L-1 and practical quantitation level (PQL) of 0.1 μg L-1 for 1,4-dioxane. 1,4-dioxane 

appears as a listed parameter in a published USEPA Method 522 entitled: “Determination 

of 1,4-dioxane in drinking water by solid phase extraction (SPE) and gas chromatography/ 

mass spectrometry (GC/MS) with selected ion monitoring (SIM).” However, sole 

membrane filtration could hardly reject 1,4-dioxane in the micropolluted water. 

Advanced oxidation processes (AOPs) such as photocatalytic oxidation, 

photochemical oxidation, electrochemical oxidation, photochemical reduction, persulfate 

radical treatment, thermally induced reduction, and sonochemical pyrolysis have the 

potential to degrade recalcitrant pollutants or resistant microbes.546 Combined membrane 

filtration–AOPs provides such complementary effect because the AOPs treatment assist in 

eliminating membrane fouling and remediation of organics in the concentrate via oxidation 

(mainly by free radicals) of the foulants, dissolve organic matters and organic compounds 

in the concentrate.547-550 Three categories of AOP exist: (1) UV/O3; (2) Photocatalysis 

(TiO2 or other semiconductor particles under UV-vis illumination); (3) Fenton process 

(Fe2+ / H2O2), Photo Fenton process (Fe2+ / H2O2 / UV) and Photo-Fenton-like processes 
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of homogeneous nature (Fe3+/ H2O2 / UV, Fe3+/ APS / UV and Fe2+/ APS / UV) and 

heterogeneous nature (Fe0 / oxidants) (where APS is (NH4)2S2O8).551 Combination of 

membrane filtration with AOPs holds potential to address emerging contaminant removal 

in drinking water. Some researchers combined membrane separation with chemical 

decomposition by integrating the membrane filtration with oxidants, such as ozone and 

hydrogen peroxide.552-559 This combination is effective for decomposing organic 

contaminants and reducing membrane fouling. However, these oxidants are expensive, 

hazardous, and not sustainable or economically viable for large scale utilization. These 

oxidants attack polymeric membranes and shorten the lifetime of the membranes.  

One potential solution to these problems is the introduction of photocatalytic 

ceramic membranes (PCMs).560-564 Semiconducting inorganic materials, such as TiO2 and 

ZnO, with a photocatalytic oxidation capability, have been fabricated in the form of water-

permeable porous membranes. Along with the physical separation of contaminants in water 

through the porous structure of PCMs, the contaminants are chemically decomposed by 

reactive radical species generated on the PCMs under UV radiation. However, there are 

still some practical challenges when implementing the PCMs technology, including: (1) 

difficulty in providing effective UV illumination; (2) the reduced light penetration in 

tabular and spiral membrane surfaces; (3) the reduced active surface on catalyst and 

membranes accessible to chemicals and photons. Therefore, other than photo irradiation, 

an alternative irradiation source that can evenly pass through membrane modules and 

distribute energy to water, catalysts and membrane surface is highly needed. 

Similarly, conventional disinfectants (e.g., chlorine, chlorine dioxide, or ozone) can 

eliminate a wide spectrum of undesirable microorganisms; however, they also render the 
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rise of more than 600 different disinfection byproducts (DBP)565-568 and increase microbial 

resistance to disinfectant chemicals.569-571 Most DBPs (e.g., trichloromethane, 

brominedichloromethane, dibromomethane and tribromomethane) are potentially 

carcinogenic.572 Conventional disinfection methods are becoming less efficient due to the 

evolution of antibiotic-resistant strains or genes.573, 574 UV irradiation is an effective, safe, 

and environmentally friendly disinfection method but the lack of persistent antibacterial 

capacity generally causes high risk of regrowth, particularly in poor sanitation. Thus, 

alternative irradiation source is in needed for effective disinfection. 

6.1.3 Current Knowledge of Microwave Irradiation 

Microwave irradiation (MW) has received increasing interest in organic synthesis due to 

remarkable enhancement of the rates of some reactions over conventional reactions.576, 577 

Microwave irradiation has long been used to improve or facilitate chemical reactions or 

digestion as it can selectively and uniformly distribute heat energy that may turn into 

reactive radicals or nanobubbles.578, 579 MW irradiation also enhanced the processes of 

adsorption, desorption, and recycling because of the “hot spots” effect on the activated 

carbon adsorbents.580 

Wang et al. used microwave irradiation to generate interfacial nanobubbles and 

found that surface nanobubbles (diameter 200-600 nm) may be formed by microwaving 

solutions containing dissolved oxygen, due to localized surface heating.290 The principal 

cause behind cavitation, which is nucleation, growth, oscillations and transient collapse of 

small gas bubbles due to pressure variation or in general, energy dissipation in the 

system.581 Surface fouling removal mechanism was proposed by Jie Zhu et al., who 

demonstrated that nanobubbles can prevent the fouling of surfaces and also clean the fouled 
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surfaces.278 Others also reported the prevention of fouling using surface nanobubbles.589-

591 Nanobubbles provide a mechanical barrier or surface mask that prevents the adsorption 

of contaminants on the surface. The production of nanobubbles on a contaminated surface 

can also remove nearly all contamination. However, nanobubbles in these studies were 

prepared by electrolyzing water, with the resultant supersaturation of dissolved gas leading 

to the formation of surface nanobubbles. None of the previous research investigated 

nanobubbles formation on porous membranes under microwave irradiation. 

MW irradiation alone is incapable of treating some organic pollutants, such as azo 

dyes, pesticides, pharmaceuticals. Combination methods with MW irradiation, such as 

MW-oxidant, MW-Fenton, MW-Fenton-Like, and MW-photo/electro/ultrasonic processes, 

have been studied. Recently, microwave irradiation was used to enhance the pollutant 

degradation (e.g., pharmaceutical wastewater, RhB, 2-Nitrophenol, PFOA) in the Fenton-

like reactions.592-598 It showed that the microwave irradiation could widen the optimum pH 

range for Fenton reaction, and the localized MW superheating effect can also promote the 

generation of •OH in the Fenton-like process and enhanced the pollutant degradation.599 

For example, Li et al. synthesized Pb-doped BiFeO3 (BFO) with decoration of reduced 

graphene oxide (rGO) to form a hybrid nanocomposite (Pb-BFO/rGO).600 The Pb-

BFO/rGO was successfully used as a heterogeneous catalyst in the microwave enhanced 

Fenton-like process that efficiently decomposes PFOA and shortened the reaction time. 

Gou et al. utilized ferric sulfate as catalyst, hydrogen peroxide as oxidant, with the assistant 

of microwave (MW) to study the efficiency of MW-Fenton-like process, which 

demonstrated increasing TOC removal and apparent reaction rate of TOC removal, 

reducing the catalyst dose and oxidant dose, shortening the reaction time.595 These studies 
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inspired us to consider microwave as an alternative source of irradiation for photo-Fenton 

reactions, especially in a modulated membrane filtration process, where light illumination 

on tabular and spiral membrane surfaces could be practically difficult. Unlike photo 

irradiation or ultrasonic wave, microwave can evenly pass through membrane modules and 

distribute energy by exciting water and converting to heat or reactive radicals. 

Reactive membranes worked as a support to prevent aggregation of catalytic 

nanoparticles and avoids the need to separate catalysts from the reaction mixture; the 

membrane geometry allows for continuous-flow reactions and results in rapid convective 

mass transport of reactants to immobilized catalyst nanoparticles. It would be difficult to 

immobilize nanoparticles in commercially available ceramic membranes because binding 

mediums on the membrane may be required to form bonds between nanoparticles and 

membrane support. Many attempts have been made to find appropriate organic binders or 

connection molecules for nanoparticles. Most importantly, however, the permeate water 

quality should be considered as nanoparticles are immobilized on the membrane for use in 

water treatment plants because release of nanoparticles from the membrane may raise 

environmental safety concerns. Dipping the Al2O3 membrane support into hydroxyapatite 

(HAP) solution as a binder has been explored by Ma et al. for stabilizing TiO2 nanoparticles 

on the Al2O3 composite ceramic membranes.601 Lv et al. modified a ceramic membrane 

surface by embedding amino groups on the membrane surface to form covalent bonds with 

silver atoms on the silver nanoparticles at the membrane surface.602 Karnik et al. also 

fabricated Al2O3/ZrO2/TiO2 composite ceramic membranes with Fe2O3 nanoparticles by 

using phytic acid as an organic binder instead of cationic polyelectrolyte solution.603 

Xiangli et al. prepared polydimethylsiloxane (PDMS)/ceramic composite membrane with 



252 

PDMS deposited uniformly on the surface of tubular nonsymmetric ZrO2/Al2O3 porous 

ceramic supports.604 

Besides, microwave disinfection has been studied over the past few decades 

primarily in the field of sludge digestion with the goals of effectively removing pathogens 

in biosolids, or sludge.605  As microwaves pass through sewage sludge, the water 

molecules within the sludge begin to rotate and align themselves with the frequency and 

electric field. This molecular movement causes vibrations, which produces frictional heat 

and water boiling. Water molecules inside pathogens and other microorganisms are also 

excited, causing the cells to expand and explode. Low microwave frequencies (<=2.45 

GHz) are capable of denaturing DNA molecules and disassociating organic chemical bonds. 

These lower frequencies will allow for a more targeted application leading to a more cost 

effective treatment.605 The thermal and non-thermal effects (i.e., polarization, superheating, 

dielectric properties) on pollution degradation were demonstrated.599, 606, 607 Microwave-

based disinfection reduces the reaction time, decreases the activation energy and improves 

the speed of the reaction, reduces the equipment size necessary for treatment, reduces the 

waste product, and increases the yield and purity of products.606  

6.1.4 Hypothesis of This Study 

There has been no demonstration on coupling microwave irradiation with membrane 

filtration processes, although microwave-assisted flow-through reactors have been 

designed and utilized in chemical synthesis or conversion. A continuous flow process is 

essentially ideal for microwave irradiation, which has limited penetration depths.609-611 The 

penetration depth generally used at 2.45 GHz is in the order of a few centimeters, 

depending on the dielectric properties of the absorbing materials. However, in membrane 
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filtration systems, irradiating microwaves to a reactant solution flowing through a 

membrane filtration (e.g., capillary channels) should solve this penetration depth problem. 

Additionally, microwave can efficiently penetrate non-polar membrane casing materials or 

membrane modules without loss of microwave energy and highly selectively distribute 

energy to membrane surface-coated catalysts for chemical degradation or fouling removal 

through localized heating, radical formation or nanobubble formation. Microwave induced 

a highly frequent vibration of the molecules, and thus affecting the membrane fouling 

behavior and dislodging the attachment between the fouling layer and the membrane 

surface and the nanobubble may efficiently remove surface foulant while detaching from 

membrane surfaces (Figure 6.1).  

The hypothesis to be tested include (1) nanobubbles and radicals may reduce or 

prevent the deposition of organic pollutants (e.g., humic acid) on the membrane surfaces; 

(2) pollutants will be rapidly removed via degradation by the radicals and separated by the 

membrane. MW was selectively adsorbed by catalysts and H2O2 to produce ‘‘hotpots” on 

membrane surface that promoted the generation of •OH and enhanced the degradation of 

pollutants and further prevented the membrane fouling. The non-thermal effect of MW 

(such as the electrical effect, magnetic effect, and chemical effect) greatly increased the 

formation of •OH due to the excitation of H2O2 molecules to higher vibrational and 

rotational energy levels.599 The thermal and nonthermal effects of microwave radiation also 

made contributions to decreasing the gas solubility and facilitating nanobubbles formation. 

The nanobubbles may interact with pollutants and made them less attracted to the 

membrane surfaces but stabilized in solution for further degradation. 
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Figure 6.1 The schematic graph for the effect of microwave on membrane fouling. 

This study aims to address these knowledge gaps and deliver insightful information 

for future industrialization and rationale design of microwave-assisted membrane filtration 

systems. The specific tasks are to systematically evaluate the microwave impacts on 

membrane filtration including microwave energy, time of exposure, membrane integrity 

and antifouling and filtration performances. The ultimate goals are (1) to upgrade passive 

membrane filtration to the next-generation reactive membranes that proactively degrade 

water contaminants and prevent surface fouling; and (2) to broaden membrane applications 

such as disinfection and/or virus inactivation for water reuse and decentralized point-of-

use (POU) devices in small drinking water systems. The long-term goal is to establish a 

“greener” or chemical-free antifouling strategy for high flux membrane filtration processes. 

The research will lead to transformative applications of novel membrane filtration 

processes that enhance membrane filtration flux with longer stability and operation time, 

which will promote economically viable and sustainable practices of water/wastewater 

treatment and other industrial membrane separation applications. 
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6.2 Materials and Methods 

6.2.1 Preparation and Characterization of Catalyst Coated Ceramic Membranes 

A flat-sheet ceramic membrane (47N014, Sterlitech Corporation, US) was used as a base 

support for catalyst functionalization. This planar membrane is made of a zirconia/titania 

(Zr/TiO2) coating on an alumina (α-Al2O3) supported with pore size of 140 nm and an 

effective surface area of 17.34 cm2. The ceramic membrane was soaked into BFO solution 

(2 g L-1) and placed in a vacuum oven at 80 °C for 24 h (Figure 6.2). In this way, the 

functionalized ceramic membranes remained high permeate flux. The stability of BFO on 

membrane surface will be analyzed after the filtration experiments. 

 

Figure 6.2 Schematic representation of the BFO-coated ceramic membrane preparation. 

The membrane surface morphology were studied by a scanning electron 

microscope coupled to an energy dispersive spectrometer (SEM-EDS, JEOL JSM-6700F). 

The crystalline phase was examined by a X-ray diffraction analyzer (XRD, Rigaku, RXIII) 

on a D/MAX-2500 unit with Cu Ka radiation (k = 1.54056 Å). Fourier Transform infrared 

(FTIR) spectra were obtained (Perkin Elmer Spectrum BS-III) at a resolution of 4.0 cm-1. 

The integrity of the membranes was investigated after exposure to microwave under 

different conditions to visualize possible damage on the membrane surface.  

The overall membrane porosity (ε ) was determined by a gravimetric method, as 

defined in the following equation:612  
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where mw is the weight of the wet membrane (after immersed in water for 24 

hours); md is the weight of the dry membrane; A is the membrane surface area (m2), ρ is 

the water density (1×106 g∙m-3), and L is the membrane thickness (m).  

To determine the changes of mean pore radius (rm) of membranes, the Guerout–

Elford–Ferry equation was employed:466  
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where η is the water viscosity (8.9×10-4 Pa s), Q is the volume of permeate water per unit 

time (m3∙s-1), and ΔP is the operation pressure (3.5×104 Pa). 

At the beginning, a binder medium, Bis-(3-[triethoxysilyl]-propyl)-tetrasulfide 

(BIS) was tried to link the BFO on ceramic membranes. To prepare the silane solution, 85 

mL deionized water was taken into a 100 mL beaker and mixed with 5 mL Bis-(3-

[triethoxysilyl]-propyl)-tetrasulfide (BIS). Then a certain amount (0.03 g) of BFO particles 

were added in the silane solution and ultrasonic dispersed for 10 min. The ceramic 

membrane was soaked into the suspension for 20 min, taken out, and solidified in a vacuum 

oven at 100 °C for 1 h. In this way, BFO catalyst was decorated onto ceramic membranes. 

However, the prepared ceramic membranes through the above procedure showed 

superhydrophobic properties. The pure water cannot penetrate the membrane pores even at 

TMP of 30 psi.  
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6.2.2 Assessment of Formation of Nanobubbles and Hydroxyl Radicals (•OH) Under 
Microwave Irradiation 

6.2.2.1 Size Distribution and Zeta Potential of Nanobubbles.  Measure the size 

distribution and zeta potential of the water before and after the microwave radiations under 

different modes. 8 mL DI water sample was filtered (Whatman, Anotop 25 plus, 0.02 µm) 

for twice to remove the possible particles or bubbles in the water. Then the sample was 

measured with DLS to get the size distribution and zeta potential without the microwave 

irradiation. Another 8 mL DI water sample filtered for twice was placed into the microwave 

oven and heated for 30 seconds, measured the temperature, cooled the sample down in the 

room naturally to 30 oC, heated the sample for another 30 seconds and measured the size 

distribution and zeta potential. Another two microwave irradiation modes were the same 

procedure as described but 15 seconds for 4 times and 10 seconds for 6 times respectively. 

The particle size distribution and zeta potential of MW-irradiated water were obtained from 

the dynamic light scattering (DLS, Zetasizer Nano ZS, Malvern Instruments Ltd., 

Worcestershire, UK).613 Each zeta potential and size measurement were obtained 

corresponded to the mean values calculated from 90 measurements.  

It is assumed that the decreasing solubility of gas in the water and/or the water 

vapor due to the high temperature caused by MW are likely responsible for the formation 

of Nanobubbles. In order to investigate the nanobubble formation mechanism, a further 

test was performed. 8 mL DI water sample was filtered (Whatman, Anotop 25 plus, 0.02 

µm) for twice to remove the possible particles or bubbles in the water, boiled at 100 oC in 

the oven for 1 minutes. Then this DI water sample was taken as a sample to measure particle 

size distribution and zeta potential. It is assumed that boiled water is degassed. Then 

another 8 mL DI water sample was filtered twice, heated in oven at 100 oC for 1 minutes, 
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irradiated with MW for 30 s, took as a sample to check the particle size distribution and 

zeta potential. 

6.2.2.2 Analysis of Hydroxyl Radicals (•OH) Formed Under Microwave Irradiation. 

The formation of hydroxyl radicals (•OH) on the surface of BFO-coated membranes is 

detected by a photoluminescence (PL) technique with terephthalic acid as a probe molecule. 

Terephthalic acid readily reacts with •OH to produce highly fluorescent product, 2-

hydroxyterephthalic acid.614, 615 The intensity of the PL peak of 2-hydroxyterephtalic acid 

is in proportion to the amount of •OH radicals produced in water. This method relies on 

the PL signal at 425 nm of the hydroxylation of terephthalic acid with •OH generated at 

the water/BFO interface under microwave irradiation. Experimental procedures are as 

follows:616 5 mg of BFO powder sample is dispersed in a 30 mL of the 5×10-4 M 

terephthalic acid aqueous solution with a concentration of 2×10-3 M NaOH in a glass tube. 

Put into microwave oven and irradiate for 2 min. PL spectra of the generated 2-

hydroxyterephthalic acid are measured on a Hitachi fluorescence spectrophotometer. After 

microwave irradiation every 30 s, the reaction solution was filtrated to measure the increase 

in the PL intensity at 425 nm excited by 315 nm light. 

6.2.3 Preparation of a Filtration System Under Microwave Irradiation 

A commercial MW oven (1250 W, 2.45 GHz, Panasonic Co., Shanghai) with different 

power setting was used to incorporate a membrane filtration system. The filtration cell was 

placed and radiated in the MW oven (Figure 6.3). The filtration cell (membrane housing) 

is made of Teflon (PTFE), including an O-ring, screens, screws and nuts (see the CAD 

design and illustrations in Figure 3.2). Teflon is a nonpolar material that does not absorb 

microwaves (transparent to microwaves), which allow microwaves to pass through 
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membrane housing and irradiate catalysts coated on membrane surface. Details of the novel 

MW-assisted membrane filtration system are provided in our provisional patent 

(62/409,431). The temperature of the filtration cell and solutions in the feed tank and pipes 

were measured with a Raytek MiniTemp MT4 non-contact infrared thermometer equipped 

with a laser pointer (Raytek Corporation Santa Cruz, CA, USA).   

To determine the maximum heating area at the anti-nodes and minimal heating area 

at the nodes, cheese powder was placed on the tray and heated with 1250 Watt for 1 minute. 

As shown in Figure 6.4, the anti-nodes and nodes of the microwave are indicated by the 

melt or unmelt parts of the cheese powder. Measuring the distance between centers of those 

anti-nodes spots gives the possible wavelength of MW of approximately 10 cm, which is 

close to the reported wavelength of 12.2 cm (4.80 in) on consumer MW ovens with 2.45 

gigahertz (GHz). In the following experiments, the filtration cell was placed in the anti-

nodes area to allow efficient absorption of MW irradiation.  

 
Figure 6.3 Experimental set-up for microwave-assisted membrane filtration system. 
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Figure 6.4 The anti-nodes and nodes arrangement of microwave and location of anti-nodes 
by melting cheese powder. 
 

6.2.4 Pure Water Permeability with and without MW Irradiation Using Pristine and 
Catalyst-coated Ceramic Membranes 

Clean water permeability experiments were performed at a microwave power level of 0, 

125 or 250 W. DI water was pumped at a TMP of 34.5 kPa and a constant cross-flow 

velocity (25 mL min-1) through the filtration cell as a feed to determine the pure water 

permeability. Before applying MW, the filtration system was run for 30 min to get stable 

water flux. The variation in permeate flux of the membranes was monitored under various 

experimental conditions to determine the variations of the permeability coefficient (Kw) by 

Equation 6.1. To avoid temperature effects, the Kw was normalized to 20 °C.617, 618 

20101.37
w T

T

K J
TMP

µ
µ

= × ×        (6.3) 

where wK  is the permeability coefficient (L m-2 h-1 kPa-1) at 34.5 kPa and 20 oC, TJ  is 

the permeate flux (L m-2 h-1) at T oC, TMP is the transmembrane pressure (34.5 kPa), 20µ  

and Tµ  are the dynamic viscosity of permeate at 20 oC and T oC (Pa s), respectively. Since 

temperature changes may alter liquid viscosity and influences membrane flux, all fluxes 

Anti-node 

Node 
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TJ  measured at temperature T were corrected to 25J  values at temperature 25°C using 

the following equation:619  

25
25 1.025 T

TJ J −= ×        (6.4) 

where 25J is the flux value at temperature 25 °C (L m-2 min-1) and T is the temperature 

when flux TJ is determined (°C). 

6.2.5 Filtration of Simulated Pollution Water with and without MW Irradiation Using 
Pristine and Catalyst-coated Ceramic Membranes 

200 mg L-1 BSA solution and 10 mg L-1 HA solution were used as model foulants and 

subjected to the membrane filtration w/o MW irradiation under a TMP of 34.5 kPa and a 

cross-flow velocity of 25 mL min-1 to observe the membrane fouling processes. The TMP 

and flux were recorded every 5 min for 120 min. Membrane permeate and retentate were 

returned to the feed tank during the filtration process. The feed tank of the filtration system 

was cooled with ice bag at 23 oC. When microwave was used the temperature of the 

membrane cell was recorded every 10 minutes with a Raytek MiniTemp MT4 non-contact 

infrared thermometer equipped with a laser pointer (Raytek Corporation Santa Cruz, CA, 

USA).   

6.2.6 Removal Performance of Methylene Blue (MB) by MW-assisted Membrane 
Filtration 

Analytical grade methylene blue and hydrogen peroxide (30%) were used for the 

experimental study. A stock MB solution containing 100 mg L−1 was prepared and 

concentrations of 1, 3 and 5 mg L−1 MB solutions were prepared by successive dilutions. 

A UV–visible spectrophotometer was utilized to measure the MB concentrations in 
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aqueous samples at 664 nm. All the experiments were conducted in batch mode with a 

liquid volume of 25 mL in a 40 mL glass tube. Hydrogen peroxide coupled with microwave 

irradiation was employed to degrade synthetic dye wastewater containing different 

concentrations of MB (1, 3, and 5 mg L−1). 100 μL or 200 μL of hydrogen peroxide was 

added and subsequently irradiated with different microwave powers. The H2O2 solution 

acts as an oxidizing agent and also for the generation of hydroxyl radicals using microwave 

energy. The MB solutions were irradiated at different power levels (125, 250 and 375 W) 

and for different irradiation times. The kinetic study was carried out at different 

concentrations of MB for a fixed microwave output power of 125W using 100 μL of H2O2. 

The MB concentration in the samples was determined using a spectrophotometer and the 

absorbance was measured at 664 nm.  

The removal ratio of MB was calculated by: 

0

0

(%) 100%MB
C CR

C
−

= ×        (6.5) 

where MBR is the removal rate of MB, 0C  and C are initial and instantaneous 

concentrations of MB (mg L-1), respectively. The energy input for decomposition of MB 

was calculated: 

3600
P tQ ×

=          (6.6) 

where Q is the energy consumed (W h), P is the microwave power (W), and t is the 

microwave irradiation time (s). 
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6.2.7 Assessment of Degradation and Removal Performances of Emerging Organic 
Pollutants by MW-assisted Membrane Filtration with/without H2O2 

6.2.7.1 Reagents and Apparatus.  Analytical grade 1,4-dioxane (104 mg L−1, Sigma-

Aldrich) and hydrogen peroxide (30%) were used for the experimental study. 

Concentrations of 1,4-dioxane were measured using a gas chromatograph (GC, Trace 1300, 

Thermo Scientific, US) using a TG-624 capillary column (Thermo Scientific, 30 m 

length×0.25 mm ID×1.4 μm film) equipped with a flame ionization detector (FID) and an 

auto sampler (Thermo Scientific, A11310, US). The samples were filtered through 0.22-

μm syringe filters (Waltham, MA) and the  injection amount was 1 µL of the filtered via 

an auto-sampler.620 

6.2.7.2 Batch Experiments.  The experiments were conducted in batch mode with a 

working volume of 30 mL 1,4-dioxane solutions (10 mg L-1) in a 40 mL glass vial. Sole 

hydrogen peroxide (30 mM), sole BFO (1 g L-1), sole MW irradiation (125 W, 60 s), and 

correspondingly, hydrogen peroxide and/or BFO coupled with microwave irradiation were 

employed to analyze the degradation mechanism. pH was not varied in our experiments, 

and instead, the measured pH of 7.5 ± 0.5 in the 1,4-dioxane solutions was the influent pH 

value for all experiments. In addition, water bath heating at 70 oC was performed to analyze 

the influence of the high temperatures. Concentrations of 1,4-dioxane were measured by a 

gas chromatograph (GC, Trace 1300, Thermo Scientific, US) using a TG-624 capillary 

column (Thermo Scientific, 30 m length×0.25 mm ID×1.4 μm film) equipped with a flame 

ionization detector (FID) and an auto sampler (Thermo Scientific, A11310, US). The 

samples were filtered through 0.22-μm syringe filters (Waltham, MA) and the injection 

amount was 1 µL of the filtered via an auto-sampler 620. Total organic carbon (TOC) was 

analyzed by a Sievers 900 portable TOC analyzer. 
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6.2.7.3 Filtration Experiments. Ceramic membrane coated with BFO was used in a 

dead-end filtration mode. Microwave was provided at 125 watts with 10 min-on/5min-off 

cycles. The 1,4-dioxane concentration in the feed tank was 10 mg L−1 and the feed pump 

rate was 5 mL min-1. The H2O2 solution (2 w/w.%) was pumped into the filtration cell at 

1.75 mL min-1. TMP and temperature (near the permeate outlet port) were recorded during 

the 120-min filtration process. The permeate samples were taken during each cycle to 

measure the 1,4-dioxane concentrations. The removal ratio of 1,4-dioxane was calculated 

by: 

0

0

 (%) 100%C CR
C
−

= ×        (6.7) 

where R is the removal rate of 1,4-dioxane, 0C  and C  are initial and instantaneous 

concentrations of 1,4-dioxane (mg L-1), respectively. 

6.2.7.4 Stability Test. The stability of the modified membrane was investigated 

through five consecutive filtration cycles (60 min per filtration cycle) to study potential 

membrane fouling and pollutant degradation decline with 10 ppm 1,4-dixoane solution and 

5-min hydraulic cleaning (immersing the membrane in DI water and stirring at 200 rpm for 

5 min621). The transmembrane pressure (TMP) and the 1,4-dixoane removal rate were 

measured to evaluate the stability of the modified membranes. 

6.2.8 Assessment of Microbial Inactivation by MW-assisted Membrane Filtration 
with/without H2O2 

6.2.8.1 Bacterial Cultivation and Preparation. The lethal effects of microwave 

irradiation, hydrogen peroxide and MW-Fenton-like process on bacterial viability were 

examined and compared. Antibacterial activity was assessed by exposing an E. coli (ATCC 
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25922) to the H2O2 or catalyst or their combination with appropriate controls. E. coli were 

incubated in a 15-mL Bertani (LB) medium at 37 °C at a shaker (200 rpm) for 16 h. The 

suspension was then centrifuged (5810R, Eppendorf AG, Hamburg, Germany) at 2500×g 

for 15 min, and the supernatant was removed. The remaining cell residue was re-suspended 

in 15 mL 1X GibcoTM phosphate buffer saline (PBS) solution (Fisher Scientific, 

Pittsburgh, PA). This procedure of centrifugation and re-suspension in PBS media was 

repeated twice to remove the remaining LB growth medium.  

6.2.8.2 Antibacterial Assessment. 15 mg BFO powder w/o 25 μL H2O2 (30 w/w%) 

sample was added to 30 mL of the bacterial suspension in PBS (~104 CFU mL-1) , where 

there was 0.5 g L-1 BFO w/o 10 mM H2O2, respectively. A control group was also prepared 

by adding 25 μL sterile DI water to the bacterial suspension. Bacterial suspensions were 

then subjected to MW irradiation (30 s at 125 W). Another identical set of samples was 

kept in the dark for the same exposure time without MW irradiation. Each sample was 

tested in triplicates. The samples were then serially diluted using 1X PBS, 100 μL samples 

were pipetted and grown on LB agar plates, incubated for 12-16 h at 37 ºC, and finally the 

bacterial colony was counted to determine the survival rates. The logarithmic cell removal 

(Log) was calculated to indicate the antibacterial activity of different conditions. N is the 

number of E. coli removed and N0 is the initial number of E. coli per mL solutions. 

6.2.9 Quantum Yield Efficiency Calculation 

The quantum yield for a microwave degradation reaction is approximated similar to the 

common calculation used in photocatalysis.623 
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rate of reaction induced by photon absorption
flux of absorbed photons

# molecules decomposed per second  
#  photons absorbed per second

φ =

=
   (6.8) 

The rate of molecules decomposition can be calculated by 

0( )# molecules decomposed per second A tN V C C
t

⋅ ⋅ −
=    (6.9) 

where NA is Avogadro constant (6.02×1023 mol-1), V is the solution volume, t is the reaction 

time (s), Co is the initial molecules concentration (mol L-1) and Ct is the molecules 

concentration after the reaction (mol L-1). 

The flux of photons absorbed can be calculated by: 

#  photons absorbed per second= H

P

Q Q
E
−

    (6.10) 

where Q is the microwave power used in the experiment (W), QH is the energy converted 

to heat (W), and EP is the energy in joules per photon for the microwave, which can be 

calculated by Planck’s equation (Eq. 6.9).  

PE h υ= ×         (6.11) 

where h is Planck’s constant (6.626×10-34 J s), υ  is the frequency of the microwave (2.45 

GHz, 2.45×109 s-1).  

Thus, -34 9 21 14 -6.626 10 2.45 10 1.62 10(  J s) (  s )  J photonPE − −= ⋅× × ×× = . 
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6.2.10 Microwave Heating Efficiency Calculation 

Heating efficiency is a measure of how well the microwave oven converts electricity 

energy source to heat. Efficiency (η ) was calculated by the following equations, 

f( )p sm C T T
Q

t
⋅ ⋅ −

=        (6.12) 

Q Q
E P t

η = =
⋅

        (6.13) 

where Q is the heat transferred to the water (joules), m is the mass (weight) of the object 

(kg), Cp is the specific heat of the object material (J kg-1 oC-1), Ts is the starting temperature 

(oC), Tf is the final temperature (oC), P is the power rating of the microwave oven (watt), 

E is the electrical energy used by the microwave oven within a specific time (joules), t is 

the time the microwave oven was turned on for (seconds). 

 

6.3 Results and Discussion 

6.3.1. Characterization of Functionalized Ceramic Membranes 

6.3.1.1 Morphology of BFO Coated Ceramic Membrane.  The morphologies of 

ceramic membrane, BFO and BFO/Ceramic membrane are compared in Figure 6.5. It can 

be observed that the surface of pristine ceramic membranes contains pores with hundreds 

nanometer, which is consistent with the reported pore size of 140 nm by the manufacture. 

The EDX data also showed that the pristine ceramic membrane exhibits a uniform three-

dimensional structure with a thin zirconia/titania (Zr/TiO2) coating on the top surface 

(Figure 6.5c). Figure 6.5d shows that BFO has a bead structure with a dimension of 5-20 
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μm while the magnified image showed that these spheres were consisted with numbers of 

cubic particles (Figure 6.5e). For the BFO/Ceramic membrane in Figure 6.5f, the holes of 

the ceramic membrane coexist with many irregularly shaped particles. The EDX spectra 

(Figure 6.5i) also confirmed the existence of titanium, zirconium, oxygen, bismuth and 

iron elements in BFO/Ceramic membranes, indicating that the ceramic membranes have 

been coated with BFO particles on the membrane surface. 

Figure 6.5 Morphology and EDX analysis of (a-c) pristine ceramic membrane, (d-f) BFO 
catalysts and (g-i) BFO/Ceramic membrane.  
 

6.3.1.2 Crystallinity of BFO/Ceramic Membrane.  Figure 6.6 shows that the XRD 

characteristic peaks of BFO and TiO2/ZrO from the ceramic membrane surface. The XRD 

pattern of BFO can be indexed to the standard pattern of BiFeO3, which is in good 

(a) (b) (c) 

(f) 

(i) 

(e) (d) 

(g) (h) 
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agreement with the reported data (JCPDS No. 84-7214). Three observed peaks with 2θ 

values of 22.4o, 32.1o, 39.5o, 45.7o and 57.1o correspond to the (012), (110), (202), (024) 

and (300) diffraction peaks of crystalline bismuth iron oxide, respectively. The peaks at 

60.5o marked as ( ) confirmed the existence of γ-Al2O3 on unmodified ceramic membrane. 

The XRD peaks at 30.3o and 50.4o match with the reported data (JCPDS No. 70-7301) for 

Zirconium oxide ZrO2, and peaks at 27.6o, 54.7o and 63.0o match with the reported data 

(JCPDS No. 04-005-6161) for Titanium oxide TiO2, which indicated the presence of ZrO2 

and TiO2 on the ceramic membrane, respectively.  

The XRD patterns of BFO coated ceramic membrane was almost the exact 

combination of XRD patterns of BFO and ceramic membrane composites, suggesting that 

the crystal structure of ceramic membrane was not modified by BFO coating. Meanwhile, 

all the characteristic peaks of BFO were detected on the surface of BFO-coated ceramic 

membrane, indicating that BFO has been successfully coated on ceramic membrane.  

 
Figure 6.6 X-ray diffraction patterns of BFO, pristine ceramic membrane and BFO coated 
ceramic membrane. The symbols on the blue curve of the modified ceramic membrane 
denotes the major peaks of BFO (  ), γ-Al2O3 ( ), TiO2 (*) and ZrO ( ). 
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6.3.2 Nanobubbles Formation under Microwave Irradiation 

Figure 6.7 shows the results of the hydrodynamic diameter distribution of bubbles 

produced in DI water under different treatment conditions. Without the microwave 

irradiation, no positive signals were detected as there was only one peak at 10 nm or smaller 

with a very low zeta potential value of -3.7 mV, which might be attributed to the 

instrumental noise. It should be noted that most measurements were aborted since there 

was no nanobubbles detected in pure water before microwave irradiation. After the 

microwave irradiation, bubbles of different sizes were detected as indicated by the multiple 

peaks that randomly involved. Some were in greater sizes like 1 µm or larger, which were 

clearly micro-bubbles, whereas some were tens to hundreds of nanometers. These peaks 

indicate the formation of micro-bubbles or nanobubbles also because of the pronounced 

level of negative zeta potentials, which is close to the reported values of air nanobubbles 

(-17 to -20 mV at neutral pHs) in water.267 For example, the average particle diameter was 

70 nm for the DI water treated with 125 W MW for 15 s and 4 times. 200 nm for the sample 

treated with MW for 30 s and 2 times; and 400 nm for the sample treated with MW for 10 

s and 6 times.  Yusuke et al. also reported the generation of nanobubbles in pure water by 

microwave irradiation.624 Figure 6.8a shows size and temperature profiles in water during 

and after microwave irradiation for irradiation time until 90 ∘C. Closed and open symbols 

indicate sizes during and after microwave irradiation, respectively, and lines indicate the 

temperature profile. The bubble size in water increased during microwave irradiation and 

the bubble size was a maximum around the time the microwave was turned off. Figure 6.8b 

showed that longer irradiation time is more effective for attaining maximum bubble size in 

water because it takes more time for lower power to reach designated temperature. Figure 
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6.8a shows that temperature increased with irradiation time and dropped gradually after 

irradiation. But nanobubbles have high energy because the pressure and temperature are 

too high theoretically. Moreover, free radicals, which are important for chemical reaction, 

are generated after the collapse due to the self-pressurizing effect of nanobubbles (bubble 

contraction). However, bubble size profiles in water could not be explained only by 

irradiation time.624 Figure 6.7 also shows that MW irradiation for 30s with 2 times had the 

biggest bubble size than shorter irradiation time with more times, which is consistent with 

this previous study.  

Wang et al. also generated nanobubbles via microwave irradiation and observed 

the numbers and sizes of nanobubbles via AFM measurement.290 It showed that 

nanobubbles with diameters ranging from 200 to 600 nm with irradiation time from 60 to 

120s by 200 W microwave treatment.290 However, it did not investigate the specific 

nanobubbles size distribution under different irradiation time. Further investigation of 

nanobubbles formation on ceramic membranes is be carried out with the AFM liquid cell. 

 
Figure 6.7 The size distribution and zeta potential measurement of DI water samples. 
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Figure 6.8 (a) Size and temperature profiles for water and ethylene glycol during and after 
microwave irradiation; (b) maximum size and irradiation time versus irradiation power 
during and after microwave irradiation (90 ∘C).624 
 

6.3.3 Analysis of Hydroxyl Radicals (•OH) 

The fluorescence spectra of 2-hydroxyterephthalic acid were used as indicators for the 

amounts of •OH generated during microwave irradiation processes. Figure 6.9a shows no 

obvious PL increase was observed in the absence of H2O2 samples (sole MW irradiation or 

BFO/MW system). This suggests that the fluorescence is caused by chemical reactions of 

terephthalic acid with •OH formed by H2O2. Figure 6.9a shows that the amount •OH 

generated in the BFO/H2O2/MW system was lower than that in the H2O2/MW system. The 

amounts of •OH generated were related to the degradation capabilities, the generation of 

•OH was larger, the more pollutant molecules could be degraded, which implied the 

superior performance of microwave irradiation system. 

(a) (b) 
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Figure 6.9 PL spectral changes observed from 30 mL 5×10-4 M terephthalic acid solution 
in 2×10-3 M NaOH: (a) under different conditions with 120 s MW; and (b) under different 
microwave irradiation time with 3 mM H2O2 and different BFO dosages. Each fluorescence 
spectrum was recorded with excitation wavelength at 315 nm.  
 

Since H2O2 is a possible reaction intermediate, the effect of H2O2 on the •OH 

production was investigated. Before the irradiation, 10 μL of H2O2 solution (30%) was 

added into the 30 mL of terephthalic acid aqueous solution, which corresponds to the H2O2 

concentration of 3 mM in the test suspension. It can be seen from Figure 6.9b that a gradual 

increase in PL intensity at about 425 nm is observed with increasing microwave irradiation 

time, indicating that microwave irradiation possibly increased the •OH generation by H2O2, 

which is consistent with previous studies.625 It also showed the BFO/H2O2/MW system 

with less BFO generated more radicals under the same irradiation time, the specific reason 

for this phenomena might be due to the blockage by the BFO nanoparticles in the solution 

for the fluorescence detection. Besides, it is reported that extremely high temperatures can 

cause the elimination of the oxidative species. It indicated that the addition of an excess of 

BFO might cause extremely high temperature or lots of “hot-spots” and have a negative 

effect on the generation of hydroxyl radicals. Thus, even though higher temperature is 

beneficial for increasing the reaction rate constant, the temperature should be maintained 

(a) (b) 
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at an optimum level by means of various cooling technologies that use pulse MW 

irradiation, condensers, heat exchangers and cooling coils, etc.  

Usually, a catalyst or a suitable MW absorbent was used to accelerate the treatment 

process (i.e., to shorten the treatment time) in MW-H2O2 system.626 The catalyst, BFO in 

this study, has been used in many wastewater treatment processes as a photocatalyst or 

microwave-catalyst.625, 627-629 Under MW irradiation, the “hot spots” effect may be able to 

promote the catalytic capacity of the catalyst via the high temperature and enhance the •OH 

generation. 

Figure 6.10 showed the temperature changes under different irradiation time, it 

showed that the three systems achieved the same level of high temperature after 120 s MW 

irradiation, indicating that the enhanced generation of radicals by MW irradiation is not 

due to the high temperature but the non-thermal effects of MW irradiation. It is reported 

that the non-thermal effect of MW greatly increased the formation of •OH due to the 

excitation of H2O2 molecules to higher vibrational and rotational energy levels, and then 

the chemical bond of H2O2 molecules could be weakened and broken to generate •OH.599  

 
Figure 6.10 Temperature changes observed from 30 mL 5×10-4 M terephthalic acid 
solution in 2×10-3 M NaOH: 125 W microwave irradiation, 3 mM H2O2 and 1 g L-1 or 0.1 
g L-1 BFO. 
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Furthermore, it is reported that an excess of H2O2 could cause the side reactions 

(Equation 6.10), which indicated obvious elimination of oxidative species, leading to a 

significant decrease of organic degradation efficiency. Thus, optimum H2O2 concentration 

should be determined with batch experiments.599 In this study, 3 mM H2O2 was used to 

avoid this negative effect. 

2 2 2 2H O   OH  HO   H O+ → + 

     (6.14) 

2 2 2OH + HO  H O + O→ 

     (6.15) 

It also showed the BFO/H2O2/MW system with less BFO generated more radicals 

under the same irradiation time in Figure 6.11, and the specific reason for this phenomena 

might be due to the blockage by the BFO nanoparticles in the solution for the fluorescence 

detection. Besides, it is reported that extremely high temperatures can cause the elimination 

of the oxidative species. It indicated that the addition of an excess of BFO might cause 

extremely high temperature or lots of “hot-spots” and have a negative effect on the 

generation of hydroxyl radicals. Thus, even though higher temperature is beneficial for 

increasing the reaction rate constant, the temperature should be maintained at an optimum 

level by means of various cooling technologies that use pulse MW irradiation, condensers, 

heat exchangers and cooling coils, etc. 
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Figure 6.11 Fluorescence intensity changes at 425 nm with excitation wavelength at 315 
nm observed from 30 mL 5×10-4 M terephthalic acid solution in 2×10-3 M NaOH under 
different experimental conditions. (MW 125 W, 60 s irradiation, 10 mg L-1 1,4-dioxane, 30 
mM H2O2, 1 g L-1 catalyst). All error bars represent standard deviation from triplicate 
experiments. 

6.3.4 Filtration Experiments with Pure Water and Simulated Foulant Solutions 

Water permeation of the modified membranes was monitored and compared with the 

pristine ceramic membrane. Figure 6.12a shows that the pure water permeability for both 

the pristine and BFO-coated ceramic membranes was enhanced almost twice under MW 

irradiation. However, no significant difference in water permeability was found between 

pristine and modified membranes. The elevated water permeability could be primarily 

attributed to the increasing water temperature (from 23±2 oC to 56±4 oC), which may alter 

the liquid viscosity and enhance the membrane flux. The increased flux under high 

temperatures was also reported in previous studies 604, 617, 618. We did the control experiment 

with mildly heated water (60±5 oC) as the feed. The results (Figure 6.13) show that the 

water permeability was higher than that with the feed of room temperature (23±2 oC). Thus, 

a normalized flux at 25 oC was calculated to eliminate the influence of temperature on the 

membrane flux. Figure 6.12b shows that the normalized fluxes were similar under different 

MW power levels, confirming that the increased water permeability was solely due to the 

elevated temperature caused by MW irradiation. 
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On other hand, the temperature of the water passing through the heated membrane 

depends on MW irradiation intensity and filtration flux. As shown in Figure 6.12b, the 

permeate solution temperature increased up to 55 oC when passing through the irradiated 

membranes at ~380 LMH under 125 W MW irradiation. To avoid water heating that may 

increase energy loss, controlling proper levels of MW irradiation and membrane flux is 

critical. Our results indicate that the temperature of permeate water decreased with the 

increase of permeate flux. For example, the permeate temperature changed from 23.8 to 

30.4 oC when the permeate flux was ~772 LMH under 125 W MW irradiation (Figure 

6.13). 
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Figure 6.12 Pure water permeability, and normalized flux at 25°C of pristine membrane 
and BFO-coated ceramic membrane. The membrane filtration area was 10.2 cm2 and the 
normalized flux was calculated under 35 kPa. All error bars represent standard deviation 
from triplicate experiments. * No significant difference was observed between the pristine 
and BFO-coated ceramic membranes. 
 

    
Figure 6.13 (a) Pure water permeability of pristine membrane under different conditions; 
and (b) Temperature changes of permeate with different permeate flux under MW 
irradiation of 125 W. The initial feed solution temperature was 24 ± 0.5 oC. 
 

Without MW irradiation, the pure water permeability of membranes before and 

after the modification had no significant difference (see Figure 6.12a). Table 6.1 shows the 

overall membrane porosity and mean pore sizes of the BFO-coated membrane increased 

slightly, probably because the coating layer of the BFO catalysts increased the overall 

membrane porosity. However, Figure 6.14 shows the surface pores of the BFO-coated 
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membranes were apparently blocked by the deposited BFO catalysts, which slightly 

reduced the surface pore size distribution according to the ImageJ analysis in Figure 6.14c. 

Table 6.1 Properties of the Membranes: Overall Porosity and Mean Pore Radius 

Membrane Porosity (%) Mean pore radius (nm) 
Pristine 50.9% 258 

BFO-Coated 53.2% 272 
 

Figure 6.14 Membrane top surface image (a) before and (b) after modification and (c) 
membrane pore size distribution analyzed with ImageJ. 
 

The variation in permeate flux of the membranes was monitored under various 

experimental conditions and compared by evaluating variations of the permeability 

coefficient (Kw), calculated by Equation 6.3. Figure 6.15 shows that the pure water 

permeability was enhanced almost two times by 125 W and 250 W MW irradiation. Since 

temperature changes may alter liquid viscosity and influences membrane flux, Equation 

6.4 was used to eliminate the influence of temperature on membrane flux. It shows that the 

normalized flux at 25 oC was similar with higher MW power level, indicating that the 

increased water permeability was solely due to the higher temperature (23.5 oC for no MW, 

46 oC for 125 W MW, and 53 oC for 250 W MW) caused by MW irradiation.  

(a) (b) (c) 
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Figure 6.15 Pure water permeability (Kw) and normalized flux at 25°C (J25) using ceramic 
membrane under different MW power levels. The membrane filtration area was 10.3 cm2 
and the normalized flux was calculated under 5 psi. 
 
* No significant difference observed over the control group (MW Off). 
** No significant difference observed over the parallel group (MW 125 W). 
 

Figure 6.16 is the results for the filtration experiments and it shows that the fouling 

could be mitigated greatly with 250 W microwave irradiation while 125 W MW irradiation 

did not help much on flux maintenance or neither on the HA rejection during the filtration. 

With increasing MW irradiation time, the temperature of the filtration cell increased fast 

during the beginning 10-20 minutes and then kept stable for different irradiation power 

levels. Under 250 W MW irradiation, the temperature increased to a much higher level 

than that under 125 W MW irradiation. It indicated that the thermal effect is likely to be 

the dominant mechanism for the antifouling results. 
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Figure 6.16 Permeate flux (a), humic acid rejection (b) and temperatures (c) during the 2 
h HA filtration under different MW power levels. The HA solution concentration was 10 
mg L-1. The filtration pressure was 5 psi. 
 

6.3.5 MW/H2O2 Degradation of MB Solutions 

6.3.5.1 Effect of Variables on the Decomposition of MB.  To determine the 

influences of microwave (MW) irradiation, hydrogen peroxide (H2O2) and their synergistic 

effects, experiments were conducted to compare the MB decomposition under MW 

irradiation alone, H2O2 alone, and MW irradiation with H2O2 for different exposure times. 

Our preliminary results show that microwave irradiation significantly enhanced the 

oxidation of MB, which was bleached faster than H2O2 without MW irradiation and the 

microwave irradiation alone (Figure 6.17). This indicates that in the MW-H2O2 system, 

H2O2 had the capacity to generate more radicals under stimulation by MW irradiation and 

(a) (b) 

(c) 
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degraded the pollutants with hydroxyl radicals (•OH, 2.8 V of redox potential).630 The 

mechanism involved in the MW-H2O2 system is shown in reaction equations below: 

       (6.16) 

       (6.17) 

Furthermore, the temperature under MW irradiation can rise rapidly compared with 

conventional heating due to the polarization effect of the water molecules and H2O2 

molecules. And high temperature is beneficial for the degradation reaction in a short time 

period because of the increase in the reaction rate constant according to the Arrhenius 

equation.631, 632  

 

 
Figure 6.17 Effect of microwave irradiation on MB decomposition (microwave power 125 
W, initial MB concentration 1 mg L−1, 90 s). 
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Figure 6.18a show the influence of microwave power 125, 250 and 375 W 

respectively on MB decomposition for different irradiation times. The figures show that as 

the power increases the efficiency of MB removal increases. The hydroxyl radicals formed 

from H2O2 in the presence of microwave energy react preferentially by addition to aromatic 

moieties. The addition of hydroxyl radicals leads to the formation of 

hydroxycyclohexadienyl radicals, which may undergo a variety of reactions, the most 

important being hydroxylation.631 To assess the influence of the initial concentration on 

MB degradation, experiments were conducted at varying MB concentrations (1, 3, and 5 

mg L−1). From Figure 6.181b, it can be seen that the degradation of MB declines with an 

increase in the initial concentration, due to the higher requirement of hydroxyl radicals for 

the decomposition process. The calculated consumption values were 6.25 W h at 125 W, 

5.56 kW h at 250 W, and 5.21 W h at 375 W, respectively, when the decomposition rate 

was reaching 80%. It shows that the electrical energy consumed at 125 W microwave 

power was the lowest power consumption, which indicated the most efficient microwave 

power setting. 

  
Figure 6.18 (a) Effect of microwave irradiation power level on MB decomposition (initial 
MB concentration 3 mg L−1, H2O2 100 μL); (b) Effect of initial MB concentration on MB 
decomposition (MW power 125 W, H2O2 100 μL). 
 

(a) (b) 
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In order to study the thermal effect on the decomposition of MB, experiments were 

conducted, with and without MW irradiation. Initially the degradation processes were 

conducted at various MW power inputs for different time intervals and the final solution 

temperature was measured at the specified time (Figure 6.19a). Then by fixing the 

temperature, the degradation experiments were once again conducted using conventional 

heating for each experimental condition. Figure 6.19b compares the reduction in MB 

concentration with and without MW irradiation for different time intervals. It can be 

observed from the figure that the decomposition of MB was always higher for MW 

irradiation conditions than for conventional heating. 

 
Figure 6.19 (a) Temperature changes with different MW irradiation power levels and times; 
(b) Comparison of conventional heating at several temperatures with of MW irradiation on 
MB decomposition (intial MB concentration 3 mg L-1, H2O2 100 μL). 
 

The rate of the decomposition process was analyzed using the experimental data 

obtained with various initial concentrations of MB (1, 3 and 5 mg L−1). Since it was difficult 

to assess the degradation rate at high microwave power, the lower microwave power (125 

W) was chosen for the kinetic study. During the decomposition process, a number of 

reactions occur and so difficulties arise in predicting the individual rate constants of the 

reactions, which leads the way to finding the overall rate constant of the decomposition 

(a) (b) 
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process. The experimental data were fitted with a zero-order and first-order kinetic model 

as shown below: 

Zero-order: 0 0( ) / CC C Kt− − =       (6.18) 

First-order: 0ln( / )C C Kt− =        (6.19) 

where C0 is initial concentration, C final concentration, K rate constant and t irradiation 

time. 

The microwave-Fenton-like degrdation of other pollutants (i.e., BPA, RhB, PFOA) 

mostly follows pseudo first order kinetcs.625, 627, 633 However, the present experimental data 

fitted indeed better with the zero-order kinetic model better with R2 values higher than 0.95 

(Figure 6.20a). It might because no catalyst was used in this study. The slope of the graph 

0 0( ) / CC C− − vs irradiation time (t) represents the rate constant of the overall 

decomposition process for the zero-order reaction. The K values for 1, 3, and 5 mg L−1 

were 0.0076, 0.0053 and 0.0050 mg L-1 s−1 respectively. The slope of the graph 

0ln( / )C C−  vs irradiation time (t) represents the rate constant of the overall decomposition 

process for the first-order reaction. The K values for 1, 3, and 5 mg L−1 were 0.0276, 0.0097 

and 0.0094 s−1 respectively. From the graph (Figure 6.18b), it was observed that the rate of 

decomposition decreased with increase in initial concentration of MB but the 

decomposition rate for 1 and 3 mg L-1 were almost the same, which was also confirmed by 

the K value. 
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Figure 6.20 (a) Zero-order kinetics for MB decomposition and (b) first-order kinetics for 
MB decompostion. 
 

6.3.5.2 Quantum Yield Efficiency Calculation. The rate of molecules decomposition 

for MB in Figure 6.18b was calculated with Equation 6.9. 

14 -10( )# molecules decomposed per second 6.4 10  sA tN V C C
t

⋅ ⋅ −
= = ×  

where NA is Avogadro constant (6.02×1023 mol-1), V is the solution volume (25 mL), t is 

the reaction time (150 s), Co is the initial molecules concentration (3 mg L-1, 8×10-6 mol L-

1) and Ct is the molecules concentration after the reaction (20% of Co, 1.6×10-6 mol L-1). 

If the energy loss due to heating water is ignored, the total flux of MW photons 

absorbed can be calculated by Equation 6.10: 

25 -1#  photons absorbed per second= 7.7 10  s
P

Q
E

= ×  

where Q is the microwave power used in the experiment (125 W), and EP is the energy in 

joules per photon for the microwave ( 2 -14  J pho1.62 10 ton−× ).  

The apparent quantum yield, φ , is equal to:  
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14 -1
12

25 -1

# molecules decomposed per second 6.4 10  s 8.3 10
#  photons absorbed per second 7.7 10  s

φ −×
= = = ×

×
 

If considering the heat loss, the microwave power converted to heat can be 

calculated by Equation 6.20. 

( )
45.5 Wp f s

H

m C T T
Q

t
⋅ ⋅ −

= =      (6.20) 

where QH is the energy converted to heat (W), m is the mass of the solution (25 g), Cp is 

the specific heat of the object material (4.2 kJ kg-1 oC-1), Ts is the starting temperature (25 

oC), Tf is the final temperature (90 oC), t is the time the microwave oven was turned on 

(150 s). Thus, 

25
24

125 45.5#  photons absorbed per secon 10
1.6

d= 4.9
2 10

H

P

Q Q
E − = ×

×
− −

=  

where Q is the microwave power used in the experiment (125 W), QH is the energy 

converted to heat (45.5 W), and EP is the energy in joules per photon for the microwave 

( 2 -14  J pho1.62 10 ton−× ).  

The revised quantum yield will be: 

14 -1
11

25 -1

# molecules decomposed per second 6.4 10  s 1.3 10
#  photons absorbed per second 4.9 10  s

φ −×
= = = ×

×
 

Further considering the energy loss for water vaporization, the microwave power 

converted to heat can be calculated by Equation 6.21. 

( ) ( ) (100 )
76.2 Wv p f s v p s v vap

H

m m C T T m C T m H
Q

t t
− ⋅ ⋅ − ⋅ ⋅ − + ⋅

= + =   (6.21) 
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where mv is the mass of the water vapor (for this microwave test, 2 g of water vaporized as 

calculated by the loss of solution weight after the reaction), Hvap is the vaporization heat of 

water (2.26 kJ g-1), t is the time the microwave oven was turned on for (150 s).  

The effective available MW energy is reduced to: 

25
24

125 76.2#  photons absorbed per second 10
1.62 10

= 3H

P

Q Q
E −

−
×=

×
−

=  

Thus, the revised quantum yield is: 

14 -1
11

25 -1

# molecules decomposed per second 6.4 10  s 2.1 10
#  photons absorbed per second 3 10  s

φ −×
= = = ×

×
 

6.3.5.3 Energy Loss from Heating Water. The membrane filtration system was 

specially designed such that water is of a small mass portion among all membrane module 

components (e.g., membranes, holders, supports), which aims to avoid absorption of MW 

energy by water while maximizing the absorption by solid catalyst on membrane. In our 

laboratory filtration module, the water volume in the filtration cell is ~2 mL and the 

filtration flow was constant at ~6.75 mL min-1 (flux: ~380 LMH), which resulted in a 

hydraulic retention time (HRT) of ~24 s. Thus, water heating during such a short HRT is 

very limited and can be negligible. We calculated the energy loss from heating water below: 

( )
11.5 Wp f s

H

m C T T
Q

t
⋅ ⋅ −

= =  

where QH is the energy converted to heat (W), m is the mass of the water in the filtration 

cell (2 g), Cp is the specific heat of water (4.2 kJ kg-1 oC-1), Ts is the starting temperature 

(23 oC), Tf is the final temperature (56 oC), t is the hydraulic retention time of water in the 
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filtration cell (24 s). Thus, the heat loss due to the water heating was around 11.5 W, which 

was less than 10% of the total energy of MW irradiation (125 W).  

To further reduce the water heating issue, we may potentially decrease the HRT by 

increasing the flux as shown in Figure 6.13b while not compromising the desirable 

degradation rates of target pollutants. The focus of this study was to test the feasibility of 

this novel MW-assisted membrane filtration process and to share new insight into reactive 

membrane filtration processes with enhanced degradation and antifouling features. A 

comprehensive and reasonable techno-economic analysis could be done on a scaled-up 

system with considerations of potential cost reduction from the improved filtration flux, 

reduced backwashing frequency and reduced chemical cleaning, which is a focus in future 

studies. 

6.3.6 Degradation and Removal Performances of Emerging Organic Pollutants by 
MW-assisted Membrane Filtration with/without H2O2 

6.3.6.1 Decomposition of 1,4-dioxane in a Batch Mode. Before the degradation 

experiment, the adsorption–desorption equilibrium of 1,4-dioxane on the catalyst surface 

was achieved. The catalysts (BFO, 1.0 g L-1) were dispersed into 30 mL of 1,4-dioxane 

aqueous solution (10.0 mg L-1) with agitation for 30.0 min. Samples were taken at given 

time intervals (5.0 min) and the adsorption curve of the 1,4-dioxane in the presence of BFO 

catalysts were shown in the Figure 6.21a. It shows that BFO had an adsorption capacity of 

0.01 g-1,4-dioxane g-BFO-1, which was attributed to its large surface area and small pore 

diameter.634 The adsorption capacity was not high, it might because that the low 

concentration of 1,4-dioxane caused low mas transfer rate of the pollutants (i.e., the 

pollutant cannot approach the active sites on the absorbents). 
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Since microwave irradiation increases molecular motion, collision and possibly 

•OH generation, we expect that microwave irradiation will also facilitate the degradation 

of 1,4-dioxane. Figure 6.21b shows that the removal rate of 1,4-dioxane increased with the 

increasing MW irradiation time. Besides, as a source of •OH, H2O2 play a joint role with 

microwave irradiation and catalyst dose in the degradation of 1,4-dioxane. Compared with 

H2O2 alone (7% removal rate, which is not shown in the graph), the removal rate of 1,4-

dioxane was enhanced much more with the addition of BFO. It is reported that the 

formation of standing waves during MW irradiation leads to the overheating of some spots 

on the MW absorbent (BFO catalyst in this study).The temperature of this kind of spots on 

the catalyst could be as high as 1000 oC or more, referred to as “hot spots”,635, 636 which 

was proven to have the capacity to promote the degradation of organic pollutants due to its 

high temperature.637 1,4-dioxane was reported to be unstable at elevated temperatures and 

pressures.638 The high temperature caused by the superheating effect of MW irradiation 

and the localized high pressure caused by the burst of nanobubbles contributed to the 

degradation of 1,4-dioxane as well. Based on these findings, a microwave-assisted 

functionalized membrane filtration system was tested for 1,4-dioxane in the following 

section. 
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Figure 6.21 (a) Adsorption curves of the 1,4-dioxane using BFO catalysts; (b) Effect of 

H2O2 dose on removal rate of 1,4-dioxane. (Reaction conditions: MW 125 W, 1,4-dioxane 

10 mg L-1, H2O2 dosage 3 mg L-1, catalyst dosage 0.1 g L-1). 

 

Since MW irradiation enhances nanobubbles/•OH generation, we expect that the 

degradation of 1,4-dioxane or other organic pollutants can be enhanced when water passes 

through the catalyst layer of membranes. Figure 6.22a shows that the removal rate of 1,4-

dioxane was enhanced under MW irradiation. MW alone removed about 3% of the 1,4-

dioxane perhaps due to the increased temperature of ceramic membrane surface via the 

localized heating, as 1,4-dioxane has been reported to be unstable at elevated temperatures 

and pressures.638 Similarly, the water bath heating at 70 oC caused ~3% removal of 1,4-

dioxane from water. On the other hand, the H2O2 alone resulted in a removal rate of only 

7%, which was increased to 18% under MW irradiation. Thus, MW irradiation obviously 

enhanced the •OH generation from H2O2 according to Figure 6.22b. The non-thermal effect 

of MW irradiation on the formation of •OH is due to the excitation of H2O2 molecules to 

higher vibrational and rotational energy levels, which weakens the chemical bond of H2O2 

molecules and facilitate the generation of •OH.599 

Compared with BFO alone, the MW irradiation enhanced the 1,4-dioxane removal 

by BFO from 3% to 24%. Figure 6.22b shows that the hydroxyl radical generation was not 

(a) (b) 
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significantly enhanced in the MW/BFO system, which indicated that the enhanced removal 

could be caused by the local heating on the MW absorbent (BFO catalyst) rather than 

radical oxidation reactions. It was reported that MW-absorbents could generate “hot spots” 

(local temperature as high as 1000 oC) on the surface of absorbents.635 For example, 

granular activated carbon under MW irradiation can promote the degradation of organic 

pollutants through the high-temperature oxidation.637 This could also explain the enhanced 

degradation of 1,4-dioxane under BFO+MW condition in our study. 

 
Figure 6.22 Degradation of 1.4-dioxane, ·OH radical generation and temperature changes 

under microwave irradiation. a. Removal rate of 1,4-dioxane under different reaction 

conditions. (MW 125 W, 60 s irradiation, 10 mg L-1 1,4-dioxane, 30 mM H2O2, 1 g L-1 

catalyst). b. Fluorescence intensity changes at 425 nm with excitation wavelength at 315 

nm observed from 30 mL 5×10-4 M terephthalic acid solution in 2×10-3 M NaOH under 

different experimental conditions. All error bars represent standard deviation from 

triplicate experiments. 

 

6.3.6.2 Assessment of 1,4-dioxane Mineralization.  The mineralization degree of 1,4-

dioxane solutions was determined by a total organic carbon (TOC) analyzer (TOC-VCSH, 

Shimadzu). The incomplete removal of TOC indicated that 1,4-dioxane, although 

effectively decomposed via this microwave assisted reaction, maybe converted to other 

organic byproducts as reported elsewhere.  

H2O2 played a synergistic role with BFO under MW irradiation and further 

increased the removal rate to 53%. The local “hot spots”, hydroxyl radicals and 

 a b 
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nanobubbles may cooperatively contribute to enhanced degradation of 1,4-dioxane. To 

assess the mineralization rate of 1,4-dioxane, and to differentiate the contributions of high 

temperatures and oxidation by radicals, a total organic carbon (TOC) analysis (Figure 6.23) 

was performed, which shows that approximately 3% of 1,4-dioxane was removed under 70 

oC water bath with 3% of TOC reduction as well. By contrast, 53% of 1,4-dioxane was 

degraded under the condition of MW+H2O2+BFO with a TOC reduction of 36%. Clearly, 

the temperature increase had a minor contribution to the removal of 1,4-dioxane, while 

most of the degradation/mineralization was attributed to the microwave-catalysis reactions. 

 
Figure 6.23 Comparison of TOC removal ratio under different reaction conditions. 
Reaction conditions: MW 125 W, 60 s irradiation, 10 mg L-1 1,4-dioxane, 30 mM H2O2, 1 
g L-1 catalyst. 
 

The identified intermediate products from the 1,4-dioxane degradation by hydroxyl 

radicals were analyzed with FTIR spectroscopy in previous studies.639, 640 Those 

byproducts included formic, oxalic, acetic, glycolic, and methoxyacetic acids, which agrees 

with previously reported (Figure 6.24).641 Based on these findings, the MW/BFO/H2O2 

process of 1,4-dioxane degradation is driven by •OH radicals as well. In the 

chromatographic study of metabolites, ethylene glycol diformate, ethylene glycol 

monoformate, and formic acid were identified as major reaction intermediates, and thereby, 
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the main reaction pathways have been proposed in Figure 6.25.642 However, the FTIR test 

was carried out for the 1,4-dioxane solutions before and after treatment but failed to provide 

any information about intermediates or 1,4-dioxane. 

 
Figure 6.24 Reference spectra for the main chemicals that are expected to be found along 
the Fenton oxidation treatment of 1,4-dioxane.640 

  
Figure 6.25 Degradation pathway for 1,4-dioxane proposed by Jasmann et al. Part A: 
Reaction pathway for the initial oxidation of 1,4-dioxane to CO2 or the succinic acid 
intermediate. Part B: Reaction pathway from succinic acid to CO2.643 
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6.3.6.3 MW-assisted Membrane Filtration of 1,4-dioxane and Anti-fouling 

Performance.  We also assessed the antifouling performance of functionalized 

ceramic membrane (TiO2/Al2O3) during filtration of 1,4-dioxane solution. As mentioned 

above that extremely high temperatures can cause the elimination of the oxidative species, 

so pulse MW irradiation was applied to mitigate the adverse effects. Figure 6.26a shows 

that for pristine and BFO-coated ceramic membranes, the transmembrane pressure (TMP) 

both slightly increased without microwave irradiation. With microwave on, the TMP 

decreased significantly. When microwave was off the TMP bounced up. This antifouling 

or defouling behavior might be attributed to the formation and burst of nanobubbles or the 

local heat under MW, which will be further analyzed.  

Figure 6.26b shows that, after spiking H2O2 into the filtration system, the TMP 

appeared to increase more appreciably than without spiking H2O2 under no microwave 

irradiation, indicating that H2O2 may result in certain degradation byproduct formation of 

1,4-dioxane or changed the solution characteristics that promoted membrane fouling. H2O2 

addition seemed to suppress fouling in the long term, as the TMP did not progressively 

increase under microwave irradiation. Clearly, under microwave irradiation, the BFO 

coating on ceramic membrane and H2O2 dosage improved anti-fouling performance.  

Figure 6.26a showed that the overall TMP of the pristine membrane decreased 

around 8.5% while the BFO-coated membrane increased about 3.5% once the MW was off 

at 120 min. This indicated that the temperature increasing might be reason for TMP drop. 

However, it should be noted that the TMP increased immediately when the MW was off, 

while the temperature should not be decreased immediately. If the TMP drops were caused 

by the high temperature, the author assumed that the local temperature of the membrane 
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surface inside the filtration cell might be much higher than the temperature of the water 

during the MW-on periods.  This extreme-high temperature might be caused by the burst 

of nanobubbles or the local heat caused by the MW. Once the MW was off, the local 

extreme-high temperature would decrease immediately. But it was not possible to measure 

the temperature when the MW was on. On the other hand, the foulants might not be 

degraded efficiently, that’s why the TMP kept increasing when the MW was off.  

On the other side, for the BFO coated membrane filtration with the addition of H2O2, 

the flux increased slightly during the MW-OFF stage. It needs to be noted that at the last 

MW-OFF stage, the flux was almost constant for 25 minutes. Meanwhile, the pristine 

membrane with the addition of H2O2 demonstrated increasing TMP during the last MW-

OFF stage. Besides, the decreased flux might be caused by the local temperature instead of 

the high bulk temperature. Because during the MW-OFF stages, the temperature did not 

decrease immediately once the MW was off, however, the TMP increased immediately. It 

indicated that the local high temperature or pressures caused by the nanobubbles and the 

microwave non-thermal effects might be the contributors. That’s why the TMP changed 

immediately with the switch ON-OFF of microwave. In Figure 6.26b, we compared the 

TMP change behavior of BFO coated membrane and pristine membrane during the last 

MW-OFF stage, and it should be noted that the BFO-coated membrane had controlled the 

TMP to a low and constant level. Meanwhile the overall TMP of the pristine membrane 

decreased around 18% but kept increasing. It indicated that the membrane fouling was 

controlled due to the potential degradation of pollutants and the BFO enhanced the 

degradation efficiency and better anti-fouling performance.  
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Figure 6.26 Flux resistance of pristine membrane and BFO-coated membrane (a) without 
and (b) with H2O2 as indicated by transmembrane pressure (TMP) versus filtration time 
(min). The flow rate was 6.75 ml·min−1, initial 1,4-Dioxane loading rate: 10 mg·L−1. MW 
power level: 125 W and H2O2 concentration: 30 mM. 

 

Furthermore, other effects from MW irradiation also contributed to the anti-fouling 

behavior from the aspect of water surface tension in two folds. First, it was reported that 

the surface tension of solutions containing large numbers of air nanobubbles could be 

reduced by up to about 15%.644 And nanobubbles generation via microwave irradiation was 

verified in a previous study.626 It showed that the thermal and non-thermal effects of 

microwave radiation made contributions to decreasing the gas solubility, thus facilitating 

nanobubbles nucleation. In our study, MW irradiation might induce the generation of 

nanobubbles in the solution  and lead to decreased solution surface tension, which 

facilitate the removal or detachment of pollutants from the membrane surface. Since the 

natural gas (air) concentration in the feed solution was low, the nanobubbles number after 

the microwave irradiation might not be high enough to induce significant decreased water 

surface tension. Thus, the influence of microwave-irradiated water on membrane filtration 

performance was studied. 

Actually, nanobubbles mixture solutions have been applied for surface cleaning and 

contamination prevention.278, 591, 645, 646 The possible mechanisms for cleaning by 

(a) (b) 
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nanobubbles in these studies were mostly three categories: (1) nanobubbles can pick up 

nanoparticles by new bubble nucleation as well as collision; (2) nanobubbles bind 

preferentially to small hydrophobic particles causing them to merge to form larger 

agglomerates due to the large capillary forces that develop; (3) the negatively charged 

nanobubbles attached on the pollutants and detached them from the solid surfaces. For 

example, a mixture of air nanobubbles and microbubbles has been shown to clean the 

concentration polarization that builds up on reverse osmosis membranes and both permeate 

flux and the solute rejection were improved with the presence of nanobubbles in the feed 

solution.645 It indicated that the application of nanobubbles water could make a cleaning-

in-place (CIP) operation possible. Similarly, our study applied MW irradiation to improve 

the pollutant removal and membrane fouling mitigation, which means this process is able 

to maintain or recover the flux without stopping, which reduced the cost and energy 

consumption. 

Second, water surface tension decreases with increasing temperature, microwave 

irradiation expectedly lowers the surface tension during heating.647 However, MW 

irradiation was reported to decrease the water surface tension for an extended period of 

time after the irradiation even the water returned to its original temperature. This lasting 

effect can be attributed to the unique hydrogen bonds of interfacial water molecules.648 The 

H-bond network at the interface depends on the dynamics of H-bond forming and breaking, 

which is directly related to the rotational motion of the water molecules.649 Thus, the 

surface tension could be lower because the dynamic switching of H bonds at the interface 

is faster after microwave treatment. As discussed above, the lower surface tension could 
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lead to lower affinity of pollutants to the membrane surface, which is in a similar manner 

to that of surfactant or detergent solutions. 

Figure 6.27 shows that under the same permeate flux (~380 LMH) and the same 

initial concentration (10 mg L-1) of 1,4-dioxane, the removal rate of 1,4-dioxane was 53±2% 

on the ceramic membrane with BFO/MW/H2O2 and 34±5% on the pristine ceramic 

membrane with MW/H2O2. Without MW, the removal rate was approximately 25% for 

both BFO-coated and pristine membranes, in the presence of H2O2. Similarly, a much 

lower removal rate of 10% was observed on the two types of membranes indicating that 

1,4-dioxane could not be physically rejected by the membrane filtration. The removal is 

primarily due to the oxidation by H2O2 or MW-catalyzed Fenton-like reactions as 

demonstrated in the following section. 

 
Figure 6.27 1,4-dioxiane rejection of pristine membrane and BFO/Ceramic membrane. 
 

The molecular weight of 1,4-dioxane is 88.11 g mol-1 and the pore size of 

membrane is 140 nm. Therefore, the accumulation of 1,4-dioxane on membrane surface 

was unlikely to happen significantly. However, we suspect that the pore blockage or pore 
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narrowing could be caused by 1,4-dioxane and its degradation intermediates. The 

hypothetical oxidation degradation pathway for 1,4-dioxane has been reported in literature 

641, 650. As shown in Figure 6.25, the oxidation of 1,4-dioxane generated organic aldehyde 

and carboxylic acid intermediates (e.g., succinic acid, malic acid, mesoxalic acid, glycolic 

acid, formaldehyde and methoxyacetaldehyde), which could induce membrane fouling in 

the similar way as dissolved organic matters 643. Figure 6.26a shows that for the pristine 

and BFO-coated ceramic membranes, the transmembrane pressure (TMP) both slightly 

increased without MW irradiation, probably because of the pore blockage or pore 

narrowing caused by the 1,4-dioxane and/or its degradation intermediates 643, 650. 

The potential chemical mechanisms of this MW-enhanced membrane filtration 

system are outlined in Figure 6.28. The combination of MW irradiation, MW catalysts and 

oxidants leads to a MW-induced catalytic oxidation (MICO) process 626. MW irradiation 

can enhance the catalytic capacity of a metal catalyst or the generation of “hot spots” on 

MW absorbent and improve the performance of water treatment processes. In this MW-

Fenton-like system, the following reactions occur between the transition metal ion (Fe3+) 

in BFO and H2O2 633: 

    (6.22) 

     (6.23) 

This MW-Fenton-like process was reported to a pronounced generation rate of 

•OH, effective under a wide pH range 651. In this study, the MICO process was performed 

on a porous ceramic membrane as a support, which integrated the advantages of the MICO 

process and membrane filtration process. The ceramic membranes may prevent 
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aggregation of catalytic nanoparticles and avoids the need to separate catalysts from the 

reaction mixture. The filtration process may also enhance the convective mass transport of 

reactants on the immobilized catalyst nanoparticles and improve the reaction kinetics.  

 
Figure 6.28 Schematic representation of hypothesized mechanism in the MW-enhanced 
membrane filtration system. 
 

6.3.6.4 Comparison of 1,4-dioxane Degradation with Other Treatment Techniques. 

Various advanced oxidation processes (AOP) such as electro-chemical degradation, photo-

Fenton, photocatalytic degradation, or other catalytic degradation have been studied for 

1,4-dioxane degradation 643, 652-655. Here we compared the 1,4-dioxane removal rates (g-

1,4-dioxane g-catalyst-1 min-1) by different treatment techniques as shown in Table 6.2. 

Clearly, MW-Fenton-like process in our study had a shorter reaction time and a higher 

removal rate (5.2 g-1,4-dioxane g-catalyst-1 min-1). Moreover, MW-assisted catalytic 

process with BFO performs well under a natural pH, which may be advantageous over 

traditional Fenton or Fenton-like catalytic processes that require low or narrow pHs. More 

importantly, none of these previous AOPs were conducted concurrently with membrane 

filtration, where pollutant degradation must be achieved in a short reaction time. 

Furthermore, the treatment efficiency was affected by the transmittance of the 

polluted water during the practical application. For example, the low transmittance of the 

wastewater, particularly the dye or printing wastewater, would lead to a severe reduction 
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in the UV light intensity. Besides, with the passage of treatment time, the catalysts could 

be deactivated by the adsorption of pollutants or intermediates on the surfaces, leading to 

partial or complete blocking of the active sites. The MW irradiation would not have this 

kind of adverse conditions to some extent. This is mainly because that MW could penetrate 

and apply on the catalyst surface and also the absorbed pollutants or intermediates would 

be removed from the surface due to the localized superheating effect.656 
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Table 6.2 Comparison of Treatment Performances of Different Treatment Techniques 
Degradation 

methods 
Catalysts/ 

reagents used 
Initial concentration 

of 1,4-dioxane pH Reaction 
Time 

1,4-dioxane removal rate  
(g-1,4-dioxane g-catalyst-1 min-1)* Refs. 

Electrochemical 
oxidation TiO2/Na2SO4 300 μg L-1 7.2±1.0 1.5 day N.A. Jasmann et al.643 

Photo-Fenton Fe(II)/H2O2 0.1 M 3.0 4 h 0.165 Chitra et al.652 
Fe0/UV None/Fe0 10 mg L-1 3.0 4 h N.A. Son et al.653 

Photocatalytic/ 
H2O2/UV TiO2/H2O2 360 μg L-1 3.0 10 min 0.035 Coleman et al.654 

H2O2/O3 None/H2O2+O3 160 mg L-1 5.8 60 min N.A. Suh et al.655 
MW/BFO/H2O2 BiFeO3/H2O2 10 mg L-1 7.5±0.5 1 min 5.2 Present study 

* The 1,4-dioxane removal rate was calculated based on the experimental data under optimum conditions reported in literature. N.A. indicated that the reference
did not provide relevant data for the calculation.
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6.3.7 Microbial Inactivation by MW-assisted Membrane Filtration with/without H2O2 

H2O2 promotes the formation of HO•, which can also be accelerated by ultrasound,657 or 

microwave irradiation due to cavitation and bubble collapse. H2O2 is a well-established 

and commonly used disinfectant that finds its antibacterial value in the fact that it is a strong 

oxidizing agent. H2O2 may not only help reduce the MW dose, but also produces dissolved 

oxygen during microbial disinfection. BFO is a catalyst and when paired with microwave 

heating is reported to provide a synergistic antibacterial effect. Through the magnetic 

resonance produced within the BFO catalyst (by way of the microwave) BFO has been 

linked to enhance the heating rate and thus may improve the ability to disinfect a sample. 

In this experiment, we qualitatively assessed HO• generation from H2O2 activated by a 

microwave unit and investigated the bactericidal effect of this HO• generation on E. coli.  

6.3.7.1 Antibacterial Activity. To evaluate disinfection effects of microwave 

irradiation against E. coli, bacteria in the PSB solutions were treated with different 

conditions. As shown in Figure 6.29, the treatment with H2O2/MW was the most effective 

one but the overall removal rate was not high. The possible reason might because of the 

low dosage of H2O2 and short microwave irradiation time. However, the results showed 

that bacteria can be killed to a certain extent by only MW irradiation, only BFO and 

BFO/MW. 
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Figure 6.29 Bacterial inactivation of E. coli cells exposed to MW irradaition, H2O2, BFO 
and approparite controls. Samples (30 mL 7×105 CFU mL-1) were irradiated in petri dish 
for 30 s at 125 W using a conventional MW oven, H2O2 dosage 25 mM and BFO dosage 
0.5 g L-1. 

Next, higher H2O2 dosage and longer MW irradiation was carried out for the 

antibacterial experiments. Figure 6.30 showed that BFO/MW/ H2O2 demonstrated high 

removal of bacteria and H2O2 solely had obvious disinfection effect. It indicated that MW 

irradiation with BFO can enhance the disinfection effect. However, H2O2/MW process 

showed lower removal rate than only H2O2 process. Thus, another antibacterial 

experiments were carried out to verify the results. 

 
Figure 6.30 Bacterial inactivation of E. coli cells exposed to MW irradaition, H2O2, BFO 
and approparite controls. Samples (30 mL 6×103 CFU mL-1) were irradiated in petri dish 
for 60 s at 125 W using a conventional MW oven, H2O2 dosage 100 mM and BFO dosage 
0.1 g L-1. 
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The repeated results were shown in Figure 6.31, it indicated that H2O2/MW had 

higher bacterial removal rate than only H2O2 process. The H2O2/MW/BFO demonstrated 

much higher removal rate that H2O2/MW, which indicated that BFO enhanced the 

disinfection effects. It needs to be noted that the BFO/MW process demonstrated the 

similar removal efficiency as only H2O2. This findings indicated that BFO/MW could work 

as a substitute for the H2O2 disinfection process, which was commonly used. Besides, the 

BFO/H2O2/MW process with 50 mM H2O2 dosage demonstrated similar disinfection 

efficiency as H2O2/MW with 100 mM H2O2 dosage, and higher than only H2O2 with with 

100 mM H2O2 dosage. As discussed above for the organic polutatns degradation 

exeperiments, the MW-Fenton-like process which combined MW irradaiton, MW catalyst 

and oxidants, showed accelerated generation rate of •OH by the localized MW 

superheating effect. The reaction activation energy was reduced under MW irradation and 

H2O2 dosage could be reduced as well. This result indicated that the addition of BFO could 

help reduce the H2O2 dosage for disinfection process during the application. 

 
Figure 6.31 Bacterial inactivation of E. coli exposed to MW irradiation, H2O2, BFO and 
appropriate controls. Samples (30 mL 8×105 CFU mL-1) were irradiated in petri dish for 
60 s at 125 W using a conventional MW oven. 
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6.3.8 Effect of MW on Membrane Surface Integrity/Catalyst Stability 

The stability and durability of the prepared membranes are important properties for a 

sustainable filtration process. The stability and durability research typically involves the 

comparison of the crystallinity changes of catalyst, the catalytic activity changes, metal 

leaching after consecutive filtration cycles or longer operation periods, the impacts of the 

catalyst layer thickness, detachment risk, and other engineering issues.  

The stability of the BFO-coated ceramic membranes was also indicated by the 

changes of TMP and 1,4-dioxane removal rate. Figure 6.32 shows that the 1,4-dixoane 

removal slightly decreased from 48.8%±3.5% to 40.6%±2.3% after five consecutive 

filtration cycles. TMP slightly increased during the last three cycles, increasing by ~23% 

at the 4th filtration cycle, because of membrane fouling. Figure 6.33 indicated that BFO 

coating remained well on the membrane surface after the repeated filtration experiments. 

Our previous study also examined the stability of catalytic activity and dissolution potential 

of BFO, showing that BFO catalysts exhibited high catalytic activity and low metal 

leaching after six cycles of microwave-enhanced Fenton-like reactions for degradation of 

perfluorooctanoic acid (PFOA).627 
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Figure 6.32 Repeated filtration cycles showing transmembrane pressure (TMP) and 1,4-
dixoane removal rate with hydraulic cleaning. Each filtration cycle comprised of 
membrane filtration with 10 ppm 1,4-dioxane solution for 60 min followed by hydraulic 
cleaning for 5 min. The flow rate was 6.75 ml·min−1, MW power level: 125 W, pulsed MW 
irradiation (10 min-ON/5min-OFF) and H2O2 concentration: 30 mM. 
 

 
Figure 6.33 The photos of pristine membrane, BFO coated membrane before and after 
filtration experiments.  
 

Besides, the stability or dissolution potential of BFO was investigated in separate 

studies that published recently.627, 658 As shown in Figure 6.34, after six consecutive 

reaction cycles in microwave-enhanced Fenton-like process (MW-Fenton-like), the 

removal rate of BPA, the crystal, and hydroxyl radical (·OH) were also used to demonstrate 

the high catalytic activity of BFO with low metal leaching ratio, indicating that BFO were 
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successfully prepared with high stability and provide an efficient catalyst for MW-Fenton-

like reactions.658 

 
Figure 6.34 The metal leaching rate of BFO (a) and removal rate of BPA (b) in six batch 
reaction cycles; (c) XRD patterns of BFO changes before and after the catalytic degradation 
reaction; and (d) ·OH generated with number of cycles. (Conditions: BPA concentration = 
20 mg L−1, terephthalic acid concentration = 20.0 mg L−1, microwave power = 200 W, 
H2O2 dosage = 24 mg L−1, catalyst dosage = 1.2 g L−1). Cited from Ref. 658. 
 

6.3.9 Discussion About the Microwave Penetration Depth and Scale-up Feasibility of 
MW-assisted Filtration System 

6.3.9.1 Theory of the Microwave Penetration Depth.  The depth of penetration can 

be calculated by skin depth as follows:635 

0

2
pD

ωµ σ
=        (6.24) 

(d) (c) 
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where pD is the skin depth, ω is the angular frequency, 0µ  is the permeability of free 

space ( 0µ = 4π×10−7 H m−1) and σ is the electric conductivity. For water, σ is 1.82×105 Ω−1 

m−1, and microwave frequency 2450 MHz, so the skin depth of water is calculated to be 

1.9 mm. In the lab-scale experiment, the frequency that is used frequently is 2450 MHz, 

while 915 MHz is always used in the industrial scale equipment due to its increased 

penetration depth.659 

The penetration depth of microwave irradiation in industrial membrane separation 

systems is critical to warrant the effective reactions on membranes. The penetration depth 

(Dp) depends on the microwave frequency or wavelength as well as dielectric properties of 

materials (e.g., water or membrane) as described by the following equation:609-611  

1/22

0
1/2 1 1

2 (2 )pD λ ε
π ε ε

′′
−

′ ′

    = + −   
     

     (6.25) 

where, 𝜆𝜆0 – wavelength for a given frequency [m], 𝜀𝜀′– real component of the relative 

complex electrical permittivity, 𝜀𝜀′′– imaginary component of the relative complex 

electrical permittivity, which is defined as: 𝜀𝜀𝑟𝑟 = 𝜀𝜀′ − 𝑗𝑗𝜀𝜀′′. The real component 𝜀𝜀′ of the 

relative complex electrical permittivity represents the ability of a material to store energy, 

whereas the imaginary component 𝜀𝜀′′ represents the ability of a dielectric to disperse the 

energy stored in the electrical field, i.e., to generate losses.660 The relative dielectric 

permittivity is not constant as it changes depending on the electrical parameters and the 

frequency of the electromagnetic wave. 

6.3.9.2 Scale-up Feasibility of MW-assisted Filtration System.  Figure 6.35 

illustrates a transition of this laboratory scale microwave membrane technology to large 
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scale processes. Ceramic flat-sheet or hollow fiber membranes are incased in nonpolar 

modular housing materials, which are directly irradiated by microwave sources. Superior 

to other stimuli such as light illumination or ultrasonication, microwave irradiation can 

penetrate membrane housing and other cover materials without energy loss as only polar 

materials such as the coated oxides membranes, metals and the flowing water absorb 

microwave energy.661 This will largely increase reaction specificity and lower energy cost. 

In industrial applications, microwave irradiation could be introduced as Figure 6.35 shows. 

For instance, microwave injectors can be used to directly irradiate membrane modules from 

different angles to allow sufficient exposure of ceramic membranes to microwave energy. 

 
Figure 6.35 Industrial scale microwave reactor for large-scale applications. 
 

Typically, microwave wavelengths range from 1 m to 1 mm with the corresponding 

frequencies between 300 MHz and 300 GHz. High power or low frequency (long 

wavelength) microwave generally have greater penetration power. For example, the 

penetration depth at 2450 MHz is in the order of a few centimeters, depending on the 

dielectric properties of the absorbing materials. In industry low frequency microwaves (915 

MHz) are generally used at high powers (hundreds of Watts) to ensure the effective 

penetration into treated samples. In membrane filtration, since there are no published 

demonstrations or reports on microwave penetration for membrane filters, let’s look at an 

example in Figure 6.36 below, where potato starch samples with the moisture content of 

Feed influent 

Potential membrane 
modules  

Microwave irradiation  
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37.6% w.b. were heated by microwave at different temperatures and over the frequency 

range of 20–4,500 MHz. The result shows that the microwave penetration depth could 

reach up to 1~1.5 m for starch at room temperature for low frequencies. The penetration 

depth decreases with the increasing frequency, which was also found on other organic 

materials, such as peanut kernels,662 fruits,663 and legume flour.664 Although polymer or 

ceramic membrane filtration systems are not the same as these biomass materials, the 

microwave energy decay across the membrane modules should follow similar patterns, 

which deserves comprehensive research. Figure 6.37 shows two kinds of membrane 

module configurations (e.g., hollow fiber and flat sheet) commonly applied in industry. 

The dimension of these membrane modules ranges from 0.25 m to 3 m, which would fall 

into the penetration depth of microwave or could be achieved with multiple MW irradiation 

sources. 

 
Figure 6.36 Calculated penetration depth of potato starch samples with the moisture 
content of 37.6% w.b. at 25 (Δ), 35 (∇), 45 (□), 55(◇), 65 (○), and 75 °C (☆) and over the 
frequency range of 20–4,500 MHz. Cited from ref. 665 
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Figure 6.37 Two kinds of membrane module configurations commonly used in industry. 

 

The common hollow fiber membrane modules have sizes of 25 cm or greater in 

diameter with a high packing density that allow the feed water to pass through the module. 

Typically, the water content (void space allowing water to pass through divided by the total 

volume of the membrane module) is less than 10%. As the plastic modular materials and 

polymer membrane fibers are transparent to microwave, the microwave energy at low 

frequencies such as to 300 MHz, there is no doubt that microwave energy can thoroughly 

penetrate the membrane modules greater than 1 m in diameter or length. In our future 

research, we will prepare or purchase membrane modules of different dimensions and 

geometries and determine the effective microwave penetration depth in realistic membrane 

filtration configurations in addition to laboratory scale flat-sheet membrane modules. 

Furthermore, heat recovery is also recommended because it is beneficial for 

reducing the treatment costs and avoiding the heat pollution to protect the environment. 

For example, recovering the heat from the heated effluent or retentate using heat 

exchangers would be preferred to avoid heat pollution of environment and facilitate 

commercialization of MW-assisted filtration technology to some extent. 
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membrane modules 

Industrial scale hollow 
fiber membrane filtration 
systems. 

25 cm  
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ceramic membrane 
filtration systems. 

1-3 m 
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6.3.9.3 Assessment of Penetration Depth under MW Irradiation.  In order to 

determine the effective microwave penetration depth and direction in realistic membrane 

filtration configurations, we assembled two bundles of PTFE tubes to simulate the hollow 

fiber membrane modules in different configurations (Figure 6.38). The first bundle was 

consisted of 80 pieces of PTFE tubes with inner diameter of 4 mm and length of 5 cm. The 

second kind of bundle is consisted of 40 pieces of PTFE tubes. After being filled with DI 

water and sealed with PTFE tapes, the bundles were placed in the center of an anti-node 

point (maximum heating location) which was confirmed with cheese powder, as shown in 

Figure 6.3. After being irradiated with 1250W MW for certain seconds at 2.45 GHz, the 

temperature of water in these tubes were measured with a Raytek MiniTemp MT4 non-

contact infrared thermometer. It should be noted that the plastic support and the PTFE tubes 

are transparent to microwave and allow MW irradiation penetrate them to the water directly 

without loss. 

       
Figure 6.38 Two different bundles of PTFE tubes to assemble the hollow fiber membranes 
during MW irradiation for assessement of penetration depth. 
 

As shown in Figure 6.39, the tubes in the middle of the bundle were heated to the 

highest temperature after the MW irradiation. The reason is that the bundle was placed in 

the middle of an anti-node location, where the maximum heating happened. In a microwave 

oven, the microwaves reflect from the walls and form a standing wave pattern in the oven. 
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From the anti-node to the node locations, the microwave power decreases as a sine-shape 

wave. That is why the heating was not evenly without rotation. Meanwhile, Figure 6.40 

shows that the tubes on the top layers were heated to the higher temperature than those in 

the low layers. Since the irradiation time was as short as 10 s or 25 s, the temperature 

increased due to heat conduction could be ignored. The bundle was placed in the anti-node 

location and the MW penetrated the water from top to bottom. That is why the MW 

irradiation power decreased gradually along with the depth and the water in the bottom was 

heated slightly. 

 
Figure 6.39 Measured temperature of water in PTFE tubes after MW irradiation at 1250 
W for 20s and frequency 2.45 GHz, room temperature 20.8 oC. 
 

 
Figure 6.40 Measured penetration depth of water in the tube after MW irradiation at 1250 
W and frequency of 2.45 GHz, room temperature 25.8 oC. 
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6.4 Conclusions 

Prior to membrane filtration experiment, the batch experiments showed that high 

degradation ratio of methylene blue dye (>95%, initial concentration 1 ppm), excellent 

antibacterial activity (3.5 log reduction, initial bacterial concentration 104 CFU mL-1) and 

high 1,4-dioxane degradation rate (72%, initial concentration 10 ppm), under the reaction 

condition of 125 W MW power, 30 mM H2O2, 1 g L-1 catalyst (BiFeO3), and 2 min 

irradiation time. With the self-synthesized catalyst (BiFeO3)-coated ceramic membranes, 

our microwave-assisted membrane filtration system could achieve high 1,4-dixane removal 

rate (54%) and significant fouling mitigation effect (slower flux decline rate than the 

process without microwave). The measurement results of particles size distribution and 

zeta potential of DI water with and without microwave irradiation show that there might 

have nanobubbles (size peak: 70 nm, 200 nm, 300 nm) produced. And the analysis of 

hydroxyl radicals also proved that radicals might be the main mechanism for the enhanced 

removal of pollutants and mitigation of membrane fouling. The results proved that this 

novel membrane filtration system enables diverse membrane applications such as pollutant 

removal and disinfection for water reuse and decentralized point-of-use (POU) devices in 

small drinking water systems. 

A novel microwave-enhanced membrane filtration processes has been 

demonstrated to have antifouling properties and efficient degradation of pollutants during 

filtration. This microwave-assisted antifouling membrane system opens the possibility to 

exploring MW-responsive membrane filtration systems using diverse MW-absorbing 

catalysts such as solid binary oxides (e.g., ZrO2), ternary oxides (e.g., BiFeO3, CaTiO3), 

and carbon-based materials for water treatment or chemical processes. Compared to 
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photocatalytic or sonochemical reactions, MW irradiation can penetrate membrane 

filtration housing and enable selective absorption onto MW absorbents or catalysts, which 

can potentially permit efficient surface reactions, leading to diverse environmental or 

industrial applications. For example, the MW-responsive catalyst, BFO or others may 

facilitate the local heating, radical generation and nanobubbles formation on ceramic 

membrane due to the thermal and non-thermal catalytic effects of MW irradiation. 

Moreover, synergism between H2O2 and catalyst-impregnated membrane under MW 

irradiation leads to the MW-Fenton-like reactions, which promote antifouling and 

defouling processes, as well as degradation of refractory pollutants. 

Additionally, our next-generation membrane filtration system represents a 

potentially game-changing technology that may transform current physical filtration 

processes to chemically reactive systems. There has been no research of coupling 

microwave irradiation with membrane filtration processes, although microwave-assisted 

flow-through reactors have been designed and utilized in chemical synthesis or conversion. 

Our hybrid membrane system possesses a great potential to achieve an all-in-one treatment 

performance equivalent to the current suite of traditional treatment processes (e.g., 

coagulation, flocculation, sedimentation, granular filtration, microfiltration, and UV 

disinfection). As such, this work lays groundwork for the development of sustainable 

decentralized or point-of-use (POU) water purification systems. 
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6.5 Future Work and Recommendations 

6.5.1 AFM Characterization of Nanobubbles and BSA Desorption by MW 

Microwave irradiation will be used to prepare nanobubbles on ceramic membranes. The 

clean ceramic membrane is immersed in DI water. Then pure oxygen is used to aerate 

degassed DI water at a flow rate of 160 mL min-1. A dissolved oxygen meter (JPSJ605, 

Shanghai REX Instrument Factory) is used to detect the concentration of dissolved oxygen 

(DO). To obtain in situ nanobubble images, clean ceramic membrane is fixed on an iron 

stub with tape and placed into a petri dish with 30 mL DI water before the microwave 

treatment (OTG Motor Co. Ltd. After this process, ceramic membrane covered with 

microwave-treated water is carefully and quickly transferred to the AFM sample stage and 

measured with AFM. The AFM used in the experiment is a Dimension Icon (Bruker) 

equipped with a liquid cell and an O-ring that sealed the cell and the substrate to prevent 

liquid leakage during the measurement. During scanning, silicon nitride cantilevers with a 

spring constant of around 0.32 N m-1 were used.666 

When investigating antifouling by MW, a piece of 1 cm2 membrane is immersed in 

the BSA solution (10 mg L-1, 4 mL) for 30 min with microwave irradiation. Then four 

milliliters of pure water is injected to rinse away any remaining BSA from the membrane 

surface. The sample is imaged by tapping mode AFM. If the amount of adsorption is 

reduced than without microwave, it would indicate the effective prevention of deposition 

of the BSA from solutions to membrane surfaces by microwave. 

For defouling experiments, BSA solution (10 mg L-1, 4 mL) is injected into the 

fluid cell, a piece of 1 cm2 membrane is immersed in the solution, and allowed to adsorb 

for 30 min. Then four milliliters of pure water is injected to rinse away any remaining BSA 



319 

from the membrane surface. The sample is imaged by tapping mode AFM. After imaging 

the BSA film, the same membrane sample is applied under MW irradiation for 30 s. Then 

the same region of the BSA film is again imaged by tapping mode AFM.277 It is expected 

that, the coverage of BSA is found to decrease from 100% to 82% after 50 s of microwave 

treatment via AFM images. The defouling effect of nanobubbles is also investigated using 

radioactively labeled BSA.591  

6.5.2 Removal of Antibiotic Resistance Bacteria/Genes (ARB/ARGs) in Drinking 
Water 

Although current conventional disinfectants (e.g., chlorine, chlorine dioxide, or ozone) can 

eliminate majority of undesirable microorganisms; however, they also render the rise of 

more than 600 different disinfection byproducts (DBP)568 and increase microbial resistance 

to disinfectant chemicals.571 In addition, the intensive use of antibiotics for human, 

veterinary and agricultural purposes, results in their continuous release into the 

environment and the evolution of antibiotic resistance bacteria (ARB) and genes 

(ARGs).667 Consequently, conventional disinfection methods are becoming less 

efficient.573 UV irradiation is an effective, safe, and environmentally friendly disinfection 

method but the lack of persistent antibacterial capacity generally causes high risk of 

bacterial regrowth, particularly in poor sanitation. Thus, drinking water utilities may need 

to implement alternative disinfection technologies to remain in full regulatory compliance. 

Our MW-assisted membrane filtration system is also promising to demonstrate 

antibacterial features for ARB/ARGs as well as biofouling resistance. Both MW and H2O2 

have been applied for disinfection widely. However, the high MW power consumption and 

H2O2 usage pose economic challenges and safety concerns. It is anticipated that the 

functionalized membrane filtration with MW will be a novel disinfection method and 
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reduce or eliminate the use of H2O2 dosage and the MW power consumption, compared 

with the H2O2 or MW treatment alone.  

In the future work, removal efficiency and degradation mechanisms of ARB and 

ARGs will be investigated by filtration of 250 mL bacterial suspension at a pressure of 20 

psi. For DNA extraction, each sample (40 mL) collected before and after the filtration 

experiments is centrifuged for 10 min at 10 000 rpm. Plasmid and genomic DNA are then 

extracted from the precipitates using the TIANpure Mini Plasmid Kit and TIANamp 

Bacteria DNA Kit, respectively, following the instructions from the manufacturer 

(TIANGEN). Bacteria abundance is determined by a plate count.668 Dilutions of the cell 

suspension are plated on Luria broth (LB) selective plates containing different antibiotics 

to select the bacteria resistant to the corresponding antibiotic. Chloramphenicol, 

tetracycline, and sulfadiazine are the most commonly used antibiotics globally.669 The 

concentrations of chloramphenicol, tetracycline, and sulfadiazine employed in the LB 

selective plates are 32, 16, and 512 mg/L, respectively.670 After incubation for 24 h at 37 °C, 

the ARB are quantified via a plate count. Quantitative PCR (qPCR) is performed to 

determine the abundances of various ARGs using a real-time PCR System (LightCycler480, 

Applied Science). In order to observe the morphology of bacteria before and after the 

filtration, cells are stained with the dyes of LIVE/DEAD BacLight bacterial viability kit 

(L7012, Molecular Probes) following the procedure from the manufacturer. After being 

incubated at 25 °C in the dark for 15 min, the samples are transferred to the coverslip and 

examined using a confocal laser scanning microscopy (CLSM, FV1000-IX81, 

Olympus).671 The outcome of this future work will provide quantitative insights in the 
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disinfection potential of MW-enhanced membrane filtration and guide strategy 

development to minimize the bacterial risk in the drinking water. 

6.5.3 Scale-up of Microwave-assisted Flow Processes 

The scale-up of microwave-assisted organic syntheses can be classified in terms of the 

mode of operation, that is, semi-batch or continuous.672 In most cases, the choice is based 

on the benefits and limitations associated with the respective mode of operation. Batch 

scale-up literature mostly reported scaling small reaction volumes of 5 mL conducted in 

single-mode type of microwave cavities to 1 L multimode microwave ovens.673 Most of 

the studies evaluated the limitations related to the volumetric scale-up using standard 

microwave reactors available commercially.674 However, a few studies looked into the 

possibility of designing a microwave setup that satisfied the requirements of large batch 

processes assuring homogeneous heating.675, 676 Patil et al. presented the following 

important functionalities that are a must in a microwave setup for development of 

microwave-integrated reactor systems: (i) a predictable electric field pattern, (ii) a tunable 

cavity, (iii) reflected power measurements, and (iv) unitized scale-up.677 

6.5.4 Pilot Plant for Continuous Flow Microwave-Assisted Chemical Reactions 

Figure 6.41 outlines the basic structure of the apparatus. It consists of a microwave 

generator that generates microwaves at 2.45 GHz (HPP121A-INV-02, Hitachi Power 

Solutions Co., Ltd), a power monitor that measures the power of incident and reflected 

waves, a three-stub tuner that matches impedance in the apparatus, an applicator that the 

reactor tube penetrates vertically. It is possible to control the impedance in the apparatus 

by controlling the insertion length of the stub tuners and the position of the short-circuit 

plane. Therefore, it is possible to optimize the efficiency of microwave energy absorbed 
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by the reactant solution in the reactor tube. Since the amount of microwave energy 

absorbed by a heated material is proportional to the square of electric intensity, the reactor 

tube needs to be placed in the area where the electric intensity is strong in order for the 

reactant solution to absorb microwaves efficiently.678 

 
Figure 6.41 Basic structure of the continuous flow microwave-assisted chemical reactor. 
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APPENDIX 

MATLAB CODE FOR CALCULATIONS 
 

The Matlab code used for the calculation of collision efficiency, collision frequency and 

QSAR models. 

A.1 Matlab Code for Calculation of Collision Efficiency and Collision Frequency 

A.1.1 Collision Efficiency 

The collision efficiency (α) can be calculated with Equation 4.18 and the Matlab code of 

alpha function is saved as an M file named CollisionEfficiency.M and the codes are 

shown below: 

 

Save this function code as CollisionEfficiency.M file. Open this file in Matlab 

software and put: 

 

Press Enter. Then, the result of alpha is the collision efficiency. 

For example, for the collision efficiency between the foulant BSA and PVC 

membrane, the energy barrier value is 210.4 (kBT). Open the CollisionEfficiency.M file in 

Matlab and put: 

 

Press Enter. Then, the result would be 6.12E-91, which is the collision efficiency. 

alpha = CollisionEfficiency(210.4, 1) 

alpha = CollisionEfficiency(“energy barrier value”, 1) 

function alpha=CollisionEfficiency(E,delta) 
        syms x; 
        alpha= double(delta*int(exp(-x)*x^0.5,E,inf)); 
end 
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A.1.2 Collision Frequency 

The collision frequency (β) is calculated with Equation 4.19 and the Matlab code of beta 

function is: 

 

Save this function code as CollisionFrequency.M file. Open this file in Matlab 

software and put: 

 

Press Enter. Then, the result of Beta is the collision frequency. 

For example, for the collision frequency between the foulant BSA and PVC 

membrane, the style is 132, A is 4.3E-18, and r is 133. Open the CollisionFrequency.M 

file in Matlab and put: 

 

Beta = CollisionFrequency(“style”, A, r) 

function Beta = CollisionFrequency(style, A, r) 
        syms h; 
        k_b=1.38E-23; 
        T=298; 
%A=4.3E-18; 
%r=133; 
        mu=1E-3; 
        lambda_c=100; 
        u=h./r; 
if style == 131 
       U = -A./1000*r./12./h.*(1./(1+11.12.*h./lambda_c)); 
else 
        U = -A/1000/6*(1/u+1/(u+2)+log(u/(u+2))); 
end 
        lambda = (6.*u.^2+13.*u+2)./(6.*u.^2+4.*u); 
        test = lambda.*exp(U./k_b./T)./(2+u).^2; 
%t = test; 
        test = matlabFunction(test); 
        res = quadgk(test,0,inf); 
        Beta = (8.*k_b.*T./(3.*mu)./(2./r.*res)); 
end 

Beta = CollisionFrequency(132, 4.3E-18, 133) 
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Press Enter. Then, the result would be 6.60E-18, which is the collision frequency. 

 

A.2 Matlab Code for QSAR Models 

A.2.1 QSAR Model for the Water Permeability and Membrane Characteristics 

The QSAR model for the water permeability and membrane characteristics is developed 

using the MATLAB code below. 

 

Detailed explanations for each line in the code are provided below: 

1 -  t = [34.8 72.9 0.00 -42.5 1 75.4 70.1 85.38; 
2 -  36.5 136.3 0.00 -49.4 0.85294 68.3 43.3 38.5; 
3 -  37.9 130.3 0.00 -62.4 0.7268 61.7 30.8 36.28; 
4 -  38.2 159.0 7.95 -64.2 0.61016 60.0 28.3 30.15; 
5 -  40.4 136.5 11.67 -64.1 0.46333 51.3 22.1 23.61; 
6 -  34.8 72.9 0.00 -40.2 1 75.4 70.1 85.38; 
7 -  39.6 112.4 23.40 -63.5 0.75587 70.7 63.2 57.63; 
8 -  40.2 119.2 42.67 -53.7 0.60011 65.9 62.3 57.5; 
9 -  40.9 118.0 84.00 -64.4 0.4713 62.1 56.0 55.1; 
10 -  45.1 123.8 100.75 -66.4 0.37066 57.5 42.7 56.3; 
11 -  34.8 72.9 0.00 -42.5 1 75.4 70.1 85.38; 
12 -  38.2 136.3 0.00 -42.0 0.84982 70.5 50.4 64.5; 
13 -  38.6 152.5 0.00 -44.4 0.72412 68.7 58.1 64.6; 
14 -  38.9 144.0 0.00 -48.5 0.52218 71.9 55.9 65; 
15 -  38.9 134.8 0.00 -40.1 0.46627 69.1 60.3 60]; 
16 -  poro = t(:,1); 
17 -  rou = t(:,2); 
18 -  hyd = t(:,3); 
19 -  cha = t(:,4); 
20 -  inten = t(:,5); 
21 -  ten = t(:,6); 
22 -  elo = t(:,7); 
23 -  perm = t(:,8); 
24 -  tbl = 

table(poro,rou,hyd,cha,inten,ten,elo,perm,'VariableNames',{'poro','rou',
'hyd','cha','inten','ten','elo','perm'}); 

25 -  lm = fitlm(tbl,'perm~poro+rou+hyd+cha+inten+ten+elo') % Model 1 
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Line 1-15: Put in the raw data from Table A.1. 

Line 16-23: Define each column with the variable names. For example, column 1 

is the surface porosity values. 

Line 24: Create the data table with the data in Line 1-15 

Line 25: Use fitlm function to build the linear model between water permeability 

and other seven properties. 

Save this function code as an M file named qsar1.M file. Put the data in the Table 

A.1 to replace the bold texts above. Then press “Run”. Then, the result of QSAR model 

shows up as shown below. 

 

Detailed explanations for each line in the code are provided below: 

Line 1: the model type is linear regression model. 

Line 2: the linear equation that include the variables fitting the model. 

Line 3: the coefficients for each variables will be show below. 

Line 4: the value for the intercept in the linear equation. 

Line 5-11: the coefficients and standard error for each variables. 

1 -  Linear regression model: 
2 -  perm ~ 1 + poro + rou + hyd + cha + inten + ten + elo 
3 -  Estimated Coefficients:  

Estimate       SE         
________ _______ 

4 -  (Intercept)        -55.705   109.31 
5 -  poro               2.2717      2.3529  
6 -  rou              -0.26925     0.14739  
7 -  hyd              0.072444    0.15478 
8 -  cha               0.70522     0.36951  
9 -  inten              3.1303      23.847  
10 -  ten                1.2489      1.1016 
11 -  elo               0.16435     0.45804 
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Thus, the QSAR model for the water permeability and membrane characteristics 

is expressed in Equation 5.1. 

A.2.2 QSAR Model for the HA Rejection and Membrane Characteristics 

The QSAR model for the HA rejection and membrane characteristics is developed using 

the MATLAB code below. 

 

Detailed explanations for each line in the code are provided below: 

Line 1-15: Put in the raw data from Table A.1. 

1 -  t = [35.01 91.5 92.4 -53.8 1.0 66.79 49.1 41; 
2 -  35.1 87.8 86.8 -55.7 1.0 56.46 41.8 36; 
3 -  37.9 99.6 67.4 -56.7 1.0 57.94 38.5 32; 
4 -  40.1 138.8 64.9 -57.1 1.0 53.30 27.4 36; 
5 -  41.5 129.2 23.0 -79.7 1.0 37.75 8.9 38; 
6 -  35.0 91.5 92.4 -53.8 1.00 66.8 49.1 41; 
7 -  36.8 94.2 98.0 -69.1 0.87 64.3 45.8 41; 
8 -  38.3 104.3 109.4 -46.8 0.89 56.4 45.0 35; 
9 -  40.5 104.7 91.8 -49.3 0.85 53.6 41.1 29; 
10 -  45.5 109.5 90.6 -59.9 0.84 46.7 26.2 27; 
11 -  35.0 91.5 92.4 -53.8 1.00 66.8 49.1 41; 
12 -  36.5 115.5 96.5 -51.2 0.91 63.7 56.0 49; 
13 -  38.2 131.8 102.3 -46.3 0.91 62.5 45.5 46; 
14 -  38.3 139.0 93.3 -58.8 1.00 68.5 59.7 41; 
15 -  38.7 140.5 88.0 -64.9 1.00 64.4 48.7 43]; 
16 -  poro = t(:,1); 
17 -  rou = t(:,2); 
18 -  hyd = t(:,3); 
19 -  cha = t(:,4); 
20 -  inten = t(:,5); 
21 -  ten = t(:,6); 
22 -  elo = t(:,7); 
23 -  rej = t(:,8); 
24 -  tbl = 

table(poro,rou,hyd,cha,inten,ten,elo,rej,'VariableNames',{'poro','rou',
'hyd','cha','inten','ten','elo','rej'}); 

25 -  lm = fitlm(tbl,'rej~poro+rou+hyd+cha+inten+ten+elo') % Model 2 
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Line 16-23: Define each column with the variable names. For example, column 1 

is the surface porosity values. 

Line 24: Create the data table with the data in Line 1-15. 

Line 25: Use fitlm function to build the linear model between HA rejection and 

other seven properties. 

Save this function code as an M file named qsar2.M file. Put the data in the Table 

A.1 to replace the bold texts above. Then press “Run”. Then, the result of QSAR model 

shows up as shown below. 

 

Detailed explanations for each line in the code are provided below: 

Line 1: the model type is linear regression model. 

Line 2: the linear equation that include the variables fitting the model. 

Line 3: the coefficients for each variables will be show below. 

Line 4: the value for the intercept in the linear equation. 

Line 5-11: the coefficients and standard error for each variables. 

1 -  Linear regression model:     
2 -  rej ~ 1 + poro + rou + hyd + cha + inten + ten + elo

  
3 -  Estimated Coefficients: 

Estimate          SE        
_________      ________  

4 -  (Intercept)       144.14        54.217    
5 -  poro               -2.6579       0.83556  
6 -  rou                0.25785     0.076616  
7 -  hyd              -0.016964       0.15929  
8 -  cha               -0.14521       0.17699  
9 -  inten              -49.292        32.093 
10 -  ten                0.0021455       0.43628  
11 -  elo               -0.0013342       0.28448 
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Thus, the QSAR model for the HA rejection and membrane characteristics is 

expressed in Equation 5.2. 
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Table A.1 Experimental Database for QSAR Models 

Porosity Roughness Hydrophobicity Surface 
charge Intensity Tensile 

strength Elongation Permeability HA 
rejection 

34.8 72.9 0.00 -42.5 1.00 75.4 70.1 85.38 41 
36.5 136.3 0.00 -49.4 0.85 68.3 43.3 38.5 36 
37.9 130.3 0.00 -62.4 0.73 61.7 30.8 36.28 32 
38.2 159.0 7.95 -64.2 0.61 60.0 28.3 30.15 36 
40.4 136.5 11.67 -64.1 0.46 51.3 22.1 23.61 38 
34.8 72.9 0.00 -40.2 1.00 75.4 70.1 85.38 41 
39.6 112.4 23.40 -63.5 0.76 70.7 63.2 57.63 41 
40.2 119.2 42.67 -53.7 0.60 65.9 62.3 57.5 35 
40.9 118.0 84.00 -64.4 0.47 62.1 56.0 55.1 29 
45.1 123.8 100.75 -66.4 0.37 57.5 42.7 56.3 27 
34.8 72.9 0.00 -42.5 1.00 75.4 70.1 85.38 41 
38.2 136.3 0.00 -42.0 0.85 70.5 50.4 64.5 49 
38.6 152.5 0.00 -44.4 0.72 68.7 58.1 64.6 46 
38.9 144.0 0.00 -48.5 0.52 71.9 55.9 65 41 
38.9 134.8 0.00 -40.1 0.47 69.1 60.3 60 43 
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