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ABSTRACT 

 

This research investigates the performance of polyvinylidene fluoride (PVDF) 

microfiltration (MF) membranes during its utilization for direct filtration of wastewater 

treatment plant (WWTP) effluent for potable water reuse. The research primarily focuses on 

the fouling of PVDF MF membranes and explores the mechanisms, long-term effects, and 

strategies for control and mitigation. The overall hypothesis of the research is that irreversible 

fouling of microfiltration membranes is influenced by specific effluent organic matter (EfOM) 

– membrane interactions and the progressive accumulation of these foulants plays a primary 

role in the long-term productivity loss of microfilters. 

The research demonstrated that fouling of PVDF microfilters by EfOM proceeded via 

a two-step mechanism involving the initial deposition of relatively hydrophobic organics to 

the membrane followed by the attachment of relatively hydrophilic organics. It was also shown 

that the fouling is critically dependent on the attachment of a small specific fraction of EfOM. 

Clues to the identity of this specific fraction were obtained using high-resolution mass 

spectrometry and shown to possibly belong to the lipid chemical class. Potential mechanisms 

of fouling were evaluated via surface characterization techniques (e.g. attenuated total 

reflection - Fourier transform infrared spectroscopy, scanning electron microscopy, 

electrokinetic analysis) along with mathematical modeling (constant flux blocking laws). The 

analysis revealed the detrimental role of internal pore fouling in irreversible fouling with 

surface fouling working as a secondary dynamic membrane preventing pore exposure. Further, 

the analysis of backwash performance of different backwashing solutions underscored non-

electrostatic EfOM-membrane interactions as the dominant mechanism of irreversible fouling. 
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Investigations on the long-term performance (fouling propensity and water 

permeability) of the membranes revealed that while multiple chemical cleaning cycles led to 

no change in membrane productivity, progressive chemically irreversible fouling led to the 

loss in productivity, confirming the hypothesis of the research. The irreversible fouling was 

also accompanied by progressive loss in membrane mechanical strength (measured as Young’s 

modulus and dynamic storage modulus). Additionally, pre-chlorination of wastewater effluent 

was an effective pretreatment strategy for fouling control. However, fouling control was dose-

dependent and transitional in nature with fouling exacerbated at chlorine doses below a 

threshold dose. This transitional behavior originated from the dose-dependent alterations in 

EfOM character and was validated by extended Derjaguin-Landau-Verwey-Overbeek theory 

calculations of EfOM-membrane free energy of adhesion. 
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CHAPTER I  

INTRODUCTION  

 

Introduction 

Growing population and climate change have put pressure on typical drinking 

water supplies. In the past few years, water shortages and its subsequent rationing in large 

cities around the world, such as Cape Town, South Africa [1]; Sydney, Australia [2]; and 

Chennai, India [3] exemplify the severity of water scarcity facing the world. It is estimated 

that if the unsustainable pressures on global water resources continue to rise, more than 

half of the world’s population will be at risk by 2050 [4]. A key strategy to tackle this 

challenge is improved water management especially in urban settings [5], one important 

component of which is potable reuse of municipal wastewater [6, 7]. 

Municipal wastewater reuse within this work implies the treatment of municipal 

wastewater effluent to a level acceptable for potable use. The treatment is accomplished 

by a ‘multiple barrier approach,’ i.e., a sequence of treatment processes in series termed 

together as a treatment train [8-11]. Different types of treatment trains are utilized around 

the world and within United States [8, 9]. The choice of technologies depends on multiple 

factors including wastewater quality, economic viability, and regulatory constraints [10, 

11]. In any case, one of the more commonly employed treatment trains is shown in Figure 

1 [10, 11]. The focus of my research is low-pressure membrane filtration. 
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Figure 1 Block diagram illustration of water reuse treatment train. 

Low-pressure membrane filtration is the broad term used for ultrafiltration (UF) 

and microfiltration (MF) [12]. Both these membrane processes affect filtration 

predominantly by sieving, i.e., remove particles greater than their pore size (typical range 

of pore sizes in UF is 0.01 – 0.1 µm and MF is 0.1 – 1 µm) [11, 13]. The work presented 

here has employed polymeric MF membranes (nominal pore size of 0.1 µm); nevertheless, 

the results and inferences can be extrapolated to UF membranes composed of the same 

polymer owing to the same filtration mechanism. The primary role of these membrane 

filters is the removal of particulate matter including bacteria, protozoa, and other 

suspended particles [14, 15]. However, a major impediment to the performance of these 

membranes is ‘fouling’ [16]. Fouling can be defined as the deposition of suspended or 

dissolved  feed water constituents (foulants) on the membrane surface, at its pore openings 

or inside membrane pores, resulting in loss of performance of a membrane, i.e., increasing 

the resistance to the flow of water [17]. Prolonged fouling during the filtration process 

necessitates a stoppage in operation to perform fouling control measures. One of the most 

common measures is ‘hydraulic backwashing,’ basically the reversal of flow of water to 

remove or dislodge the foulants [18, 19]. While backwashing has proven quite effective 

with universal acceptance across the water treatment industry, it does not remove all 
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foulants and does not restore membrane permeability completely, resulting in 

‘hydraulically irreversible fouling’ [18, 20-22]. 

One important cause of irreversible fouling during potable reuse is the 

hydraulically irreversible attachment of effluent organic matter (EfOM) [23, 24]. In the 

past, multiple works have identified different fractions of EfOM responsible for fouling 

[25-27] and even categorically associated the EfOM components to various extents of 

fouling and its reversibility [28, 29]. However, an important limitation of these earlier 

works is that they have been based on single filtration cycles [25-27], which by definition 

do not address long-term fouling behavior that is highly detrimental to membrane life. 

Another shortcoming of earlier research focusing on individual EfOM fractions is that 

although it provides insights into their interactions with membranes, it completely ignores 

foulant-foulant interactions, which is key to understanding long-term fouling [21, 29, 30]. 

For these reasons, a lab-scale apparatus was designed using hollow-fiber membranes and 

custom-built to facilitate flow reversal and membrane surface analysis to better understand 

reversible and irreversible fouling over multiple backwashing-filtration cycles. 

Apart from our lack of understanding of fouling mechanisms, there is insufficient 

coherence about the identity of dominant EfOM fractions responsible for fouling. Four 

classes of EfOM are typically recognized; namely biopolymers, humic substances, 

microbial building blocks, and low molecular weight organics [31, 32]. Using this 

classification, different researchers have implicated different fractions for fouling. While 

biopolymers have been the usual suspects in majority of cases, the possible role of humic 

substances has been reported inconsistently [31-33]. Also, the use of biopolymer 
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concentration as a potential predictor of fouling propensity has been reported 

contradictorily [31, 32]. The main reason for the incoherence and contradictions across 

the body of research is the complex nature of EfOM, which is basically a concoction of 

numerous organic compounds of yet unknown structure and composition [34]. Thus, a 

broad and generic classification of EfOM is unable to account for its specific  interactions 

with membranes that play a major role in determining the fouling behavior of a given feed 

water [21, 30, 35]. Hence, a molecular level characterization of EfOM is required to 

provide clues to the identity of organic species responsible for fouling, which may serve 

as potential predictor of fouling propensity. 

Irreversible fouling during long-term operation even with backwashing results in 

the gradual loss in membrane permeability, which is countered by chemical cleaning. 

Chemical cleaning typically includes sodium hydroxide, sodium hypochlorite, and dilute 

(HCl) or weak acids (e.g. citric acid) [36, 37]. The chemical cleaning agents employed, 

their respective concentrations, and the protocol used is typically recommended by the 

membrane manufacturer. Chemical cleaning requires the complete stoppage of filtration 

soaking and flushing of the membranes with cleaning agents for a few hours, and rinsing 

them thoroughly before filtration can be resumed [37]. Chemical cleaning also contributes 

to membrane aging [36]. Thus, ‘aging’ can be defined as the long-term irreversible 

deteriorations in membranes (character and performance) brought about by exposure to 

physical, chemical, and biological stressors during operation [38, 39]. 

The aging of membranes due to exposure to harsh chemicals and associated 

degradation has received significant attention in the past decade [36]. While this is an 
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important facet, the critical role of irreversibly attached foulants also needs to be 

considered especially since this has been established by membrane autopsies of full-scale 

facilities at different stages in their operational lifetime [40, 41]. Now, although directly 

characterizing surface foulants from full-scale plants present a truer picture of membrane 

aging, they are typically more difficult logistically owing to costs associated with element 

replacement and plant downtime and the need for coordination between academics and 

municipalities [42, 43]. Thus, laboratory studies can facilitate the better understanding of 

the role of irreversible foulants in aging.  

Regardless of the mechanisms of fouling, it has to be controlled for engineering 

applications. One of the mainstays of fouling mitigation is pretreatment [44-47]. Drinking 

water facilities routinely employ chemical coagulation-flocculation as pretreatment prior 

to membrane filtration [44, 45], which is often not the case in potable reuse [8, 9]. 

However, the wastewater effluent is almost universally disinfected with chlorine (a strong 

oxidant) prior to MF to control biofouling throughout the treatment train [9, 48, 49]. 

Importantly, hypochlorite can alter the overall character of EfOM and thus their 

interactions with membranes [50, 51]. Paradoxically, MF fouling by pre-chlorinated 

wastewater effluent has not been studied to date.  

The above literature review and background of current research demonstrates that 

further investigations are required to develop a more holistic understanding of the long-

term performance of MF membranes during potable reuse. This dissertation enunciates 

fouling mechanisms and sets forth molecular insights about organic foulants. To our 

knowledge, this is amongst the first rigorous and systematic investigations of the aging of 
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membranes, from an irreversible fouling aspect. The analysis of sodium hypochlorite 

addition as a fouling mitigation strategy presents a pragmatic tool for utilities adopting 

water reuse. In this research, different facets of MF membrane fouling during potable 

water reuse, including the mechanisms, the consequence (aging), and its control and 

mitigation were investigated. 

Research goals and objectives 

The overarching hypothesis of the research is that irreversible fouling of 

microfilters stems from EfOM-membrane interactions, influenced predominantly by a 

small fraction of specifically interacting species. Persistent attachment of these foulants 

can alter membrane surface and bulk character leading to membrane aging. The main goal 

of my research is to understand the underlying mechanisms of irreversible MF membrane 

fouling, identify responsible foulants, understand how this fouling affects membrane 

productivity in the long-term, and analyze a possible approach for fouling mitigation. To 

achieve this goal, the following specific objectives were formulated: 

a. Investigate the mechanisms of progressive irreversible fouling of MF 

membranes during the filtration of municipal wastewater effluent. 

b. Implement a non-targeted molecular level organic matter characterization 

technique to identify dominant organic species responsible for fouling.  

c. Carefully investigate the aging of membranes over multiple fouling and 

cleaning cycles. 
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d. Analyze the role of sodium hypochlorite when used for MF pretreatment to 

control and mitigate fouling. 

Dissertation organization 

The main components of this dissertation are five manuscripts dedicated to 

research findings (chapter II – VI), chapter II and III have already been published and 

others (IV – VI) are being prepared for submission for peer-review before possible 

publication. The format of each of these chapters is the same as journal articles; each 

beginning with an introduction, followed by the material and methods, results and 

discussion, and finally the concluding remarks. The final chapter (chapter VII) in the 

dissertation summarizes the important conclusions drawn from the entire study along with 

recommendations for future research directions. 

Chapter II focuses on elucidation of the mechanisms of progressive irreversible 

fouling during microfiltration of wastewater filtration over multiple filtration-

backwashing cycles. These findings can be found in Gupta, K. and S. Chellam, 

Contributions of surface and pore deposition to (ir)reversible fouling during constant flux 

microfiltration of secondary municipal wastewater effluent. Journal of Membrane 

Science, 2020. 610: p. 118231.  

Chapter III investigates the use of pre-chlorination (addition of sodium 

hypochlorite prior to MF) as a pretreatment strategy to mitigate fouling during wastewater 

effluent microfiltration. These findings can be found in Gupta, K. and S. Chellam, Pre-
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chlorination effects on fouling during microfiltration of secondary municipal wastewater 

effluent. Journal of Membrane Science, 2021. 620: p. 118969. 

Chapter IV explores the use of high-resolution mass spectrometry to characterize 

EfOM (molecular fingerprinting) as a tool to identify species predominantly responsible 

for MF fouling. Research work has been completed and manuscript for this work is under 

preparation. 

Chapter V discusses the bench-scale progressive aging of membranes as brought 

about by fouling and chemical cleaning over long-term operation. The work compares and 

discusses the differences between typical laboratory-based membrane aging experimental 

designs. Research work has been completed and manuscript for this work is also in 

preparation. 

Chapter VI investigates the relative contributions of typically invoked mechanisms 

for irreversible fouling (non-electrostatic membrane-foulant interactions and multivalent 

cation influenced foulant-membrane bridging) of microfiltration membranes. The work 

employs various backwash water compositions (salt solutions, acids, alkalis, and 

oxidizers) and analyzes and compares their efficacy in fouling removal to peer into the 

mechanisms responsible for irreversible fouling. Research work has also been completed 

and the manuscript is in preparation. 
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CHAPTER II  

CONTRIBUTIONS OF SURFACE AND PORE DEPOSITION TO 

(IR)REVERSIBLE FOULING DURING CONSTANT FLUX 

MICROFILTRATION OF SECONDARY MUNICIPAL WASTEWATER 

EFFLUENT  

 

Introduction 

Although microfiltration (MF) is commonly employed during wastewater reclamation 

to remove suspended solids, bacteria, and protozoa, its fouling continues to be an 

unresolved problem [8, 14, 15]. Short-term fouling of MF and ultrafiltration (UF) 

membranes by effluent organic matter (EfOM) during forward filtration has been 

principally attributed to colloidal [23, 52-54] or acidic [24, 55, 56] fractions. However, 

MF/UF systems are backwashed periodically to control fouling [19], which needs to be 

incorporated in the experimental design to differentiate EfOM fouling during short-term 

forward filtration and long-term operation. In this context, process engineering and 

statistical techniques have been implemented to operationally extend chemical cleaning 

intervals by optimizing backwashing (e.g. frequency and duration) and pretreatment (e.g. 

ozonation and coagulation) parameters during MF of wastewater effluent [57-63]. Simply 

monitoring flux decline caused by individual EfOM fractions and varying pretreatment 

type have suggested that colloidal matter [29], biopolymers [64], and humics [28] are 

 
 Reprinted with permission from “Contributions of surface and pore deposition to (ir)reversible fouling during constant 

flux microfiltration of secondary municipal wastewater effluent”, Gupta, K and S. Chellam, Journal of Membrane 

Science, 610, 118231, Copyright 2020 by Elsevier. 
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principally responsible for longer-term hydraulically irreversible fouling. However, these 

earlier efforts were largely directed towards developing overall fouling indices or 

identifying specific EfOM components that caused the maximum extent of fouling, and as 

such do not provide mechanistic insights into irreversible fouling. Further, EfOM 

fractionation may obfuscate specific foulant-foulant interactions [29, 30, 65] and forward 

filtration experiments alone do not capture intricacies of fouling progression over multiple 

backwashing cycles. For example, humics and low molecular weight species were inferred 

to not cause short-term fouling [30, 53] but were implicated in long-term irreversible MF 

fouling [28, 66]. Fractionation also negates interactions between different foulant types, 

which has been shown to be critical in surface water MF [21, 35] necessitating experiments 

with the whole water (i.e. not just individual components).  

Typically, pretreatment is used to reduce fouling e.g. [67] but it can also be used to 

operationally identify dominant fouling mechanisms. For example, differences in MF 

fouling following iron coagulation and powdered activated carbon (PAC) adsorption of 

EfOM revealed the importance of the colloidal fraction on fouling [54, 68]. Prefiltration, 

iron coagulation, and anion exchange have also been used to show that low molecular 

weight EfOM was not responsible for flux decline [52]. Similarly, I also employ several 

pretreatment scenarios herein to investigate long-term MF fouling mechanisms during 

filtration of secondary-treated municipal wastewater. 

The principal objective of this research is to systematically elucidate specific 

membrane-foulants and foulant-foulant interactions leading to long-term hydraulically 

irreversible fouling during hollow fiber MF of municipal wastewater secondary effluent. 
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Fouling progression over multiple filtration-backwashing cycles was characterized in 

terms of EfOM functionalities accumulated on the membrane surface using attenuated 

total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy and blocking law 

modeling. Changes in organic functionalities were analyzed to identify dominant foulants 

as the pressure increased during constant flux MF over multiple forward filtration and 

backwashing cycles. Clues to hydraulically irreversible fouling mechanisms were also 

obtained by comparing pressure profiles after different adsorption pretreatments (PAC, 

heated aluminum oxide particles (HAOPs), and colloidal polyvinylidene fluoride 

(cPVDF)). 

Materials and methods 

Source water 

Secondary effluent from Carter’s Creek conventional activated sludge Treatment 

Plant in College Station, Texas after ultraviolet (UV) disinfection was employed not only 

because of proximity but also because the State water plan has estimated that potable reuse 

will account for > 10% of all new drinking water supplies by 2070 [69]. Important water 

quality parameters for the sample collected on February 2018 were: pH 8.0 ± 0.2, turbidity 

5.2 ± 0.6 NTU, silicon 3.1 ± 0.3 mg/L, alkalinity 159.2 mg/L as CaCO3, chemical oxygen 

demand (COD) 14 mg/L, dissolved organic carbon (DOC) 9.1 ± 0.5 mg/L, and UV254 

0.188 ± 0.020 cm−1. Carbohydrates and proteins were measured to be 3.36 mg/L as glucose 

and 1.03 mg/L as bovine serum albumin, respectively [21]. The average specific UV 

absorbance (SUVA, the ratio of UV254 in m−1 and DOC in mg/L) was 2.066 L/(mg.m) 
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indicating EfOM (measured as DOC) was largely of low hydrophobicity and low 

molecular weight [70]. Note that as is universally practiced [23, 24, 29, 34, 53, 71, 72], 

EfOM concentration was quantified as DOC. 

Membrane and modules 

Four polyvinylidene fluoride (PVDF) hollow fiber membranes nominally rated at 

0.1 µm with 1.293 mm outer diameter and 0.711 mm inner diameter (Aria™, Pall Corp.) 

were potted in a transparent 15 mm polyvinyl chloride tube using epoxy resin. Fiber 

lumens were closed at one end and open at the other to accomplish outside-in filtration. 

The exposed length of each fiber was 18.5 cm resulting in a total active filtration area of 

30 cm2. Following manufacturer recommendations, modules were thoroughly rinsed first 

with ultrapure water to remove the biocide preservative (NaN3), followed by a 50% 

ethanol solution to wet all the pores since these are highly hydrophobic with an air-water 

contact angle measured as 112.8 ± 0.14° (Attention Tensiometer, Biolin Scientific), and 

finally rinsed again three times with ultrapure water prior to experimentation with 

wastewater effluent. 

Adsorbents 

HAOPs were prepared by neutralizing a 0.1 M solution of Al2(SO4)3·18H2O to pH 

7.0 with NaOH and heating the resulting suspension in a closed container at 110 °C for 24 

h [73]. The resulting suspension was cooled and refrigerated until use. Powdered activated 

carbon (Darco G-60, Fisher Scientific) was used as obtained. cPVDF was used based on 
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the idea of employing adsorbents of the same composition as the membranes [74]. A 2% 

w/v PVDF solution was prepared by dissolving 4 g PVDF powder in 200 ml N,N-

dimethylformamide (DMF) and rapidly adding 300 mL of 0.1mM NaOH solution under 

moderate stirring resulting in the formation of a cloudy suspension. DMF was removed 

by dialyzing the suspension (12-14 kDa molecular weight cut-off, Spectrum™ 

Spectra/Por™) against ultrapure water for three days with 5-6 water changes until it was 

completely transparent at 270 nm (absorption maxima for DMF) and DOC < 0.2 mg/L 

(similar to ultrapure water) [74, 75]. The particle size distribution and electrophoretic 

mobility measured by dynamic/electrophoretic light scattering, respectively (Litesizer 

500, Anton Paar) and the BET surface area measured via N2 adsorption (Micometritics 

TriStar 3000) are summarized in Table 1. 

Table 1 Important characteristics of adsorbents 

Adsorbent 

Particle size 

(µm) 

Zeta potential at pH 7 

(mV) 

Specific surface area 

(m2/g) 

HAOPs 2.11 ± 0.05 +13.4 ± 0.04 110 

cPVDF 0.22 ± 0.12 -33.4 ± 0.12 11.5 

PAC 5 to >10 -6.05 ± 0.03 606 

Adsorption pretreatment 

The protocol for all three adsorbents employed two steps; contact with wastewater 

and removal after an appropriate contact time. The appropriate adsorbent dose was 

determined by first evaluating isotherms by adding a known amount of HAOP, cPVDF, 
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or PAC to raw water to achieve the target concentration and mixing vigorously until 

equilibrium was reached (Supporting Information (SI) Figure A-1). A 100 mg/L 

concentration of all three adsorbents achieved maximum EfOM (DOC) removal and 

therefore employed for MF pretreatment (Figure 6d). Before microfiltration of pretreated 

waters, the raw water with adsorbent particles after equilibration was vacuum filtered 

using coarse filters rated at 5-10 microns (VWR Grade 474). The resulting filtrate was 

additionally centrifuged for 10 minutes at 10,000g to remove any remaining smaller 

particles (see SI Table A-1) nearly “eliminating” carryover of the adsorbent to the MF 

membrane. This 2-step procedure prevented colloidal fouling by removing all adsorbent 

particles since our aim was to analyze changes in fouling behavior effected by EfOM 

removal. Importantly, centrifugation shifted the particle size distribution after 

pretreatment to significantly smaller values compared with the raw secondary wastewater 

effluent (see Figure 9). In contrast, prefiltration and centrifugation of the raw wastewater 

effluent without pretreatment reduced the size distribution only to a small degree (see 

filtered/centrifuged wastewater in Figure 9). 

MF setup and procedure 

A custom-made MF apparatus comprising two computer-controlled peristaltic 

pumps (Watson Marlow, 120U/D1), one each for filtration and backwash, four solenoid 

switching valves to control the flow and enabling automatic forward filtration and 

backwash cycles, two pressure transducers (PX303, Omega), a digital flow sensor (LS32-

1500, Sensirion), and a temperature sensor (RTD, TJ120 CPSS 116G, Omega). A program 
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written in LabVIEW 14 (National Instruments) controlled instruments and continuously 

acquired data in the automatic mode. 

 

Figure 2 Schematic of the microfiltration apparatus 

Each filtration/backwashing cycle comprised five steps (Figure 2). At the 

beginning of each cycle, the module was flushed with the feed water by opening valves 

1(i) and 2. During the second step, filtration was performed at a constant flux of 60 L/m2h 

as recommended by the manufacturer by opening valves 1(i) and 4(i); the feed was 

pumped from outside of the fibers and the permeate was collected from the fiber lumen. 

The feed pump was switched off after filtration for 40 minutes (i.e. backwashing interval). 

Next, the shell side (i.e. outside of the hollow fibers) was flushed by opening valves 4(ii) 

and 3 and filling it with ultrapure water for 90 seconds. Following this, backwashing was 
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performed at 60 L/m2h for 1 minute by opening valves 4(ii) and 1(ii). Finally, by opening 

valves 2 and 1(ii), the module was gravity drained and emptied to remove the concentrate 

before starting the next cycle, ensuring similar initial conditions for the next cycle. 

Blocking laws analysis 

Dominant fouling mechanisms during each forward filtration cycle were identified 

using constant flux blocking laws [76]. Noisy pressure measurements were smoothed 

using robust local regression “rlowess” routine in MATLAB and then differentiated 

numerically to obtain the first derivative. However, this procedure was insufficient to 

obtain sufficiently accurate instantaneous second derivatives, which were estimated by 

using piecewise polynomials of order 4-7 for the first derivative and numerically 

differentiating it. 

Membrane surface characterization 

At the end of a filtration/regeneration experiment, all membrane fibers were 

carefully taken out of the module, one of which was cut into small pieces and dried for 24 

h in a vacuum desiccator. The infrared spectra of membrane surfaces were obtained using 

a Nicolet iS10 spectrometer equipped with a mid-infrared Ever-Glo source, DTGS 

detector, KBr beam splitter, and Omnic 9.0 Software with a diamond iTX accessory to 

allow sampling in ATR mode. A background spectrum was also collected on a clean ATR 

window prior to each analysis. Samples were placed on the window and the IR spectrum 

was obtained by averaging 128 scans collected at 4 cm−1 resolution over 650–4000 cm−1. 
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The spectra were recorded from top, middle, and bottom of each hollow fiber to obtain 

representative information on foulants. 

Scanning electron microscope (SEM) images of virgin and fouled membrane 

surfaces were obtained using a Tescan Vega 3 instrument at 7000x magnification and 5 

kV accelerating voltage after sputter coating a 10 nm gold layer on the vacuum dried 

samples. The streaming potential of the outer surface of the virgin and fouled membranes 

was measured against a background solution of 1 mM KCl in the pH range 3 to 9 with an 

electrokinetic analyzer fitted with an adjustable gap cell (SurPASSTM 3, Anton Paar) [77] 

and converted to the zeta potential using the Helmholtz-Smoluchowski equation. 

 

Results and Discussion 

Forward MF of raw wastewater effluent 

Figure 3a and b depict non-linear concave upward transmembrane pressure 

profiles for individual cycles, which were quantitatively explained by a power-law 

compressible cake filtration model [78]: 

ΔP = ΔP0 + βΔPnv (1) 

where  is a pre-exponent term, n is the cake compressibility index designating variation 

of specific resistance with pressure [79], and v is the specific volume filtered. Importantly, 

the compressibility index for the entire duration of hollow fiber constant flux filtration 

was derived independently from separate constant pressure experiments using disc 

membranes (n = 0.40 ± 0.03; Figure 3a inset) and not used as a fitting parameter. The 

constant pressure experiments were performed using a stainless-steel cell (SEPA ST, 
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Osmonics) also employing hydrophobic PVDF membranes (VVHP04700, Millipore). 

Excellent agreement was obtained (R2 > 0.99) between Equation 1 and pressure profiles 

for the one cycle in Figure 3a and all 9 cycles in Figure 3b using the independently 

measured compressibility index of 0.40 strongly suggesting that power-law compressible 

cake filtration was the dominant fouling mechanism during forward filtration of raw 

secondary wastewater effluent. 

 
Figure 3 Instantaneous transmembrane pressure profile during MF of wastewater effluent without 

backwashing (top left panel blue color) and with backwashing every 40 minutes (top right panel red 

color). Predictions of compressible cake filtration theory (Equation 1, black) are also shown in both 

cases. 

Irreversible fouling evolution during MF of raw wastewater effluent 

As shown in the control experiment (Figure 3a), transmembrane pressure 

increased to 107 kPa with no backwashing compared with only 35 kPa at the end of 9 

cycles with backwashing every 40 minutes for the same volume filtered (Figure 3b) 

demonstrating long-term fouling control by periodic flow reversal [19, 21, 35]. 

Hydraulically irreversible fouling was evident with progressively increasing TMPs at the 

beginning of each forward filtration step; e.g. 5.5, 7.8, 8.0, and 8.4 kPa for the first 4-
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cycles. The highest loss of membrane productivity was in the first cycle (42%) compared 

with only 3, 5, and 12 % for the next 3-cycles. Such a phenomenon can be seen in earlier 

publications e.g. [18, 20, 21, 29], and was attributed to the maximum exposure of the 

membrane surface and pores to foulants when first put in service and after chemical 

cleaning. 

  

  
Figure 4 Electron micrographs of virgin membrane (a) and fouled membranes after 1, 7, and 9 

backwash cycles (b), (c), and (d), respectively are shown on the bottom panels (5 µm scale bar). 

Continually declining productivity even with backwashing demonstrates 

hydraulically irreversible foulant accumulation accentuating pressure buildup over long-

term operation, eventually reaching 12 kPa for the start of the final (9th) cycle 

corresponding to a 120% increase over the entire duration of filtration. Electron 

microscopy provided further evidence of progressive foulant accumulation with Figure 

4a showing an interconnected network of pores, typical of commercial polymeric 

membranes. At the beginning of cycle 2, most of the surface is still visible (Figure 4b) 

(a) (b) 

(c) (d) 
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corresponding to a minimal amount of irreversibly deposited foulants. Additional 

filtration-backwashing cycling resulted in the accumulation of more and more foulants as 

shown in Figure 4c and Figure 4d after 7 and 9 cycles respectively. Surface deposition 

observed in these micrographs is consistent with the dominance of cake filtration inferred 

from Equation 1 above. 

Mechanism of progression of irreversible surface deposition 

Attenuation of virgin membrane functionalities in ATR-FTIR spectra in Figure 5 

corroborated operational and visual evidences for progressive foulant buildup described 

in the section Forward MF of raw wastewater effluent. For example, CH2 asymmetric 

and symmetric vibration of PVDF at 3027 and 2986 cm-1 [80] decreased by 8%, 38%, and 

44% and 13%, 65%, and 81% after 1st, 7th, and 9th backwashes respectively. Intensifying 

peaks at 2963, 2926, 2875, and 2853 cm-1 (asymmetric CH3, CH, and CH3 and CH 

symmetric, respectively [81]) after each cycle suggests incomplete removal of 

hydrophobic foulants. This was particularly significant after the 1st cycle where peaks at 

2963, 2926, 2875, and 2853 cm-1 increased by 71%, 74%, 134%, and 55% in area 

respectively. Subsequently, peak areas associated with hydrophobic end members 

increased relatively gradually over long-term operation; e.g. 94 and 127% increase at 2963 

cm-1, 92 and 149% increase at 2926 cm-1, 152 and 190% increase at 2875 cm-1, and 69 and 

78% increase at 2853 cm-1 after the 7th and 9th cycles, respectively.  

In contrast to hydrophobic moieties containing more CH groups that magnified 

during the initial stages of operation, more polar functionalities such as O-H/N-H peaks 

at 3700-3300 cm-1 [81] representing polysaccharides and proteins intensified significantly 
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over later time stages. For example, NH stretch at 3200 cm-1 increased 120% in area after 

1st cycle but by a remarkable 1000% and 1500% after 7th and 9th cycles, respectively. 

Similarly, the area for OH stretch at 3350 cm-1 increased by 48.5% initially, but by 840% 

and 1800% after 7th and 9th cycles. 

 

Figure 5 ATR-FTIR spectra of virgin (black) and irreversibly fouled membranes after 1 (red), 7 (blue) 

and 9 (green) backwashes (left panel). Changes in area of peaks of foulants and membrane with 

successive cycles (right panel). 

Hence, physically irreversible loss in productivity followed a two-step mechanism 

initially by the preferential accumulation of relatively hydrophobic foulants directly on 

the membrane. This “conditions” the microfilter’s surface ensuing the deposition of 

relatively more hydrophilic materials on the otherwise hydrophobic PVDF membrane 

leading to long-term fouling. Biphasic fouling progression deduced above wastewater 

reclamation has also been indirectly inferred for NOM fouling during drinking water 

treatment by interpreting differential transient removal of small hydrophobic organics and 

large hydrophilic organics [21, 35]. Importantly, such a two-step mechanism may discredit 

reductionist investigations with single model foulants in the feed water e.g. [24, 53] that 
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by definition cannot capture progressive accumulation of different materials at or near 

membrane surfaces. Indeed, synergistic interactions have been reported where 

significantly higher flux decline is caused by foulant mixtures compared to individual 

foulants, including EfOM isolates [30, 65], indicative of stepwise accumulation of 

disparate materials in the vicinity of membranes. 

Additional information on EfOM components leading to (ir)reversible fouling and 

pressure increase during forward filtration was gleaned by comparing filter performance 

and feed water characteristics of the untreated and pretreated wastewater effluent (see 

Adsorbents and Adsorption pretreatment sections) as discussed next. 

Fouling intricacies probed by pretreatment with different adsorbents 

Fouling propensity and hydraulic reversibility are not direct functions of gross total 

EfOM content 

Adsorbents were used to remove different amounts (and types) of organic matter 

to investigate EfOM effects on fouling. As expected, all forms of pretreatment 

significantly reduced fouling during each forward filtration cycle compared with filtration 

of untreated wastewater effluent as seen by comparing Figure 6 with Figure 3b. The 

fouling behavior has been discussed in terms of dissolved EfOM since these have been 

shown to be the dominant foulant fractions [24] and there was no evidence of the presence 

of adsorbent particles after filtration-centrifugation (section Adsorption pretreatment 

and SI Adsorption pretreatment). The remaining dissolved EfOM after PAC, HAOP, 

and cPVDF pretreatment was 4.82 ± 0.12, 6.00 ± 0.14, and 8.68 ± 0.37 mg/L DOC, 
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respectively. Although DOC removal followed the trend PAC > HAOP > cPVDF (47%, 

34%, and 4.5% respectively in Figure 6d), fouling varied as PAC > cPVDF > HAOP 

(57%, 40%, and 30%, respectively for cycle 1 with similar results for all other forward 

filtration cycles, SI Figure A-3). 

 
Figure 6 Instantaneous transmembrane pressure profiles over 9 successive filtration and hydraulic 

backwashing cycles for wastewater effluent following various pretreatments (a, b, and c).  

Corresponding DOC removal during adsorption pretreatment is summarized in the lower right panel 

(d). 

This non-proportional relationship between EfOM and fouling behavior has also 

been shown in SI Figure A-4. Importantly, the same trend was also observed for 
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irreversible fouling control by backwashing wherein cPVDF and HAOP recovered 

pressure better than PAC (74% with cPVDF and HAOP compared to only 55% with PAC 

for cycle 1, SI Figure A-3). In other words, although PAC removed nearly 50% of influent 

DOC and cPVDF removed only < 5%, cPVDF controlled both reversible and irreversible 

fouling significantly better than PAC (SI Figure A-3). Hence, only a small fraction of 

EfOM was responsible for MF fouling and EfOM fouling propensity cannot be gleaned 

simply by monitoring gross DOC concentration in the feed water. Similar observations 

have been made with NOM in surface water [32, 82]. 

Besides, it can also be argued that the vast majority of EfOM moieties removed by 

PAC from the wastewater effluent (~50%) were non-foulants. Our results for secondary-

treated wastewater MF are similar to an earlier report where coagulation pretreatment 

resulted in a higher flux compared with PAC, even though PAC removed significantly 

higher amounts of DOC [54, 68]. Additional evidence for PAC removing non-fouling 

organic fractions has also been presented for humic acid filtration [83]. In other words, 

PAC appears to remove bulk and otherwise “inert” DOC that would have simply deposited 

and interacted negligibly with the microfilter surface, which would have been easily 

removed by backwashing. Therefore, PAC pretreatment appears to increase the exposure 

of the “clean” membrane surface to specifically interacting (i.e. adsorbable) foulants 

leading to more pronounced hydraulically irreversible fouling, which has also been 

previously reported [84, 85]. Further, although HAOPs removed significantly more EfOM 

than cPVDF (Figure 6d), both pretreatments were equally effective in controlling 

irreversible fouling again suggesting that only a small and specific fraction of influent 
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organics are directly responsible for irreversible fouling, which is similar to NOM 

behavior during surface water MF/UF to generate potable water [16, 74, 86]. 

Based on these arguments, I can infer that the nature of the EfOM removed by 

different pretreatments had a profound effect on fouling behavior. These differences are 

interpreted in more detail next by analyzing the surface chemistry of fouled membranes. 

Different fouling behavior but similar surface foulant chemistry 

Figure 7a shows difference spectra of irreversibly fouled membranes after 

subtracting the spectrum of the wetted virgin membrane surface. Peak locations were 

nearly identical for the raw wastewater effluent and after the different pretreatments 

suggesting a largely similar nature of EfOM foulants in all cases even though fouling 

profiles were significantly dissimilar. The -C=O stretching peak at 1732 cm-1 is typical for 

carboxylic groups present in humic and fulvic acids [53]. Peaks at 1650 cm-1 and 1544 

cm-1 are characteristic amide-I and amide-II peaks representing protein fingerprints [24, 

29, 53]. Peaks at 1260 cm-1, 1098 cm-1, 1040 cm-1, and 803 cm-1 correspond to νas-C-O-C, 

νas-C-O, νs-C-O-C- stretch, and νs-O-C=O respectively, characteristic of polysaccharides 

[24, 29, 87, 88]. Importantly, peak intensities in Figure 7 varied generally as HAOP < 

PAC < cPVDF < raw wastewater, corresponding to the respective extent of surface 

deposition visualized qualitatively by microscopy in Figure 10 and Figure 4d. 

Further evidence of the similarities in foulants and their functional groups for 

various feed waters was provided by membrane surface zeta potential behavior. As seen 

in Figure 7b, the virgin membrane’s surface was substantially negatively charged (-33 < 
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 < -20 mV) over the pH range ~3 – 9 [89]. Irreversible EfOM attachment during filtration 

of raw and pretreated secondary effluent increased the zeta potential to significantly less 

negative values (~ -20 <  < +3 mV) similar to [35, 68]. In all cases, protonation of surface 

functionalities at progressively acidic conditions increases zeta potential at lower pH. 

Relatively similar zeta potential values and trends for all fouled membranes points to the 

similar nature of irreversibly attached EfOM as inferred from Figure 7a and described in 

the previous paragraph. 

 

Figure 7 (a) Difference spectra of irreversibly fouled membranes following nine 

filtration/regeneration cycles and filtering 360 L/m2 (red: after HAOP treatment, blue: after cPVDF 

treatment, green: after PAC treatment, and black: untreated raw wastewater effluent).  (b) Variation 

of surface zeta potential as a function of solution pH with 1 mM KCl as background. 

Hence, FTIR spectra point to constituents with similar functional groups 

dominating microfilter surfaces after multiple filtration/backwashing cycles for both raw 

and pretreated wastewater effluents with pretreatment only changing the cumulative 

amount of deposited foulants. Similarities in the chemical nature of surface foulants stand 

in stark contrast to substantial differences in fouling behavior reported in the previous 
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section. This is similar to an earlier report [24], where hydrophobic and hydrophilic 

base/neutrals EfOM were the dominant constituent on surfaces of hydraulically cleaned 

membranes even though they did not cause any fouling. Nevertheless, changes in the 

nature of foulants and consequent differences in fouling behavior argued in the previous 

section were not explicitly captured by IR spectra. This could be a consequence of low 

ATR-IR signal penetration into the entire depth of the fouling layer and the streaming 

potential being reflective of the overall surface chemistry. In other words, IR spectra and 

zeta potential were dominated by EfOM functional groups at the top few microns of the 

deposited foulant layer rather than in the vicinity or inside the pores [24].  

It is worth noting that direct proof of internal pore fouling is difficult to obtain with 

researchers generally resorting to indirect, empirical/modeling lines of evidence indicating 

the same. For example, the importance of internal pore adsorption and blockage in 

irreversible fouling was operationally established by experimentally demonstrating that 

membranes with smallest pores fouled the least followed by ones with progressively larger 

nominal pores [16, 63, 90]. Similarly, the flux has been shown to reduce negligibly for 

membranes with smaller pores and attributed to the inability of nanocolloids and 

macromolecules in the feed water to enter its pore network and deposit internal to the 

membrane matrix [91, 92]. Evidence for internal pore fouling transitioning to surface 

fouling can also be obtained by blocking law analysis [93], which is pursued next. 

Pore- and surface fouling during forward filtration of pretreated waters 

Figure 8 summarizes statistical fits of constant flux blocking laws to experimental 

pressure profiles of all pretreated waters; note only filtration/backwashing cycles 1, 6, and 
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9 are shown for the sake of brevity. Standard blocking (exponent n → 4/3) dominated the 

first forward filtration cycle in all cases suggesting material deposition inside the pores 

was responsible for fouling during the initial stages of MF. This continued throughout the 

entire duration of experimentation for HAOP pretreatment (entire top row) but 

transitioned to intermediate blocking (n → 1) after 3 cycles for PAC (2nd row middle and 

right panels) and after just 1 cycle for cPVDF (bottom row middle and right panels). 

 

Figure 8 Evaluation of blocking law mechanisms during individual filtration cycles after different 

adsorption pretreatments. Only three cycles (1, 6, and 9) have been shown. 

Particle size distributions (PSDs, Figure 9) of the four different feed water 

supported fouling mechanisms identified by blocking laws. Colloids larger than the 
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membrane nominal pore size (0.1 µm) dominated the wastewater effluent leading to 

straining and surface deposition during forward filtration in its case i.e. cake formation as 

described earlier in section Forward MF of raw wastewater effluent and Figure 3a & 

b. In contrast, HAOP pretreatment shifted PSDs < ~0.1 µm (Figure 9) allowing internal 

pore fouling, i.e. standard blocking throughout the entire experiment (entire top row in 

Figure 8) suggesting continued availability of sites inside the membrane’s polymer matrix 

for EfOM deposition because fouling was low and backwashing was effective (Figure 6). 

PAC pretreatment also reduced particle sizes in the MF feed water to < ~0.1 µm, consistent 

with standard blocking during the initial filtration stages.  However, fouling transitioned 

to intermediate blocking, i.e. surface deposition after the first 3 cycles (middle and right 

panels in middle row of Figure 8). This is attributed to the greater extent of fouling and 

less effective backwashes (Figure 6) with PAC pretreatment that would have saturated 

internal sorption sites relatively quickly transitioning to surface fouling.  cPVDF 

pretreatment also resulted in standard blocking initially, developing to intermediate 

blocking after only one cycle potentially due to the second size peak at 1-4 µm causing 

surface deposition to dominate the latter filtration stages even though fouling was low 

throughout, i.e. internal sites continue to be available.  

The size distribution of particles in wastewater after coarse filtration and 

centrifugation (see section Adsorption pretreatment) is also shown for comparison. As 

expected, it shifted to smaller values compared with the untreated wastewater, even though 

relatively large particles (> 0.1 µm) were detected in it as well as the cPVDF-pretreated 

wastewater after filtration and centrifugation. Note that although centrifugation 
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parameters were selected for “complete” removal of adsorbent particles, larger particles 

in Figure 9 represent very low-density moieties possibly biopolymer aggregates and/or 

humic acid (hydro)gels [94-96]. 

 

Figure 9 Particle size distributions of different feed waters showing a shift to smaller sizes with 

pretreatment. 

Figure 10 shows electron micrographs of membrane surfaces at the conclusion of 

each pretreatment experiment that supports dominant fouling mechanisms identified 

above. Figure 10a shows a morphology similar to the virgin membrane (Figure 4a) with 

only a sparse surface coverage of foulants and many visible pores implying that deposition 

was largely inside the membrane matrix, i.e. standard blocking for the entire experiment 

as summarized in Figure 8.  Significant surface deposits in conjunction with regions of 

open/unblocked pores were observed in the case of both cPVDF and PAC pretreatment 

(Figure 10b and c) consistent with intermediate blocking in Figure 8. 
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Figure 10 Electron micrographs of membranes after 9 filtration/backwashing cycles for different 

pretreatments showing distinct differences in fouling layer morphologies (5 µm scale bar). Arrows 

point to visible open pores and circles encompass open membrane surfaces. Figure 4 shows the virgin 

membrane and after filtration of untreated wastewater. 

Several visible open pores and large areas of the open membrane even after 9 

cycles in Figure 10 lends further evidence of deposition inside the pores causing increased 

irreversible fouling in the case of all pretreatments, which was inferred earlier from 

standard blocking model fits and presence of sub 0.1 µm particles in the feed water. 

Adsorption of low molecular weight molecules [66, 97], intercalation of < 200 nm colloids 

[98], 0.02 – 0.5 µm “meso-particles” [99], and submicron colloids [18] on pore walls 

inside the membrane matrix have all been implicated in long-term hydraulically 

irreversible fouling. Since the untreated wastewater effluent formed a thick cake layer 

completely obscuring all pores (Figure 4d) resulting in the least extent of irreversible 

fouling over the long-term, it appears that the formation of a ‘dynamic secondary 

membrane’ decreases exposure of pores to foulants reducing irreversible fouling [91, 100]. 

To further confirm our hypothesis that particles entering membrane pores causing 

irreversible fouling, I monitored MF fouling during re-filtration of its own permeate as 

discussed next. 

(a) HAOP pretreatment (b) PAC pretreatment (c) cPVDF pretreatment 
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Re-filtration of MF permeate reduced reversible fouling but increased irreversible 

fouling 

 

Figure 11 Instantaneous transmembrane pressure profiles over 9 successive filtration and hydraulic 

backwashing cycles for microfiltered wastewater effluent. The particle size distribution of the MF 

effluent is shown in the inset. 

As summarized in Figure 11, hydraulic backwashing well-controlled overall 

fouling over multiple filtration/regeneration cycles during MF of its own permeate 

compared to that of the raw effluent. For example, at the end of the 1st cycle, reversible 

fouling contributed 78% to the total fouling (Figure 3b) whereas for MF permeate it only 

contributed 47% to the total fouling (Figure 11) with a similar trend for the successive 8 

cycles. In contrast, the extent of irreversible fouling with MF effluent was more 

pronounced. For example, the pressure at the start of 9th cycle was 150% of the pressure 

at start of 1st cycle for MF permeate (Figure 11) compared with only 120% in the case of 

untreated effluent (Figure 3b). These results are consistent with irreversible fouling 
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caused by nanocolloids (sub 100 nm, Figure 11 inset) that enter and specifically interact 

with membrane pores nominally rated at 100 nm in our case [35, 63] resulting in poor 

recovery by backwashing. 

Conclusions 

The progression of hydraulically irreversible surface deposition of EfOM was 

inferred to be initiated by the deposition of relatively hydrophobic species which 

conditioned the membrane surface for the further deposition of more hydrophilic species. 

This two-step mechanism is similar to NOM fouling of MF/UF [21, 35] during surface 

water treatment even though there are characteristic differences between EfOM in 

wastewater effluent and NOM in surface water [34, 72, 101, 102]. For example, EfOM 

contains additional bulk organic matter in the form of soluble microbial products, 

extracellular polymeric substances, and biodegradation products of anthropogenic 

organics, which result in the dissimilar performance of conventional water treatment 

processes with iron coagulation removing only ~40% EfOM but nearly 60% NOM [71]. 

In contrast, our results suggest that differences in organic matter characteristics may not 

be the most dominant factor in determining the cumulative extent of deposition and/or 

fouling behavior for MF/UF, but it may affect the kinetics of fouling. 

The disparity between the magnitude of EfOM removal by adsorption pretreatment 

and the extent of reversible and irreversible fouling implies that only a specific organic 

fraction dominates MF/UF fouling [16, 74, 86]. Importantly, this demonstrates that total 

DOC concentration, which is commonly considered by practitioners as a fouling indicator, 
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should not be an accurate fouling predictor, which is confirmed by literature reports of 

feedwaters with higher DOC exhibiting lower fouling propensity [32, 82]. Further, our 

results point to the irreversible attachment of feed water constituents to the membrane 

surface is not the dominant reason for permeability loss, which is instead dominated by 

adhesion inside the pores internal to the membrane matrix. Hence, the hydrodynamic size 

of EfOM is an important determinant of fouling propensity and hydraulic reversibility.  

In this study, I monitored multiple successive filtration/backwashing cycles using 

a popular commercially available hydrophobic membrane. Hence, our results need to be 

cautiously extrapolated to other membranes, since long-term fouling and regeneration by 

backwashing will strongly depend on their material of construction, which will control 

initial specific foulant-membrane interactions, in turn determining foulant-foulant 

interactions as filtration progresses. 
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CHAPTER III  

PRE-CHLORINATION EFFECTS ON FOULING DURING 

MICROFILTRATION OF SECONDARY MUNICIPAL WASTEWATER 

EFFLUENT  

 

Introduction 

Even though secondary-treated municipal wastewater effluents are almost always 

chlorinated prior to microfiltration (MF) and ultrafiltration (UF) to reduce biofouling 

during potable reuse [9, 48, 49], there is a lack of detailed information ascertaining the 

effects of pre-chlorination on low-pressure membrane fouling [103] with most previous 

work focusing only on non-disinfected feedwaters e.g. [52, 66]. On the other hand, 

aqueous phase chlorine reactions with dissolved organic matter (DOM) and associated 

alterations have been extensively studied in the context of drinking water treatment [104, 

105] and known to modify DOM structure, functionality, and polarity (e.g., bond cleavage 

and increasing hydrophilicity arising from thiol oxidation to sulfonic acid). Additionally, 

the nature and extent of physicochemical DOM alterations have been reported to undergo 

a transitional change as a function of the applied NaClO dose, i.e. its behavioral trends 

change at a threshold chlorine concentration [50, 51]. For example, the effective size of 

model organic compounds (bovine serum albumin and dextran) and biopolymers 

increased at low chlorine concentrations whereas their size decreased at higher dosages 

 
 Reprinted with permission from “Pre-chlorination effects on fouling during microfiltration of secondary municipal 

wastewater effluent”, Gupta, K and S. Chellam, Journal of Membrane Science, 620, 118969, Copyright 2020 by 

Elsevier. 
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[50]. Low dosages also enhanced the tendency of proteins and humic acids to sorb onto a 

hydrophobic surface, which reversed at higher doses [51]. Additionally, changes in 

organics’ size (in relation to membrane pore diameter) will influence pore blocking 

whereas changes in functionality and/or polarity will impact its specific interactions with 

membranes, both of which impact fouling kinetics and mechanisms [106-108]. 

Importantly, effluent organic matter (EfOM), which refers to DOM in municipal 

wastewater effluent is comprised of both DOM from surface water and soluble microbial 

products i.e. biopolymers [34]. Therefore, I hypothesized that analogous to DOM in 

surface water, EfOM will undergo dose-dependent transformations in its structure and 

functional groups upon chlorination that will influence its interaction with membrane 

surfaces thereby changing MF fouling behavior during wastewater reclamation. 

To date, the vast majority of investigations of pre-chlorination for MF/UF 

pretreatment have been restricted to surface water [103], which to our knowledge have 

also not systematically analyzed the role of chlorine dose on fouling behavior. Further, 

results available to date are contradictory with chlorination reportedly increasing fouling 

in some cases [109, 110] and mitigating it in others [111, 112]. Fouling reduction has been 

attributed to lower bacterial and extracellular polymeric substances (EPS) loading and the 

formation of a more porous cake layer [112]. Paradoxically, the breakdown of large 

molecular weight components has been invoked as an explanation for both reduction [111] 

and aggravation of fouling [109]. Hence, consistent explanations for the empirically 

observed differences in fouling behavior upon chlorination are lacking. 
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In this manuscript, I pursue clues to physicochemical interactions [113] between 

chlorinated EfOM and a commercially available hollow fiber polyvinylidene fluoride 

(PVDF) microfilter to ascertain fouling trends during filtration and backwashing using the 

extended Derjaguin-Landau-Verwey-Overbeek (XDLVO) theory [114-117]. Our 

objective is to elucidate the impacts of chlorination-influenced changes in EfOM on 

physical and chemical interactions with a microfilter and associated hydraulically 

(ir)reversible fouling. To this end, experiments incorporating multiple filtration-

backwashing cycles were performed with raw and chlorinated effluents over a range of 

concentrations. EfOM effective hydrodynamic size and its non-covalent (Lifshitz-van der 

Waals and Lewis acid-base) interactions with the membrane were systematically 

characterized before and after adding chlorine to gain a comprehensive understanding of 

the effects of pre-chlorination. Interfacial free energies of adhesion between the membrane 

surface and EfOM (raw and chlorinated) were estimated using XDLVO theory. The 

effects of chlorination-induced changes in EfOM physicochemical properties and 

consequent interactions were evaluated in terms of its sorption tendency and streaming 

potential as a measure of its fouling propensity. Additionally, fouling resulting from 

thermodynamic resistance of gel layer [118, 119] and due to the adsorption/deposition of 

foulants [120, 121] will be affected by changes in EfOM character. Therefore, constant 

flux blocking laws [76, 78] were also employed to capture fouling mechanisms as affected 

by chlorination. 

  



 

38 

 

Materials and methods 

Source water 

An effluent sample was collected from the 9.5 million gallons per day (MGD) 

conventional activated sludge Carter’s Creek municipal wastewater treatment plant in 

College Station, Texas on February 21, 2019, after UV disinfection and just prior to 

discharge. This sample had a pH of 8.02 ± 0.12, turbidity of 2.1 ± 0.5 NTU, EfOM 

concentration of 7.75 ± 0.101 mg/L measured as dissolved organic carbon (DOC), 

UVA254 of 0.165 ± 0.007 cm-1, chemical oxygen demand (COD) of 21 ± 3.4 mg/L, and 

alkalinity of 160 ± 13 mg/L as CaCO3. The ammonia concentration was very low (close 

to the detection limit of 0.01 mg/L NH3-N) and the total N was 19.6 ± 2.3 mg N/L. 

Samples were filtered with 0.45 µm polyethersulfone disc filters (PES, Pall Corp.) within 

24 h of collection, stored in the dark at 4 °C, and brought to room temperature immediately 

before use. 

Chlorination of wastewater effluent samples 

A 10,000-mg/L stock solution of NaClO was freshly prepared each time from 

household bleach solution for appropriate dosing, 1.5 to 15 mg/L of NaClO (free chlorine 

measured in the range 1.35 to 13.5 mg/L) to the wastewater effluent, which encompasses 

engineering practice and is comparable to other publications [48, 51, 109, 111]. Dosing 

was carried out in 1 L amber bottles with Teflon lined caps after a thorough cleaning to 

make them demand-free by immersing in a 0.1 % bleach solution overnight and drying in 

a muffle furnace at 250 °C for 4 hours. Bottles were well-mixed following chlorine 
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addition and stored in the dark for 24 hours, after which 150 mL of chlorinated effluent 

was taken for characterization and the remaining 850 mL was used for the MF 

experiments. In all cases, no residual free chlorine was detected at the end of 24-hours as 

in earlier studies [51, 122] and the pH remained at 8.0 ± 0.10 owing to its high buffering 

capacity. 

Microfiltration 

Membrane and filtration module 

PVDF hollow fiber membranes with 1.29 mm outer diameter and 0.71 mm inner 

diameter (Aria™, Pall Corp.) nominally rated at 0.1 µm were prepared for each 

experiment by potting four 18.5 cm long fibers (active filtration area of 30 cm2) in 

transparent 15 mm PVC tubes using epoxy resin. Outside-in MF was accomplished by 

closing fiber lumens at one end and leaving them open at the other end. Before 

experimentation, following manufacturer recommendations, modules were thoroughly 

rinsed with ultrapure water to remove the biocide preservative (NaN3), followed by a 50% 

ethanol solution for pore wetting, and again rinsed multiple times with ultrapure water. 

Filtration setup and experimental procedure 

Each experiment at a predetermined NaClO dose (0, 1.5, 2.5, 5, 7.5, 10, and 15 

mg/L) consisted of five forward filtration cycles with intermittent backwashing performed 

using a custom-made bench-scale apparatus [123]. Each cycle began with flushing the 

module with the feed water. The second step was constant flux filtration at 90 L/m2·h by 

pumping feed water to the shell side of the module and collecting permeate from the lumen 
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side. After forward filtration for 30 minutes (i.e. a specific volume of 45 L/m2), the feed 

pump was switched off after which backwashing was performed also at 90 L/m2·h for 3 

minutes using ultrapure water. Finally, the module was gravity drained and emptied to 

remove the backwashing water and dislodged foulants before commencing the next cycle. 

This procedure was repeated five times for each NaClO dose, i.e. 5 forward filtration and 

backwashing cycles. At the end of every experiment, i.e. after 5-cycles, parameters 

determining the overall membrane performance such as the cumulative extent of 

irreversible fouling (𝑅𝑖𝑟
𝑇𝑜𝑡𝑎𝑙) and the average initial fouling rate (

𝑑𝑇𝑀𝑃

𝑑𝑡
)

𝑎𝑣𝑔
 were calculated 

[12]: 

𝑅𝑖𝑟
𝑇𝑜𝑡𝑎𝑙 = 𝑅5 − 𝑅1   (2) 

(
𝑑𝑇𝑀𝑃

𝑑𝑡
)

𝑎𝑣𝑔
=  

∑ (
𝑑𝑇𝑀𝑃

𝑑𝑡
)

𝑖

5
𝑖=1

5
  (3) 

where 𝑅1 and 𝑅5 are overall (membrane + foulant) Darcy resistances (m-1) at the beginning 

of the 1st and 5th cycle, respectively and (
𝑑𝑇𝑀𝑃

𝑑𝑡
)

𝑖
 is the fouling rate (kPa/h) during the first 

five minutes of an individual filtration cycle i. 

Quality assurance comprised of repeating entire 5-cycles of forward and reverse 

filtration at 0, 2.5, and 7.5 mg/L NaClO as shown in SI Figure A-5 from which fouling 

parameters in Equations 2 and 3 were calculated. These chlorine dosages were chosen 

because they represent different physicochemical conditions and fouling mechanisms 

(discussed later under Results and discussion) thereby increasing the stringency of our 

quality assurance protocols. Mann-Whitney U tests revealed no statistical differences 

between the instantaneous pressure values obtained from these duplicate experiments at 
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95% confidence. Additionally, the relative percentage difference values for the fouling 

parameters were low, ranging between 0.05 <𝑅1< 2%, 0.06 < 𝑅5 < 2.7%, 1.4 < 𝑅𝑖𝑟< 6.4%, 

and 1.5 < (
𝑑𝑇𝑀𝑃

𝑑𝑡
)

𝑎𝑣𝑔
< 8% demonstrating statistically consistent laboratory protocols. 

Hence, the hydraulic behavior of membranes and results obtained over the entire course 

of experimentation could be quantitatively compared validating our findings. 

Colloidal PVDF (cPVDF) particles preparation and sorption tendency estimation 

cPVDF particles having the same composition of the MF membrane were prepared 

[74, 75, 123] and used as a surrogate to estimate the sorption tendency of the wastewater 

effluent components towards the microfilter [74, 86]. The concentration and method for 

the preparation of cPVDF particles were based of our previous work [123]. Briefly, a 2% 

w/v PVDF solution in N,N-dimethylformamide (DMF) was rapidly added to 0.1 mM 

NaOH solution under moderate stirring, resulting in the formation of a cloudy suspension 

of cPVDF particles. DMF was removed by dialyzing the suspension (12-14 kDa molecular 

weight cut-off) against ultrapure water. The detailed steps in preparation are described in 

our recent paper [123]. The sorption tendency was estimated by measuring the % removal 

of EfOM as DOC and UVA254 after exposing the raw and pre-chlorinated effluents to 100 

mg/L of cPVDF particles for 3 hours in duplicate. 

Streaming potential to estimate EfOM sorption 

Streaming potential measurements (SurPASS 3, Anton Paar) were also made to 

better understand changes in the sorption tendency of EfOM upon chlorination. 
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Adsorption kinetics of prefiltered raw and chlorinated wastewaters on the membrane 

surface was investigated by measuring the variation in streaming potential in the slow 

adsorption mode at constant pressure [124]. The measuring cell for flexible tubing was 

used and target pressure was maintained constant at 25 kPa by supplying nitrogen gas 

externally. Temporal variations of streaming potential were used to analyze the sorption 

tendency in terms of the extent (total change) and rate (slope of its linear portion at early 

times) of adsorption (see Figure 15b and SI Figure A-6). Employing streaming potential 

allows relatively in situ analysis by reducing interferences in estimating adsorption 

behavior and decreases the level of extrinsic modifications to either the membrane or the 

organics [125] as typically required by the atomic force microscope and the quartz crystal 

microbalance [51, 107]. 

Foulant-membrane physicochemical interaction energy 

XDLVO theory 

The free energy of adhesion per unit area, 𝛥𝐺𝑚𝑙𝑐
𝑇𝑜𝑡 , between the membrane and the 

wastewater effluent components was estimated using the XDLVO theory as a fouling 

predictor [115, 116]. The cumulative interaction energy is the sum of the interfacial 

Lifshitz-van der Waals (LW) interaction, 𝛥𝐺𝑚𝑙𝑐
𝐿𝑊  and the interfacial Lewis acid-base (AB) 

interactions, 𝛥𝐺𝑚𝑙𝑐
𝐴𝐵 , Equation 4. While XDLVO theory also includes electrostatic 

interactions, owing to the complex nature of EfOM, only the non-electrostatic interaction 

energy between foulants and the membrane surface were considered in our analysis [115, 

117]. 



 

43 

 

𝛥𝐺𝑚𝑙𝑐
𝑇𝑜𝑡 =  𝛥𝐺𝑚𝑙𝑐

𝐿𝑊 +  𝛥𝐺𝑚𝑙𝑐
𝐴𝐵     (4) 

The LW and AB adhesion energies per unit area (mJ/m2) are given by Equations 

5 and 6, respectively [126]. 

𝛥𝐺𝑚𝑙𝑐
𝐿𝑊 = 2 (√𝛾𝑙

𝐿𝑊 − √𝛾𝑚
𝐿𝑊) (√𝛾𝑐

𝐿𝑊 − √𝛾𝑙
𝐿𝑊)    (5) 

𝛥𝐺𝑚𝑙𝑐
𝐴𝐵 = 2√𝛾𝑙

+(√𝛾𝑚
− + √𝛾𝑐

− − √𝛾𝑙
−) + 2√𝛾𝑙

− (√𝛾𝑚
+ + √𝛾𝑐

+ − √𝛾𝑙
+) −

2 (√𝛾𝑚
+𝛾𝑐

− + √𝛾𝑚
−𝛾𝑐

+)    (6) 

where 𝛾𝐿𝑊, 𝛾+, and 𝛾− are the LW component of surface tension, electron-acceptor 

parameter of surface tension, and electron-donor parameter of surface tension, 

respectively. The subscripts 𝑚, 𝑙, and 𝑐 represent membrane, liquid (water), and colloids 

(EfOM molecules), respectively. The free energy of cohesion between the EfOM 

molecules, 𝛥𝐺𝑐𝑙𝑐
𝑇𝑜𝑡 can be calculated according to Equation 7.  

𝛥𝐺𝑐𝑙𝑐
𝑇𝑜𝑡 =  −2 (√𝛾𝑐

𝐿𝑊 − √𝛾𝑙
𝐿𝑊)

2

− 4 (√𝛾𝑐
+𝛾𝑐

− + √𝛾𝑙
+𝛾𝑙

− − √𝛾𝑙
+𝛾𝑐

− − √𝛾𝑐
+𝛾𝑙

−)    (7) 

The surface tension components/parameters of the membrane and EfOM 

molecules can be determined by performing contact angle measurements using three probe 

liquids with known surface tension parameters and employing the Young-Dupré equation 

[114, 127], Equation 8:  

(1 + cos 𝛳)(𝛾𝑙
𝐿𝑊 + 2√𝛾𝑙

+𝛾𝑙
−) = 2 (√𝛾𝑠

𝐿𝑊𝛾𝑙
𝐿𝑊 + √𝛾𝑠

+𝛾𝑙
− + √𝛾𝑠

−𝛾𝑙
+)    (8) 

where, 𝛳 is the contact angle. The subscripts 𝑠 and 𝑙 correspond to solids (membrane and 

EfOM molecules) and the probe liquids, respectively. As recommended, two polar liquids 
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(ultrapure water and formamide) and one apolar liquid (diiodomethane) were used [127]. 

Formamide and diiodomethane were obtained from Fisher Scientific. Ultrapure water was 

obtained from a Thermo Scientific™ water purification system. Table 2 lists the surface 

tension components/parameters for the probe liquids [127]. 

Table 2 Surface tension properties (mJ/m2) of the probe liquids at 20 °C. 

Probe liquid 𝜸𝒍
𝑳𝑾 𝜸𝒍

+ 𝜸𝒍
− 

Ultrapure water 21.8 25.5 25.5 

Formamide 39.0 2.28 39.6 

Diiodomethane 50.8 0.0 0.0 

Contact angle 

The sessile drop method was used to measure the contact angle (Dataphysics 

Optical Contact Angle Pro 15). Membrane samples were vacuum dried for 48 hours at 

room temperature prior to measurement. The pure water contact angle for the virgin 

membrane was 112.8° ± 0.14° exhibiting the relative hydrophobicity of PVDF membranes 

[128]. The contact angle of the dissolved EfOM was measured by adapting a previously 

reported technique [115]. First, approximately 50 mL of raw and chlorinated effluent 

samples were air-dried on inert glass supports by intermittent deposition (adding 0.5 – 1 

mL at a time using a pipette) and drying over multiple days. The glass support was first 

cleaned thoroughly by initially immersing it in 90% ethanol for 30 minutes, rinsing with 

ultrapure water, and then dried. Before contact angle measurements, the air-dried samples 

were further vacuum dried for 48 hours to remove any water residues. The contact angle 

for the virgin membrane and the effluent samples measured with the three probe liquids 

are summarized in (SI Table A-2). 
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Analysis of fouling behavior 

Fouling mechanisms associated with constant flux MF of wastewater effluent were 

identified using the power-law compressible cake filtration model [78] and blocking laws 

[76]; Equations 9 and 10, respectively. 

𝛥𝑃 = 𝛥𝑃0 + 𝛽𝛥𝑃𝑐𝑣,    (9) 

where 𝛽 is a pre-exponent term, 𝑐 is the cake compressibility index designating variation 

of the specific cake resistance with pressure [79], and 𝑣 is the cumulative volume filtered. 

𝑑2𝑃

𝑑𝑣2 = 𝑘 (
𝑑𝑃

𝑑𝑣
)

𝑛

,    (10) 

where 𝑘 and 𝑛 are model parameters [76]. The fouling mechanism is expressed by the 

index 𝑛: n → 3/2 for complete blocking, n → 4/3 for standard blocking, and n → 1 for 

intermediate blocking. The slope of an arithmetic plot of log (
𝑑2𝑃

𝑑𝑣2) versus log (
𝑑𝑃

𝑑𝑣
) was 

used to obtain the value of n and therefore the corresponding blocking law or fouling 

mechanism. For analysis using Equation 10, noisy experimental pressure measurements 

were smoothed using the robust local regression “rlowess” routine in MATLAB and then 

differentiated numerically to obtain the first derivative. Following this, piecewise 

interpolating polynomials of order 4-7 were fitted to the smoothed first derivative of each 

cycle. Finally, the smoothed and interpolated data were numerically differentiated to 

calculate the instantaneous second derivative accurately. Modeling is essential since 

MF/UF fouling mechanisms are altered upon pre-oxidation [111, 117] and other 

pretreatments [46, 123]. 
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Analytical measurements 

Dissolved organic carbon (DOC) was used to quantify EfOM concentrations and 

measured by a Total Organic Carbon analyzer (TOC-L, Shimadzu Corp.). The size 

distribution of “dissolved” EfOM after 0.45-micron filtration using PES discs was 

measured by dynamic light scattering (Litesizer 500, Anton Paar) [94]. UVA254, silica 

(silicomolybdate HACH method 8185), proteins (mg/L bovine serum albumin (BSA) 

equivalents via the modified Lowry protein assay, ThermoFisher Scientific), and 

polysaccharides (mg/L glucose equivalents) [129] were measured on a HACH DR6000 

UV-Vis spectrometer. Turbidity was measured using a HACH 2100N turbidimeter. COD 

was determined using the reactor digestion method [130] (HACH method 8000). The 

infrared spectra of the vacuum-dried membrane samples were collected using the Nicolet 

iS10 spectrometer equipped with mid-infrared Ever-Glo source, DTGS detector, KBr 

beam splitter, and Omnic 9.0 Software. A diamond iTX accessory was also installed to 

allow sampling in ATR mode. IR spectrum was obtained by averaging 128 scans collected 

at 4 cm−1 resolution over 650–4000 cm−1. 

Results and discussion 

Effect of NaClO dose on fouling 

As summarized in Figure 12, low NaClO dosages (1.5 and 2.5 mg/L) substantially 

worsened fouling, with even a 5 mg/L dose resulting in higher pressures compared with 

raw secondary effluent. Adding more NaClO progressively decreased fouling and 

concentrations ≥ 7.5 mg/L were necessary to reduce fouling below the unchlorinated raw 



 

47 

 

wastewater. For example, the pressure associated with 90 L/m2h flux at the beginning of 

the 5th cycle was 9 kPa for the raw effluent, which increased by 50% to 13.5 kPa for a low 

dose of 2.5 mg/L but decreased by 22% to 7 kPa for 15 mg/L dosage. This transitional 

trend (i.e. existence of a threshold NaClO concentration below which performance was 

worse and above which performance was improved) was observed both for overall fouling 

during individual cycles as well for hydraulically irreversible fouling over multiple cycles. 

 

Figure 12 Transmembrane pressure profiles for raw (black) and pre-chlorinated secondary 

wastewater effluents. NaClO dosages ≤ 5 mg/L exacerbated fouling whereas dosages ≥ 7.5 mg/L 

effectively controlled it. 

Lower pressures following NaClO addition (> 5 mg/L in this case) demonstrates 

that pre-chlorination can be an effective strategy to mitigate fouling if and only if sufficient 

concentrations are added. However, the biphasic trend in pressure behavior, i.e. worse 

fouling at low doses but reduced fouling at high doses suggests differences in EfOM 

character (e.g. molecular size [50] and polarity [51]) and associated interactions with the 
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membrane after it is exposed to free chlorine. A similar transitional irreversible fouling 

trend has been reported for ultrafiltration of ozonated secondary effluent [117] and 

chlorinated model foulant (lysozyme) solution [131]. In the subsequent sections, I analyze 

these chlorination-induced EfOM changes and discuss their mechanistic implications to 

fouling. 

Gross EfOM characteristics (DOC, UVA254, and biopolymers) 

DOC and UVA254 

Chlorination had no influence on DOC concentration demonstrating that DOM 

was not mineralized in the range of dosages evaluated [104] (Figure 13a). UVA254 and 

specific ultraviolet absorbance (SUVA, UVA254 in m-1 divided by DOC in mg/L) 

monotonically decreased upon chlorination as shown in Figure 13b and c, symptomatic 

of chlorine attacks on activated aromatic rings, which constitute the predominant UV-

absorbing chromophores in DOM [132-134]. 

 

Figure 13 Changes in dissolved EfOM gross characteristics with NaClO addition. 
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rapidly with chlorine in comparison to other biopolymers [104] losing their higher order 

(secondary and tertiary) structures due to oxidative modifications of amino acids [135, 

136]. In other words, low dosages lead to structural modifications via unfolding [51, 135, 

137]. Since the modified Lowry method targets the peptide bond [138], this assay shows 

constant protein levels at low (≤ 2.5 mg/L) NaClO dosages. However, higher chlorine 

dosages (≥ 5 mg/L in this case) fragment proteins and cleave peptide bonds measured by 

the Lowry assay as decreasing protein concentrations [139, 140]. NaClO dose-dependent 

behavior of proteins and its impact on fouling is further explored in section Sorption 

tendency. In contrast, polysaccharide concentrations monotonically declined with 

chlorine addition (Figure 14). Chlorine fragments polysaccharides and opens rings [141-

143], which manifests as lower concentrations since the chosen assay (phenol sulfuric 

acid) targets its monomeric rings [129, 144]. 

 

Figure 14 Biopolymers (proteins and polysaccharides) concentrations as a function of NaClO dose. 
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Figure 13 and Figure 14 show that gross EfOM parameters either remained 

constant or decreased as progressively more NaClO was added (i.e. no transitional 

changes) and thus were inadequate to explain the dependence of pressure profiles on 

chlorine dose depicted in Figure 12. This implies that specific physicochemical changes 

(e.g. size and polarity [104, 105]), which would have impacted EfOM-membrane 

interactions [51] dominated fouling and are pursued next by measuring sorption tendency 

over the entire range of NaClO doses. 

Sorption tendency 

  

Figure 15 (a) Removal of EfOM (measured as DOC and UVA) by cPVDF adsorbent particles as a 

function of NaClO dose. (b) Streaming potential variation overtime during adsorption at different 

doses. 

As summarized in Figure 15a, the magnitude of EfOM sorption (measured as DOC 

after removing cPVDF particles via centrifugation at 10000 g for 10 minutes) onto cPVDF 

particles was low and increased slightly initially from 6.7% for the raw effluent to 7.8% 

for a NaClO concentration of 2.5 mg/L and then decreased at higher NaClO doses 

eventually declining to 4.5% at the highest dose investigated. UVA254 trends were similar 

0.0 2.5 5.0 7.5 10.0 12.5 15.0

0

2

4

6

8

NaClO dose, mg/L

D
O

C
 r

e
m

o
v

a
l 

b
y

 c
P

V
D

F
, 

%

0

2

4

6

8

U
V

A
 r

e
m

o
v

a
l 

b
y

 c
P

V
D

F
, 

%

0 600 1200 1800 2400 3000 3600

-40

-30

-20

-10

7.5 mg/L

10 mg/L

15 mg/L

5 mg/L

1.5 mg/L

 

 

 Raw effluent  1.5 mg/L  2.5 mg/L

 5 mg/L  7.5 mg/L  10 mg/L  15 mg/LM
e
m

b
ra

n
e
 s

tr
e
a
m

in
g

 p
o

te
n

ti
a
l,

 m
V

Time, s

2.5 mg/L

Raw effluent

(a) 

(b) 



 

51 

 

validating chlorine-induced changes to the chemical nature of EfOM as previously 

reported for model proteins, humic acid, and natural organic matter isolates [51] and 

hypothesized in the Introduction. 

  

   

Figure 16 Correlations of fouling parameters with DOC and UVA removal by cPVDF (a, b) and rate 

& extent of sorption (c, d) 

Although only a small amount of EfOM was sorbed on PVDF, it progressively 

increased membrane streaming potentials (i.e. making it less negative over time) in all 

cases following exposure to raw and pre-chlorinated wastewater effluent samples (Figure 

15b) [123, 124]. Importantly, streaming potentials exhibited the same transitional dose-
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dependent trend as EfOM uptake by cPVDF particles, i.e. increasing from raw effluent to 

a 2.5 mg/L NaClO dose and decreasing for higher concentrations. The extent and rate of 

EfOM adsorption on the membrane were estimated using these data (see SI Figure A-6) 

confirming their variation with disinfectant addition. 

EfOM sorption tendency estimated in terms of DOC and UVA removal by cPVDF 

as well as the extent and the rate of adsorption were strongly and positively correlated (R 

> 0.9) with 𝑅𝑖𝑟
𝑇𝑜𝑡𝑎𝑙 and (

𝑑𝑇𝑀𝑃

𝑑𝑡
)

𝑎𝑣𝑔
 (Figure 16). Hence, the sorption tendency strongly 

correlated with (ir)reversible fouling indices suggesting the important role of EfOM-

membrane chemical interactions on MF. 

Trends in the gross sorption tendency reported in Figure 15 using aggregate 

parameters such as DOC, UVA, and streaming potential are governed by differences in 

reactivity of individual EfOM components such as biopolymers, humic-like materials, and 

low molecular weight amino acids and simple sugars with chlorine and associated 

transformation products [34, 101]. For example, proteins unfold and hydrophobic amino 

acids normally obscured in the protein core are exposed to the surface, reducing their 

polarity at low chlorine concentrations [51, 135, 137] thereby allowing them to sorb more 

on a hydrophobic surface such as PVDF [51, 131] consistent with the initial positive slope 

in Figure 15a. At higher chlorine doses, protein fragmentation accompanied by 

modification of amino acids to their carbonyl forms [139, 140] increases hydrophilicity 

correspondingly decreasing sorption tendency [51] contributing to the negative slope 

beyond 2.5 mg/L NaClO in Figure 15a. These predicted trends were confirmed by the 

intensified protein associated peaks; NH peak at 3300-3500 cm-1, and amide I and amide 
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II bands between 1500-1700 cm-1 in ATR-FTIR spectra [145] of fouled membranes 

(Figure 17). As observed, protein-associated peaks were most intense at 2.5 mg/L NaClO 

dose and weakest at 15 mg/L NaClO dose. 

 

Figure 17 Intensity of protein associated peaks (A: 3300-3550 cm-1 and B: 1550-1700 cm-1) were in the 

order 2.5 mg/L > 1.5 mg/L > 5 mg/L > Raw effluent > 7.5 mg/L > 10 mg/L > 15 mg/L trending closely 

with the sorption tendency (Figure 15) and free energy of adhesion. 

Humic-like materials also undergo sequential reactions with chlorine reacting with 

phenolic moieties at low doses by electrophilic substitutions to form polychlorinated 

products [104] increasing their apparent hydrophobicity [146] and therefore their sorption 

tendency. High chlorine concentrations cleave the rings of these polychlorinated products 

to form polar compounds such as chlorinated low molecular weight aliphatics and non-

chlorinated organic acids [147], reducing sorption tendency. In contrast, polysaccharides 

(and simple sugars) undergo depolymerization and ring opening, forming smaller and 

more polar fragments via oxidative modifications increasing hydrophilicity for all chlorine 

dosages [141-143]. Thus, EfOM sorption tendency trends reported in Figure 15 appear to 

have been dominated by chlorine-induced transformations of proteins and humic-like 
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material at low dosages whereas all individual components including polysaccharides 

contributed at higher NaClO concentrations. Sorption behavior also quantitatively 

correlates with fouling trends reported in Figure 12 (i.e. more fouling at NaClO dosages 

≤ 2.5 mg/L but reduced fouling at higher chlorine concentrations) and fouling indices in 

Figure 16. 

The free energy of EfOM adhesion on the membrane was estimated using XDLVO 

theory to further understand and validate these trends as well as the relationship between 

EfOM sorption and fouling as discussed next. 

XDLVO estimates of free energy of interactions (cohesion and adhesion) and fouling 

behavior 

The 𝛾𝐿𝑊 of the virgin membrane was calculated to be 24.7 mJ/m2. Consistent with 

the hydrophobic and apolar nature of PVDF [127] and a previous publication [113], its 

electron acceptor and electron donor components were calculated to be near zero (𝛾+= 0 

and 𝛾−= 0.06 mJ/m2). It is noted that a range of XDLVO parameter values [115, 148] and 

contact angles [128] have been reported for commercial PVDF membranes owing to 

proprietary surface modifications employed by different manufacturers.  

Estimated surface tension parameters for the EfOM molecules and the membrane 

(XDLVO theory) are summarized in Table 3. In all cases, i.e. with and without 

chlorination, EfOM molecules were calculated to have high electron donor monopolarity 

(high 𝛾− and negligible 𝛾+) similar to NOM, other EfOM samples, and model organic 

foulants [115, 117, 149]. Note that 𝛾𝐿𝑊 and 𝛾− initially increased (NaClO ≤ 2.5 mg/L) 
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and the former monotonically decreased at higher dosages whereas the latter remained 

constant. In contrast, 𝛾+ decreased initially and then increased as the dose increased. 

Table 3 Surface tension components and calculated free energy of cohesion and adhesion for EfOM 

fouled membranes. 

NaClO 

dose 

(mg/L) 

𝜸𝑳𝑾 

(mJ/m2) 

𝜸+ 

(mJ/m2) 

𝜸− 

(mJ/m2) 

𝜟𝑮𝒎𝒍𝒄
𝑳𝑾  

(mJ/m2) 

𝜟𝑮𝒎𝒍𝒄
𝑨𝑩  

(mJ/m2) 

𝜟𝑮𝒎𝒍𝒄
𝑻𝒐𝒕  

(mJ/m2) 

𝜟𝑮𝒄𝒍𝒄
𝑻𝒐𝒕 

(mJ/m2) 

0 (raw 

EfOM) 

30.6 1.75 53.9 -0.52 -15.2 -15.7 32.7 

1.5 32.8 0.82 58.5 -0.64 -19.4 -20.0 40.8 

2.5 34.1 0.08 67.8 -0.71 -25.9 -26.6 57.9 

5 31.2 1.71 57.0 -0.55 -15.4 -15.9 35.7 

7.5 24.5 3.91 57.2 -0.17 -8.72 -8.89 30.7 

10 22.4 4.97 57.9 -0.04 -6.22 -6.26 28.8 

15 20.4 6.09 57.9 0.09 -3.84 -3.74 26.4 

Also as shown in Table 3, the cumulative free energy of EfOM adhesion 𝛥𝐺𝑚𝑙𝑐
𝑇𝑜𝑡  

decreased sharply (became more negative) for low NaClO doses (≤ 2.5 mg/L) and then 

increased (became less negative) for concentrations ≥ 5 mg/L, similar to ozone oxidation 

of EfOM [117]. More negative adhesion free energies denote increasingly 

thermodynamically favorable EfOM adhesion to the membrane, which is manifested 

macroscopically as higher sorption tendency at NaClO concentrations ≤ 2.5 mg/L in 

Figure 15. This is consistent with the formation of more hydrophobic EfOM reaction 

products from protein and humic-like substances at low chlorine doses as described 
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earlier, which will preferentially adhere to the hydrophobic PVDF membrane thereby 

worsening fouling as shown in Figure 12 (with opposite trends at higher concentrations). 

Importantly, free energies of adhesion were strongly and inversely correlated with fouling 

(R ~ -0.98) as shown in Figure 18 validating the critical role of EfOM-membrane 

interactions in initiating fouling. Hence, XDLVO calculations provide additional evidence 

for oxidation and substitution reaction products and competing reaction pathways for 

modifying EfOM’s macroscopic behavior following exposure to different amounts of 

chlorine. 

Table 3 also summarizes free energies of cohesion between the EfOM molecules 

(𝛥𝐺𝑐𝑙𝑐
𝑇𝑜𝑡) at different chlorination conditions to obtain insights on foulant-foulant 

interactions that are important during the later stages of fouling [115]. Similar to adhesion, 

the cohesion free energy also showed a transitional trend as a function of NaClO dose, 

increasing from 32.7 mJ/m2 for raw effluent (no chlorine) to a maximum of 57.9 mJ/m2 at 

a NaClO dose of 2.5 mg/L and then gradually decreasing at higher doses eventually 

reaching 26.4 mJ/m2 at the highest dosage (15 mg/L). As seen, 𝛥𝐺𝑐𝑙𝑐
𝑇𝑜𝑡was positive in all 

cases denoting unfavorable (repulsive) interactions between foulants that were previously 

deposited on the membrane and EfOM molecules that are newly approaching the 

membrane [150]. Continued fouling even when cohesion was repulsive suggests that the 

hydrodynamic permeation drag force dominated foulant-foulant chemical interactions 

over all 5-cycles of our experiments [115, 150] after EfOM adhered to the membrane at 

the early stages of filtration. 
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Figure 18 Correlation between the EfOM-membrane free energy of adhesion and fouling parameters 

These results demonstrate that EfOM fouling is a complex manifestation of initial 

membrane-foulant and foulant-foulant interactions [150] superposed on module 

hydrodynamics. More positive free energy of cohesion has been associated with an 

increase in the hydrophilic nature of EfOM upon oxidation [117], which may also explain 

continued fouling at longer time-frames, associated with its accumulation on previously 

deposited foulant layers [21, 35, 123] once it is brought near the membrane surface by 

permeation drag.  

In addition to specific chemical interactions discussed above, pressure profiles in 

individual filtration cycles and regeneration by backwashing are also governed by EfOM 

size relative to the pore, which is pursued next. 

Pre-chlorination also changes physical fouling mechanisms 

Cake filtration was the dominant fouling mechanism for the raw effluent with 

Equation 9 fitting the pressure profile excellently (R2 > 0.99) for each of the filtration 
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cycles (SI Figure A-6). This is consistent with dissolved EfOM size distribution in the 

raw secondary effluent shown in Figure 21, which was monomodally distributed with an 

average size of 250 nm that is significantly larger than the membrane nominal pore size 

of 100 nm, leading to sieving and surface deposition during forward filtration, i.e., cake 

formation. Importantly, values of the compressibility index and the pre-exponent were 

statistically invariant (𝑐 = 0.45±0.02 and 𝛽 = 7.7±0.5 x 103 kPa0.55/m3, respectively) for 

each of the 5 filtration cycles validating the physical interpretation of cake formation and 

its power-law compaction. Also, the measured compressibility index is in the range of 

previously reported values for EfOM and model foulants [123, 151].  

In contrast to the undisinfected (raw) wastewater, for all pre-chlorinated waters, 

fouling was initiated via standard blocking (Figure 20) representing internal pore fouling 

consistent with chlorine-induced cleavage of EfOM to sizes smaller than membrane pores 

as shown in Figure 21. As observed, NaClO dosages ≤ 5 mg/L resulted in a bimodal 

distribution, with the larger peak increasing from 136 nm to 200 nm and then decreasing 

to 84 nm when the dosage monotonically increased from 1.5 mg/L to 2.5 mg/L and then 

to 5 mg/L, respectively. In other words, a transitional change in EfOM size distribution 

was measured, similar to oxidative damages to model organics and effluent biopolymers 

[50]. This transitional increase was also captured in the average size of EfOM molecules 

(Figure 21h). For NaClO ≤ 5 mg/L, smaller EfOM macromolecules (i.e. the left-hand side 

peak in Figure 21b, c, and d) initially cause intrapore fouling as shown in Figure 20. As 

more and more wastewater was microfiltered, fouling transitioned to external fouling 

(intermediate blocking) either because all available sorption sites are occupied and/or 
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because EfOM molecules larger than the pores still exist (i.e. the right-hand side peak in 

Figure 21b, c, and d) depositing on the membrane surface [123]. The transition from 

intrapore to surface fouling occurred progressively earlier with each subsequent cycle for 

any given NaClO dosage (SI Table A-3), attributed to reduced available pore area for 

sorption in each subsequent cycle as more and more EfOM was filtered. Therefore, fouling 

transitioned from occurring inside the pores (standard blocking) to the membrane surface 

(intermediate blocking) at lesser volumes filtered. The fouling transformation pattern 

discussed has been shown schematically in Figure 19. 

 
Figure 19 Schematic representation of the fouling transformation over two filtration and backwashing 

cycles. The schematics on the left correspond to chlorine doses below the threshold and the ones on 

the right apply to chlorine doses above the threshold. The blue and green circles represent the bimodal 

EfOM fragments produced at low chlorine doses, whereas the smaller orange circles represent the 

further smaller EfOM fragments produced at higher doses. 

 At NaClO ≥ 7.5 mg/L, EfOM fragments became even smaller and reverted to a 

monomodal distribution (Figure 21e, f, and g). At the highest NaClO concentration (15 

mg/L), internal pore fouling persisted throughout the entire duration of the experiment, 

i.e. for all five filtration cycles consistent with the smallest EfOM size. Similar behavior 
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was observed for the next highest dose investigated (10 mg/L) that also resulted in very 

small EfOM fragments causing intrapore fouling in four of the five cycles. I also measured 

EfOM size in the permeates after filtration of raw and chlorinated effluent. Expectedly, 

the distribution only showed the presence of particles smaller than 0.1 microns (SI Figure 

A-8). However, since the concentration of individual particle sizes cannot be inferred from 

dynamic light scattering measurements owing to the complexity and variety of EfOM 

species [152], no additional conclusions could be drawn. 

Importantly, the transition in the fouling mechanism occurred at lesser volume 

filtered at low chlorine doses relative to at higher chlorine doses (SI Table A-3). This is a 

consequence of increased fouling and reduced backwash efficiency at lower doses 

compared to that at higher doses, as discussed in section Effect of NaClO dose on fouling. 

Essentially, the increased fouling and reduced backwash efficiency due to stronger EfOM-

membrane interactions at lower disinfectant doses decreased available pores in each 

subsequent cycle thus resulting in an earlier transition from internal pore fouling to surface 

fouling. In contrast, at higher doses (7.5 to 15 mg/L), sorption was lessened, controlling 

fouling and improving backwash efficiency, resulting in the continued availability of 

fouling sites during all filtration cycles, and therefore delaying the transition to surface 

fouling. These arguments related to EfOM size and specific interactions can also provide 

insights into similar transitions in fouling mechanisms reported earlier for untreated and 

UV/chlorine treated surface water [111]. 
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Figure 20 Constant flux blocking law analysis for pre-chlorinated wastewater.  Each row corresponds 

to a fixed NaClO concentration; 1.5, 2.5, 5. 7.5, 10, and 15 mg/L from top to bottom. 

Although chlorine fragments organic molecules at all dosages, larger-sized peaks 

in Figure 21b, c, and d are thought to arise via the formation of aggregates by either by 

cross-linking between cleaved fragments [51, 137] and/or loss of proteins’ higher order 

structures that also promotes aggregation [51, 135, 137]. These changes in size distribution 

are consistent with long-chain (least oxidized) carbon molecules undergoing faster 
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reactions with disinfectants compared to medium-chain ones [133, 134], suggesting 

cleavage/degradation of larger, higher molecular weight molecules [111]. Such behavior 

potentially arises from variable reactivity and chlorination kinetics for the individual 

moieties constituting the complex concoction collectively referred to as EfOM [104, 105]. 

A similar argument has been invoked for natural organic matter (NOM) chlorination, 

specifically to the different types of local topochemistry of individual organics [132]. 

 

  

Figure 21 Dissolved EfOM size distribution of the (a) raw effluent and (b-g) after chlorination at 

different doses. (h) shows changes in the average size of EfOM as a function of NaClO dose. 

Conclusions 

The effectiveness of pre-chlorinating municipal wastewater effluent to control 

PVDF membrane fouling during potable reuse is strongly dose-dependent. Chlorine 

concentrations lower than a threshold value exacerbate fouling by creating more 

hydrophobic reaction products than the original EfOM which interact strongly with the 

PVDF membrane. This necessitates higher chlorine concentrations to generate more 
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hydrophilic EfOM that interacts less with the membrane consequently improving 

performance. Such transitional changes in fouling behavior stem from varying 

physicochemical alterations to EfOM when different amounts of chlorine are added. This 

includes oxidation and substitution reaction products and competing pathways that change 

foulant polarity coupled with macromolecular cleavage that creates smaller foulants. The 

smaller foulants, capable of lodging inside the membrane pores, are typically a dominant 

cause of irreversible fouling; however, decreased foulant-membrane interactions at the 

higher chlorine concentrations reduced the extent of the small size EfOM clogging the 

pores. Thus, the hydrophilization of EfOM at higher chlorine concentrations played an 

important role in fouling mitigation. 

Fouling location (i.e. inside the pores or on the membrane surface) is determined 

by the relative size of EfOM and its fragments with respect to the pore. The location of 

foulant accumulation during continued filtration and backwashing is determined by 

sorption site availability; originating inside the pores eventually transitioning to the 

membrane surface. Finally, the close linkage between the applied chlorine dose and MF 

performance, the possibility that fouling can be worsened by adding inadequate amounts 

of disinfectant/oxidant, and variations in EfOM characteristics coupled with membrane 

surface properties, necessitate a careful evaluation of pre-chlorination under site-specific 

conditions. 
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CHAPTER IV  

RELATION OF IRREVERSIBLE MICROFILTRATION FOULING TO THE 

MOLECULAR COMPOSITION OF DISSOLVED ORGANIC MATTER (DOM) 

ACROSS MULTIPLE WATER SOURCES 

 

Introduction 

The need for alternative or unconventional water sources has increased as a 

consequence of climate change, increasing population, and the subsequent growing water 

scarcity [153, 154]. Unconventional water sources, unlike conventional water sources like 

rivers, lakes, ponds, and freshwater wells, typically originate from the brackish surface 

and well water [155, 156] and wastewater treatment plant (WWTP) effluent [8]. The 

increased variety of sources also introduces a variety of constituents and species present 

in the feed water for treatment facilities. For example, dissolved organic matter (DOM) 

present in conventional sources is termed dissolved natural organic matter (dNOM) and is 

largely composed of biopolymers and humic substances [157, 158], whereas DOM in 

wastewater effluent is termed as dissolved effluent organic matter (dEfOM) [34, 158] and 

is composed of dNOM, soluble microbial products (SMPs), extracellular polymeric 

substances (EPS), and synthetic chemicals like pharmaceuticals, personal care products 

and surfactants [34, 72, 158]. This difference in DOM makeup has been shown to affect 

the performance of water treatment systems [71] and would expectedly affect low-

pressure membrane systems (microfiltration (MF) and ultrafiltration (UF)) since DOM in 

the form of dNOM and dEfOM has been shown to be the major foulant [108, 157]. 
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To date, many previous reports and results from our previous study [123] have 

shown typical water characterization parameters like dissolved organic carbon (DOC), 

turbidity, and UVA 254 being unable to predict the UF/MF fouling during filtration of given 

feed water (conventional or unconventional). For example, the critical flux was lower for 

the Susquehanna River compared to the Mississippi River water even though the latter 

had higher DOC and turbidity [82]. Similarly, no clear correlation was observed between 

the DOC and UVA254 of three different sources of water and their respective fouling 

behavior [31]. On the same lines, [32] highlighted that general water quality indices of 

different surface waters like DOC, UVA254, turbidity, and calcium concentration cannot 

explain the degree of fouling. Therefore, for a more robust and efficient design of 

treatment systems, it is imperative to improve our understanding of the characteristics of 

the DOM present across various sources and how these characters may affect membrane 

fouling. 

Now, DOM characterization using tools like liquid chromatography with on-line 

organic carbon detection (LC-OCD) and fluorescence spectroscopy excitation-emission 

matrix (EEM) has been used to ascertain the nature of fouling causing components. For 

example, biopolymers were found to strongly correlate to the total fouling for three 

different sources of water; however, were not correlated to irreversible fouling [31]. 

Paradoxically, irreversible fouling was found to be strongly correlated to the biopolymer 

content of five different river water [32]. Additionally, while both these previous works 

observed no correlation between humic content and degree of fouling, another study 

reported humic substances significantly contributing to hydraulically irreversible fouling 
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[33]. Thus, the current state of knowledge on DOMs role in fouling certainly lacks 

conclusive and consistent understanding and I believe high-resolution mass spectroscopy 

can provide broader insights towards that goal. High-resolution mass spectroscopy has 

been successfully employed for the characterization of aquatic DOM and has resulted in 

developing molecular-level information critical in the progression of a variety of research 

themes, such as seasonal DOM variations in rainwater [159], assessing alterations in DOM 

makeup during various stages of water and wastewater treatment [105, 160-164], and 

investigation of the chemodiversity across sources [72, 165]. 

In this study, I employed orbitrap mass spectroscopy [160, 165, 166] to 

characterize the DOM of four different water samples. To incorporate the idea of the 

variability of water sources, the samples were collected from both unconventional and 

conventional sources (brackish surface water, two WWTP effluents, and one lake water). 

I analyzed and compared the fouling of microfilters over multiple filtration-backwashing 

cycles. The principal objective of our study was to investigate correlations between 

organic matter characteristics (DOM molecular fingerprints) and fouling behavior with 

the overarching goal to identify and develop clear predictors for the fouling propensity of 

different feed waters. 

Materials and Methods 

Source water 

Four different feed water samples of varying origin were employed in this work. 

Brackish surface water (BSW) was collected from the Foss Reservoir in Custer County, 
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Oklahoma in November 2019. Municipal wastewater effluents, MWE1 and MWE2, from 

Carter’s creek wastewater treatment plant and Texas A&M wastewater treatment plant in 

College Station, Texas, respectively were collected in December 2019. Surface water 

sample (SW) was collected from Lake Houston, Houston, Texas, in January 2020. 

Different water quality parameters measured have been listed in Table 4. 

Table 4 Characteristics of different feed waters employed in this work 

Water quality index SW BSW MWE1 MWE2 

DOC, mg/L 7.903±0.021 7.239±0.002 6.600±0.212 7.455±0.078 

UVA254 0.615±0.012 0.116±0.019 0.188±0.005 0.197±0.017 

Turbidity, NTU 49±1.2 3.19±0.11 2.6±0.21 1.84±0.5 

pH 7.7±0.14 8.27±0.03 8.15±0.02 8.42±0.11 

Conductivity, µS/cm 212.4 2090 1241 1359 

Alkalinity, mg/L CaCO3 71.5±2.3 131.5±1.5 163±8 155±12 

Hardness, mg/L CaCO3 44.8±2.8 1620.7±10 50.2±4.8 70.0±1.8 

Proteins, mg/L BSA 7.16 10.25 8.50 8.22 

Polysaccharides, mg/L 

glucose 

3.24 2.26 6.07 3.38 

Membrane filtration: Setup and protocol 

All filtration-fouling experiments were carried out using a custom-built bench-

scale filtration setup. The filtration system was equipped with automatic backwash and 

control with continuous monitoring and recording of the transmembrane pressure (TMP) 

and flux. Constant flux was maintained using a peristaltic pump. Hydraulic backwashing 



 

68 

 

was performed using the permeate and was conducted using a separate backwashing pump 

flushing the fibers from inside to outside. 

The filtration setup was equipped with mini hollow fiber membrane modules 

fabricated in the laboratory. A semi-clear PVC tubing (15 mm inner diameter, 22 cm long) 

was used as the membrane housing. The fibers were potted on both ends of the tube using 

epoxy, one end was sliced with a sharp razor to expose the membrane openings; this end 

served as the permeate collection and backwash feed side. Each experiment was 

performed with a new membrane module. The membrane module consisted of four 0.1-

micron pore size polyvinylidene fluoride (PVDF) hollow fiber membranes having 1.293 

mm O.D. and 0.711 mm I.D. (Aria™, Pall Corp., USA). The fibers after potting had an 

effective length of 18.5 cm each, resulting in a total active filtration area of 30 cm2 for 

each module. At the start of each experiment, the membranes were thoroughly rinsed with 

ultrapure water and following manufacturer recommendations rinsed with 50% ethanol to 

wet the pores since the membranes were highly hydrophobic with pure water contact angle 

measured as 112.8 ± 0.14°. A final rinse with ultrapure water was performed before 

starting the filtration-fouling experiments. More details about the setup can be found 

elsewhere [123]. 

The fouling experiments for each feed water were performed for a total of 10 

filtration-backwashing cycles. Forward filtration, outside to the inside of fibers, was 

carried out for 1 hour at a flux of 50 L/m2h. Following this, backwashing was started, 

permeate was pushed from the inside of the fibers to the outside at flux 100 L/m2h for 
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three minutes. After backwashing, the membrane module was gravity drained and filled 

with feed water before the start of the next filtration cycle. 

Solid-phase extraction (SPE) of dissolved organic matter 

DOM was extracted and concentrated using Agilent Bond Elut-PPL cartridges 

(500 mg, 6 mL) according to the method described previously [167]. Prior to extraction, 

the cartridges were rinsed with 6 ml of methanol (LC/MS grade, Fisher Chemical). The 

samples were filtered through 0.45 µm PES disc filters (Pall Corporation) and then 

acidified to pH 2±0.05 using concentrated HCl before extraction. Following this 

approximately 500 ml of each sample was flown through the cartridge using a peristaltic 

pump at a flow rate ≈ 25 ml/min. The cartridges were then rinsed with 12 ml of 0.01 M 

HCl and dried with high purity N2 gas. DOM was eluted with 12 ml of methanol at a flow 

rate of 1 ml/min in pre-muffled (2 hours at 250 °C) glass ampoules and stored in the dark 

at -20 °C until used for analysis. The extraction procedure retained approximately 40-60% 

of DOC (see SI Table A-4) which is similar to previous reports employing SPE for both 

natural and wastewater derived samples [72, 160]. An extraction blank was also prepared 

by extracting ultrapure water with the same procedure and volumes as for the feed water 

samples. For MS analysis, methanol eluates were vacuum dried for 48 h and then re-

dissolved in a 1:1 methanol:ultrapure water solution. 
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High-resolution mass spectroscopy and spectra analysis 

Orbitrap MS 

High-resolution mass spectrometry for the nontargeted analysis of organic matter 

was performed by Orbitrap MS (Q Exactive Focus, ThermoFisher Scientific). First, the 

Orbitrap MS was externally calibrated using the calibration solution (Pierce ESI Negative 

Ion Calibration Solution, ThermoFisher Scientific) covering m/z range of 265-1980. 

Samples were analyzed in flow injection mode using 100% methanol with 0.1% formic 

acid as mobile phase at a flow rate of 0.100 ml/min, with an injection loop capacity of 10 

µL. The operational conditions for electron spray ionization (ESI) in negative mode were 

as follows: Sheath gas flow rate 7 arbitrary units, other gasses 0 arbitrary units, spray 

voltage 3.3 kV, capillary temperature 320 °C. Conditions for mass analysis in the orbitrap 

were: mass range 150-2000 m/z at a resolution of 70,000 at m/z 200, 1 microscan per scan, 

maximum injection time 50 µs, automatic gain control target 100,000. Also, the extraction 

blank was measured to check background peaks that were subtracted in mass spectrum 

analysis. 

Formula assignment 

Raw mass spectra were processed using the instrument software package Xcalibur 

Qual Browser (ThermoFisher Scientific). A peak list, including absolute and relative 

intensities, resolution, and noise levels, was generated from each mass spectrum using the 

inbuilt peak detection algorithm. From the processed spectra, the peaks with S/N > 3 were 

retained for further formula assignment [160, 168]. Elemental formula to each 

monoisotopic mass was assigned using Formularity software [169] which employs the 
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compound identification algorithm (CIA) [170]. Following parameters were employed for 

the formula assignment: Elements considered: C0-∞,H0-∞,O0-∞,N0-2, and S0-2 [72, 160], 

mass error window for formula identification: 5 ppm, mass window allowed for 

identification by functional group relationship: 5 ppm. Additionally, lower count of 

heteroatoms (S+N) and lowest mass error were used to use resolve ambiguity in case of 

more than one formula matching the peak. The algorithm also uses the heuristic filtering 

of molecular formulas (7 golden rules) [171], Kendrick mass defect analysis [172], and 

cross-validation using the 13C isotopomer analysis. 

Calculations from spectra and assigned formulas 

Elemental composition of the identified molecular formulas was converted to the 

following parameters for data analysis. Hydrogen to carbon ratio (H/C) and oxygen to 

carbon ratio (O/C) for the construction of van Krevelen diagrams to illustrate the major 

chemical classes of dNOM and dEfOM in the respective water samples [173] (see SI 

Table A-5). Double bond equivalency (DBE), a useful parameter in the characterization 

of the degree of unsaturation and aromaticity of a molecular formula, was calculated 

according to Equation 11 [174]. Aromaticity index (AI), a conservative parameter for the 

identification of aromatic and condensed aromatic structures, was calculated according to 

Equation 12 [175]. Besides, to classify the feed water samples and establish similarities 

and dissimilarities between them, hierarchical cluster analysis (HCA) was performed on 

the mass spectra of the samples [160, 176]. The relative abundances of the attributed peaks 

of each of the samples analyzed were selected as the variables. HCA has been carried out 

considering all the peaks in the individual spectrum and their relative abundances. 
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Additionally, in a further elaboration, HCA was also carried out considering only the 

molecular formulas common to all the water samples. 

𝐷𝐵𝐸 = 1 +
1

2
(2𝐶 − 𝐻 + 𝑁 + 𝑃) (11) 

𝐴𝐼 =
1+𝐶−𝑂−𝑆−0.5𝐻

𝐶−𝑂−𝑆−𝑁−𝑃
 (12) 

Results and discussion 

Mass spectrometric analysis of DOM across water samples 

Mass spectrum pattern and distribution of assigned formulas 

A visual comparison of the mass spectra of the samples, Figure 22, shows that 

DOM in wastewater effluents was skewed towards low molecular weight (higher intensity 

peaks), whereas the surface water samples had a more natural distribution. Similar spectra 

distribution was reported in another study comparing dEfOM and SRNOM [72]. 

In total, 1473 to 1046 unique molecular formulas were identified in each sample. 

Three classes of molecular formulas were found to dominate the spectra of all the samples, 

namely CHO, CHON, and CHOS. The formulas classes identified here are similar to what 

has been reported previously in the literature [72, 160, 176]. The formulas containing only 

C, H, and O are the most abundant formula class, comprising 48 to 75% of all identified 

formulas. The dominance of CHO formulas agrees with previous studies on wastewater 

effluents and SRNOM [72, 160, 176]. Also, similar to previous reports, the wastewater 

effluent samples had a higher percentage (16 to 20%) of molecular formulas containing 

C, H, O, and S compared to surface waters (6 and 8%). These sulfur-containing molecular 

formulae originate from detergents, surfactants, amino acids, and pharmaceuticals [72, 
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176]. Effluent samples also showed a higher percentage of C, H, O, and N containing 

molecular formulae, 30 to 40% compared to 16 to 20%. N-containing compounds derived 

from proteins and amino sugars are common in wastewater [176]. 

 
Figure 22 Negative ESI Orbitrap mass spectra of each of the samples showing the relative abundance 

of the identified peaks 

Analysis of the averaged characteristics (DBE and AI) of the three molecular 

formula classes for each of the samples, Table 5, revealed important information about 

the characteristics of the organic matter. All the three molecular formula classes in the 

wastewater effluent samples were less unsaturated (lower DBE) compared to the same 

formula class in surface water samples. The difference in unsaturation was more apparent 

150 200 250 300 350 400 450 500 550 600
0.0

0.2

0.4

0.6

0.8

1.0

 

SW

R
e
la

ti
v
e
 a

b
u
n
d
a
n
c
e

150 200 250 300 350 400 450 500 550 600
0.0

0.2

0.4

0.6

0.8

1.0 BSW

 

150 200 250 300 350 400 450 500 550 600
0.0

0.2

0.4

0.6

0.8

1.0 MWE1

 

150 200 250 300 350 400 450 500 550 600
0.0

0.2

0.4

0.6

0.8

1.0 MWE2

 

m/z



 

74 

 

in the case of CHOS, thus suggesting the different origin of sulfur-containing compounds 

in the effluents and surface water samples. In contrast, AI did not follow a similar trend 

across molecular formulas and sources. For CHO, the AI was similar for all sources, 

possibly indicative of the ubiquitous humic-like material [177]. For CHON and CHOS, 

the two wastewater effluents showed similar values and were lower than the surface 

waters; however, in the case of CHON, the brackish surface water had an AI only half that 

of the surface water and for CHOS the opposite was true. Thus, even across surface water 

samples, the organic matter character was different. 

Table 5 The average ± standard deviation of the DBE and AI of the three formula classes identified 

for each water sample. 

Source 

water 

CHO CHON CHOS 

DBE AI DBE AI DBE AI 

SW 9.16±3.29 0.09±0.15 8.56±3.10 0.67±1.12 7.14±3.41 0.25±0.62 

BSW 8.99±3.38 0.07±0.15 8.80±2.79 0.38±0.60 7.46±3.22 0.52±1.09 

MWE1 8.05±3.04 0.09±0.33 7.75±2.54 0.24±0.43 5.46±2.55 0.15±0.57 

MWE2 8.30±3.35 0.10±0.41 8.04±3.95 0.22±0.35 5.72±2.34 0.19±0.69 

 

Cluster plot obtained from the HCA, using each sample as an individual cluster, 

revealed two clear groupings, Figure 23. The two wastewater effluent samples (MWE1 

and MWE2) and the two surface water samples (BSW and SW) were grouped. 

Importantly, the two clusters are positioned at a relatively larger distance, signifying 

significant differences between the dEfOM from wastewater effluent samples and the 

dNOM from surface water samples. Thus, rehashing the main basis of this study that 

across sources inherent differences between DOM character exists, which consequently 

will determine fouling behavior. The clustering of the samples in specific groups also 
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reveals inherent similarities between organic matter originating from similar types of 

sources. This is an important inference suggesting possible similar behavior of water from 

similar sources in different treatment techniques. Importantly, similar cluster results, 

Figure 23b, were observed by considering only the 8% peaks common to all samples, 

indicating that the HCA derived separation is not merely based on the presence/absence 

of specific peaks, but also on the relative abundance differences of the common molecular 

formulas. 

 
Figure 23 Cluster plots obtained from HCA (a) using all the peaks from the mass spectrum of each 

sample and (b) using 8% of the common peaks across spectra of all the samples. 

Classification of DOM using van Krevelen diagrams 

The van Krevelen diagram is an excellent tool for the visualization of chemical 

class distribution of organic matter [72, 161, 173, 176]. The resulting formulas from the 

spectrum of each sample were classified into 7 different chemical classes based on their 

respective H/C and O/C ratios (Table A-5) [176, 178, 179] and are shown in Figure 24. 

A note of caution needs to be added here, the element ratios employed represent a logical 

set of rules derived from chemical formulas of well-characterized molecules in the natural 
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products literature [72, 160, 161, 173, 176, 178]. Thus, some fallibility is inherent in the 

chemical class assignment [178]. 

  

  

Figure 24 The van Krevelen diagrams for all the four samples showing their respective chemical class 

distribution. The numbered rectangles mark the regions associated with (1) lipids, (2) proteins, (3) 

aminosugars, (4) carbohydrates, (5) condensed hydrocarbons, (6) lignins, and (7) tannins 

The percentage distribution of the chemical classes for each of the water samples 

is listed in Table 6. As is evident (see Figure 24 and Table 6), the most dominant chemical 

class across all samples is lignin and tannin with percentage contribution ranging from 70 

to 80%. Similar dominance of these chemical classes was reported by Maizel et al. [176] 

in the formula distribution of wastewater effluents. Additionally, although Gonsior et al. 
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[72] and Lv et al. [161] used a different classification scheme, similar dominance of these 

two chemical classes can also be inferred from the van Krevelen diagrams presented for 

SRNOM and peat leachate, respectively. Dominance across water sources observed here 

and previous works suggest the ubiquitous nature of these chemical classes. However, as 

I show later (see Relationship of Fouling with water characteristics), this dominant 

DOM class likely plays a negligible role in determining the fouling behavior of the 

different water samples. 

Table 6 The percentages of the various chemical classes from the van Krevelen diagram for each 

sample. 

Chemical Class SW (%) BSW (%) MWE1 (%) MWE2 (%) 

Lipids 2.44 1.12 5.87 4.02 

Proteins 4.68 3.67 10.62 6.50 

Aminosugars 0.34 0.67 0.38 0.67 

Carbohydrates 0.54 0.75 1.05 2.01 

Condensed 

hydrocarbons 

1.15 4.27 2.64 3.44 

Lignin 50.85 50.94 47.52 43.50 

Tannin 15.75 15.73 9.94 17.59 

Lignin/Tannin 11.00 13.18 10.84 11.95 

Others 13.24 9.66 11.14 10.33 

Further, a comparison between the sources also reveals a greater percentage of 

biopolymers (proteins, lipids, and carbohydrates) in the wastewater effluent samples 
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(MWE1 and MWE2) than the surface water samples (SW and BSW). This greater 

percentage can be attributed to the dEfOM concoction comprising of SMP and EPS in 

addition to dNOM [23, 34, 158, 180]. Both SMP and EPS are composed of a complex 

mixture of components of microbial origin which include proteins, carbohydrates, 

polysaccharides, and lipids [158, 181-183]. This difference in the biopolymer content can 

play a major role in determining the fouling behavior of water samples since biopolymers 

have been identified to be the dominant foulants during long-term filtration of both surface 

water samples and wastewater effluents [21, 32, 123, 181]. 

The mass spectrum analysis revealed important insights about the DOM makeup 

across the four water samples establishing important similarities and dissimilarities. In the 

following sections, I discuss the fouling behavior of these water samples during 

microfiltration and assess the usefulness of these DOM makeup revelations as predictors 

or determiners of fouling behavior. 

Microfiltration of different feed waters 

The TMP profiles of the four water samples employed in this study are shown in 

Figure 25. As is seen, each of the feed water has a distinct TMP profile, thus clearly 

demonstrating the existence of characteristic dissimilarities among the water samples and 

how they subsequently interact with the membranes. 
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Figure 25 Transmembrane pressure profiles for the different feed waters employed in this study. 

To better evaluate and compare the TMP profiles, fouling was quantitatively 

estimated as net irreversible resistance (𝑅𝑖𝑟) and the average rate of fouling (𝑅𝑎𝑡𝑒𝑎𝑣𝑔) 

[12], according to Equations 13 and 14. 

𝑅𝑖𝑟 =  𝑅𝑖𝑛𝑖𝑡𝑖𝑎𝑙
10 −  𝑅𝑖𝑛𝑖𝑡𝑖𝑎𝑙

1      (13) 

𝑅𝑎𝑡𝑒𝑎𝑣𝑔 =  
∑ (

𝑑𝑇𝑀𝑃

𝑑𝑡
)

𝑖

10
𝑖=1

10
 (14) 

where, 𝑅𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑖  is the hydraulic resistance at beginning of the ith cycle,  𝑅𝑓𝑖𝑛𝑎𝑙

𝑖  is the total 
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hydraulic resistance at the end of a cycle, and (
𝑑𝑇𝑀𝑃

𝑑𝑡
)

𝑖
 is the rate of fouling (kPa/h) in an 

individual filtration cycle i. A comparison among the four samples revealed that the two 

fouling parameters followed a different order. For 𝑅𝑖𝑟, MWE1 > MWE2 > SW > BSW 

and for 𝑅𝑎𝑡𝑒𝑎𝑣𝑔, SW > MWE2 > BSW > MWE1. This difference highlights that different 

species and phenomena influence the overall fouling [184]. 

In the following section, I have explored the relationship between the fouling 

caused by different feed waters and typical water characterization parameters along with 

DOM characteristics obtained from the analysis of their respective mass spectra (see Mass 

spectrometric analysis of DOM across water samples). 

Relationship of Fouling with water characteristics 

Rate of fouling during forward filtration 

The increase in TMP i.e. the rate of fouling during forward filtration is a result of 

the deposition of particulate matter (typically reversible) and the deposition/attachment of 

DOM to the membrane pores and surface (hydraulically irreversible) [33, 108, 184]. The 

highest rate of fouling in the case of SW, therefore, can be attributed to its significantly 

high turbidity (49 ± 1.2 NTU) which would have resulted in relatively greater deposition 

of particulate matter during forward filtration, Figure 25a. However, the higher rate of 

fouling with MWE2 compared to BSW and MWE1 cannot directly be associated with the 

turbidity values of the respective feed waters (BSW = 3.19 ± 0.11 NTU, MWE1 = 2.6 ± 

0.21, and MWE2 = 1.84 ± 0.5 NTU). 
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Figure 26 Size distribution of the DOM for different feed waters showing apparent differences. 

In the case of DOM fouling by membranes, the interactions between the DOM and 

membranes determine the reversibility of fouling [149, 185], and the absolute size and the 

distribution affect the fouling during forward filtration, i.e., TMP increase [149]. 

Therefore, to account for the rate of fouling trends among BSW, MWE1, and MWE2 

(𝑅𝑎𝑡𝑒𝑎𝑣𝑔, MWE2 > BSW > MWE1), I also looked at the size distribution of the DOM 

(after 0.45 micron filtration) in the different water sources, Figure 26. The size 

distribution measurements showed critical differences across samples which would have 

impacted the fouling. For example, for both BSW and MWE1 the size distribution was 

narrow with a single sharp peak. In comparison, MWE2, which showed the highest 

𝑅𝑎𝑡𝑒𝑎𝑣𝑔 amongst the three water samples, had a broader size distribution with two distinct 

peaks, i.e., was more polydisperse. Additionally, MWE2 also had a larger size DOM 

compared to BSW and MWE1. I would like to note here that although I have shown the 

size distribution data for SW, no commentary has been added since the rate of fouling in 
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the case of SW is dominantly influenced by its significantly high turbidity (49 ± 1.2 NTU). 

 
Figure 27 Relationships between hydraulically irreversible resistance and general water quality 

indexes. 

The presence of larger size DOM species along with the greater polydispersity in 

the case of MWE2 compared to BSW and MWE1 can account for the 𝑅𝑎𝑡𝑒𝑎𝑣𝑔 during the 

forward filtration. Essentially, each deposition of the larger size DOM (> 0.1 microns) 

would result in a possible complete blocking of pores compared to internal pore blocking 

by the smaller DOM (< 0.1 microns) and therefore, a more apparent increase in TMP in 

the former case [123]. Besides, a greater polydispersity also results in the formation of a 

more packed fouling layer and thereby greater hydraulic resistance and the consequent 
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higher 𝑅𝑎𝑡𝑒𝑎𝑣𝑔 [186]. 

Irreversible fouling 

Irreversible fouling is predominantly dependent on the specific interaction 

between organic foulants and the membrane [16, 123, 185]. However, broad DOM 

characterization parameters (DOC, UVA, and SUVA) are poor predictors of the fouling 

propensity of feed waters [31, 32, 82, 123]. Unsurprisingly, in this study weak (R < 0.6) 

and negative correlation between these parameters and the irreversible fouling was 

observed, Figure 27a, b, and c. Additionally, although the presence of divalent ions is 

suggested to be important for irreversible fouling [187, 188], a similar weak correlation 

existed between total hardness and irreversible fouling, even with the exclusion of BSW 

(outlier hardness), Figure 27d. 

Next, I looked at the relationship between irreversible fouling and the percentage 

weighted concentration (mg/L DOC in SPE extract * fraction of a chemical class in the 

sample) (see Classification of DOM using van Krevelen diagrams) of the different 

chemical classes. The most abundant chemical class among all water samples, lignins and 

tannins, showed a strong but inverse correlation (R = -0.94). Two important inferences 

can be drawn from this correlation analysis, (i) only a small fraction of the DOM is actually 

responsible for the fouling, as has been reported previously for both dNOM and dEfOM 

[16, 123], and (ii) the presence of these DOM may beneficially inhibit the more 

detrimental DOM-membrane interactions and thereby restrict irreversible fouling. 

Additionally, as I show later, during filtration this abundant class of DOM undergoes the 

least rejection of all organic species identified (see Permeate DOM analysis), further 
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reinforcing the observed negative correlation. 

Out of all the other chemical classes identified, only proteins and lipids classes 

showed a strong positive correlation with the irreversible fouling with R = 0.90 and 0.92 

for proteins and lipids, respectively Figure 28. Additionally, the carbohydrates class 

showed a very weak positive correlation (R = 0.50). All other remaining chemical classes 

showed no correlation with R < 0.1 (see SI Figure A-9). 

 
Figure 28 Relationships between hydraulically irreversible resistance and percentage weighted 

concentration of different chemical classes determined from high-resolution mass spectra. 

Relationships with colorimetric measurements are shown in inset (b) proteins and (d) polysaccharides. 

(a) (b) 

(c) (d) 
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The hydrophobic PVDF membrane is susceptible to loss in permeability due to the 

adsorption of proteins to the surface and inside the pores [128]. Additionally, relative 

protein abundance was observed in high fouling river waters; however, no quantitative 

assessments were made [32]. Thus, the protein correlation to irreversible fouling observed 

here is not unexpected and is supported by previously published reports. Similar to 

proteins, carbohydrates have also been reported as major foulants in multiple previous 

studies. Specifically, the organics that are included in the carbohydrate class, namely 

glycosides and polysaccharides [178], dominantly constitute the biopolymers fraction of 

dNOM and dEfOM [34], a fraction shown to be strongly correlated to fouling of UF and 

MF membranes in a variety of water sources [31, 32]. Therefore, the weak correlation 

observed here is an artifact of SPE, as carbohydrates are negligibly absorbed by PPL 

cartridges [189].  

Interestingly, these correlations did not reflect in a similar form for protein and 

polysaccharide concentrations determined colorimetrically, Figure 28b and d. While for 

proteins no correlation (R = -0.17) was observed, the polysaccharide concentration 

showed a strong correlation (R = 0.77). This may be attributed to the fact that while bulk 

water and extracted DOM contain similar fractions, their relative proportions differ owing 

to the extraction process [190]. Additionally, these chemical class assignments are not 

definitive (i.e. a protein-like formula is not necessarily derived from proteins) [176, 178] 

and as mentioned prior are based on a set of rules (see Classification of DOM using van 

Krevelen diagrams). Nevertheless, they do provide a general insight into the compound 

classes. 
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The lipids chemical class showed a relatively stronger correlation to the 

irreversible fouling (R = 0.92 compared to R = 0.90 and 0.50 for proteins and 

carbohydrates, respectively). Although, both dNOM and dEfOM are known to contain 

lipids [156, 191, 192], they have not been typically identified as the foulant class during 

surface water or effluent filtration. This is possibly an artifact of the generally employed 

DOM characterization techniques of LC-OCD and EEMs, which classify organics into 

broad groups. For example, LC-OCD typically resolves DOM into five groups, namely 

biopolymers (proteins and polysaccharides), humic substances, microbial building blocks, 

low molecular weight (LMW) neutrals, and LMW acids [31, 32, 156]. Similarly, EEMs 

resolves DOM into four groups, namely proteins, microbial byproducts, humics, and 

fulvics [31, 156, 180]. As is evident, these popular techniques do not specifically identify 

lipids and hence inferences drawn based on these techniques cannot account for 

contributions of lipids like species to fouling. Thus, the relationship between lipid content 

and irreversible fouling demonstrated here is important learning. 

The discussion about the role of lipids in fouling although lacking in current DOM 

fouling literature has received some attention in the past with few reports. For example, 

Al-Halbouni et al. suggested the role of hydrophobic interaction of lipids with PVDF 

membrane as a plausible explanation for fouling in a membrane bioreactor (MBR) [193]. 

Barry et al. examined the fouling of UF membranes by liposomes (synthetic vesicles 

composed of phospholipid bilayers) and speculated liposome-like material in secondary 

effluent being responsible for 20-60% of the fouling [191]. Park et al. observed during 

nanofiltration out of the three DOM fractions extracted from brackish surface water, the 
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fraction dominated by lipids and some portion of proteins resulted in maximum flux 

decline [156]. 

In the past, our research group has elaborated the mechanism of progression of 

irreversible fouling during microfiltration of lake water and wastewater effluent [21, 123]. 

Importantly, in both cases fouling was found to be initiated by the preferential deposition 

of relatively hydrophobic species (identified as containing CH groups by FTIR 

spectroscopy). While in these previous reports no categorical identity was established, 

results here indicate that these CH containing hydrophobic organics were likely belonging 

to the lipids chemical class. As previously noted, hydrophobic interactions between lipids 

and membrane material have been implicated in the fouling of MBRs [193-195]. It is 

important to reiterate that the chemical classes here are representative, and the lipids class 

represents a concoction of species including fatty acids, aliphatic hydrocarbons, terpenes, 

and sterols [178], all of which contain long CH chains [196]. 

While interesting relationships were observed by the simultaneous analysis of 

DOM character and fouling, I wanted to explore the correlation vs. causation argument. 

Essentially questioning whether the observed correlations can be utilized to legitimately 

deduce a cause-and-effect relationship. For this purpose, DOM mass spectra of the 

microfilter permeate were obtained and analyzed similarly to feed water DOM spectra. I 

have discussed the results of our analysis in the next section. 

Permeate DOM analysis 

I analyzed the mass spectra of the permeate DOM (SI Figure A-10) for all the four 
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feed water samples and obtained the chemical class distribution, SI Figure A-11 and 

Table 7. Permeate DOM characterization provided insights about the nature of DOM 

being rejected during the filtration. The change in the composition of the DOM after 

filtration was estimated as the difference in the percentage of the individual classes 

between the feed and the permeate waters (Δ = % in permeate - % in feed), Figure 29. As 

can be seen, out of the identified classes, lipids, carbohydrates, and condensed 

hydrocarbon classes underwent a reduction in their respective percentage contribution, 

whereas proteins, lignins + tannins, and aminosugars classes showed an increase in their 

percentage contribution. 

Table 7 The percentages of the various chemical classes from the van Krevelen diagrams for the 

permeate of each feed water sample. 

Chemical Class SW (%) BSW (%) MWE1 (%) MWE2 (%) 

Lipids 1.17 0.61 2.97 1.03 

Proteins 4.96 5.84 10.84 8.56 

Aminosugars 0.41 0.68 0.70 0.93 

Carbohydrates 0.29 0.53 0.61 1.34 

Condensed 

hydrocarbons 0.93 1.59 0.61 2.78 

Lignin 52.86 57.59 51.57 52.78 

Tannin 17.29 13.73 11.19 13.30 

Lignin/Tannin 11.80 11.99 11.89 10.72 

Others 10.28 7.44 9.62 8.56 
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Figure 29 Change in the percentage of different chemical classes after filtration 

The change in the DOM composition after filtration gives interesting insights into 

the possible fouling components. Essentially, while the rejected DOM class is likely to 

play a major role in the fouling, the permeated DOM conversely not so much. The decrease 

and increase in the percentage contribution of different chemical classes imply that the 

specific DOM species were rejected more than others and vice versa. In this context, the 

highest increase was observed for the lignin + tannin class (Δ = ~4-6), which is also the 

most dominant class in all the feed (70 to 80%, see Table 6) and permeate (75 to 85%, see 

Table 7) samples. Thus, it is fair to argue that organic species belonging to this class were 

negligibly rejected and possibly minimally contribute to fouling (inversely related to 

irreversible fouling, see Figure 28a). The aminosugars class also showed an increase but 

since both its percentage contribution, in feed and permeate, and the corresponding change 

is relatively small for all water sources (0.3 to 0.6% in the feed, 0.4 to 0.9% in permeate, 

and Δ = 0.01 to 0.3), any comment on the involvement of this chemical class in fouling 
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would be highly speculative. The next chemical class to show an increase in percentage 

contribution was proteins, which have been identified as a major class of foulants [23, 32, 

108], and as shown earlier their percentage weighted concentration across sources are 

strongly correlated to the irreversible fouling (see Figure 28b). Thus, this increase of 

percentage contribution in the permeate endorses the question, whether the correlation can 

legitimately be inferred as causation. 

I believe, a definitive answer to this question requires a more elaborate design of 

experiment accompanied with a suite of organic matter characterization tools like high 

resolution nuclear magnetic resonance, gas chromatography-MS, time of flight MS 

(TOFMS), and high-resolution MS [159]. Such an analysis was beyond the scope of this 

study. Nevertheless, previous reports of high susceptibility of protein adsorption to 

membranes [128] suggest the correlation may very well be causation. The increased 

percentage contribution in the permeate may be an artifact of the complex concoction 

forming the protein class. This is further suggested by the fairly variable quantitative 

increase in percentage contribution (Δ = ~0.2 to 2.2), among the four feed water samples, 

Figure 29. 

For the chemical classes showing a decline in percentage contribution, the 

argument for their higher rejection and possible involvement in fouling certainly holds. 

Out of the three classes undergoing reduction, as noted before, the lipids and the 

carbohydrate class showed a correlation to the fouling (Figure 28c and d). Although no 

such correlation was observed for the condensed hydrocarbon class, the organic moieties 

comprising this chemical class (primarily aromatic compounds [179]), present in both 
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dNOM and dEfOM, have been shown to lead to greater flux decline [29, 188] and also 

undergo higher rejection [197]. 

Conclusions 

The non-targeted analysis of DOM yielded important insights into the similarities 

and dissimilarities across a variety of water sources. While the study demonstrated 

differences in the composition of dNOM and dEfOM, it also showed characteristic 

differences can exist within dNOM and dEfOM from different sources. Further detailed 

analysis of the mass spectra of the DOM using van Krevelen diagrams provided molecular 

level characterization and classification. The classification served as an important tool in 

understanding the possible role of different chemical classes in MF fouling. Correlation 

analysis between percentage weighted concentration of different chemical classes in the 

feed waters and their respective irreversible fouling extent revealed the important roles of 

proteins and lipids in the irreversible fouling of microfilters. However, the role of proteins 

was put into contention upon analysis of the permeate samples. Therefore, although the 

presented analysis shone a spotlight on a previously overlooked fraction of organic matter 

(lipids), it also raised questions for possible future work. Nevertheless, this approach will 

prove useful in expanding our understanding of membrane fouling by DOM. 

Additionally, some constraints influenced the results in this study and should be 

considered during the extrapolation of these results and possible future work. The DOM 

characterized in this study is 40 to 60% of the total, thus the extraction method introduces 

an inherent bias [198, 199]. Besides, the instrumentation employed also introduces 

specific limitations, for example, the type of electrospray ionization affects the type of 
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organics revealed in the spectra. While some organic species are more amenable to 

positive mode ionization, others are more amenable to negative mode ionization [176]. 

Hence, our results should be treated as partial insights in the complex domain of DOM 

and MF/UF fouling. 
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CHAPTER V  

AGING OF POLYVINYLIDENE FLUORIDE (PVDF) MICROFILTRATION 

MEMBRANES OVER MULTIPLE FOULING AND CHEMICAL CLEANING 

CYCLES DURING WASTEWATER EFFLUENT FILTRATION 

 

Introduction 

With increasing water scarcity, there is a growing demand for water reuse as part 

of improved urban water management strategies [5]. The Texas State Water plan 2017 

estimated that by 2070 around 13% of all new drinking water facilities will be based on 

water reuse [69]. The United Nations world water development report 2017 argued for 

improved wastewater management (reuse and resource recovery) to achieve the 

Sustainable Development Goal targets [7]. An integral component of water reuse 

treatment trains is low-pressure membrane filtration, i.e., microfiltration (MF) and 

ultrafiltration (UF) [10, 200]. These membranes over the duration of operation undergo 

performance deterioration (aging) warranting replacement [36]. Thus, for more 

predictable long-term operation and capital planning, I need to develop a better 

understanding of the aging of membranes during water reuse. However, only a few water 

reuse facilities have been operating for long enough times to provide adequate information 

about the aging of these membranes. For example, the world’s largest indirect potable 

reuse facility in Orange County, California, began operation only in 2008 [48]. 

Now, multiple previous studies have investigated the accelerated aging of the 

membranes as affected by the degradation of membrane material upon exposure to a high 
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dose of chemical cleaning agents [36, 201-203]. However, the operational aging of 

membranes over long-term operation is due to the prolonged exposure to chemical 

cleaning agents and by the irreversible attachment of foulants [38]. Therefore, this 

experimental design cannot account for the role of irreversibly bound foulants [204]. A 

recent study looking at MF membrane samples at different stages in their operational 

lifetime (1-8 years) from drinking water facilities demonstrated that typically employed 

aging protocol of short-term exposure of membranes to a high concentration of cleaning 

agents (generally NaClO) is not representative of long-term operational aging [41]. The 

critical role of irreversibly attached foulants was also highlighted in another autopsy study 

of membranes from several drinking water facilities [40]. They observed that membranes 

that underwent less frequent chemical cleaning aged significantly faster. 

To date, very few studies have employed multiple fouling cleaning cycles 

experimental design to assess the aging of membranes as affected by both irreversible 

fouling and membrane material degradation. A membrane aging review published in 2016 

[38] featured only four articles [205-208] that employed such a design. Importantly, out 

of these four, three [205-207] used model foulants, and one employed a pilot-scale 

membrane bioreactor [208]. The authors of the review [38], also highlighted the need for 

heightened attention towards the role of irreversibly attached foulants. Recently, another 

study compared the multiple fouling cleaning cycles protocol to high-dosage exposure 

aging and concluded that the former was a better surrogate for full-scale aging [204]; 

however, with either protocol they did not observe the long-term irreversible loss in 

permeability, associated with full-scale membrane aging [40]. 
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In this study, the primary objective was to assess the combined impact of 

prolonged fouling and cleaning on the performance and intrinsic character of commercial 

polyvinylidene fluoride (PVDF) hollow fiber MF membranes during water reuse. To this 

effect, I analyzed the aging of membranes by carrying out multiple fouling and chemical 

cleaning cycles in a submerged membrane laboratory setup filtering wastewater effluent. 

Additionally, I membrane aging due to chemical cleaning was simulated by exposure of 

the pristine membrane to chemical cleaning agents under the same chemical cleaning 

conditions as employed in the fouling-cleaning cycles experimental design. The two 

experimental designs were compared to clearly distinguish between the two laboratory 

aging protocols and subsequently delineate the roles of chemical degradation and 

irreversible fouling in membrane aging. The aged membranes were characterized using 

membrane performance parameters (fouling propensity and pure water permeability), 

surface functionality (Fourier transform infrared (FTIR) spectroscopy, zeta potential, and 

contact angle), and mechanical strength (membrane integrity test and dynamic mechanical 

analysis (DMA)). I expect that our results will help to understand membrane aging in 

water reuse and provide insights for future research simulating membrane aging. 

Materials and Methods 

Source water for fouling-cleaning experiments 

Wastewater effluent samples were collected during the period of September-

December 2019 from the 4 million gallons per day (MGD) conventional activated sludge 

Texas A&M wastewater treatment plant, College Station, Texas after UV disinfection and 
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just before discharge. Collected water samples were stored in the dark at 4 °C and brought 

to room temperature overnight before the filtration experiments. The collected samples 

varied moderately in the water quality characteristics with pH = 8.2 - 8.6, dissolved 

organic carbon = 7.05 - 9.10 mg/L, chemical oxygen demand = 14 - 30 mg/L, UVA at 254 

nm = 0.15 - 0.20 cm-1, turbidity = 1.8 - 2.6 NTU, conductivity = 1100 - 1350 µS/cm, and 

alkalinity = 140 - 160 mg/L as CaCO3. 

Membrane aging experimental design and setup 

Three different types of membrane aging protocols were employed, referred to as 

Type A, B, and C. Each protocol used identical membrane modules. The module consisted 

of 12 PVDF hollow fiber membranes (nominal pore size of 0.1 µm, 1.293 mm O.D., and 

0.711 mm I.D.) provided by Pall Corp., USA. The effective length of each fiber after 

potting in epoxy resin was 24.5 cm, giving an active membrane surface area of 100 cm2
 

for each module. Type A was a long-term fouling and cleaning protocol, Type B was a 

long-term adsorptive fouling and cleaning protocol, and Type C was a chemical cleaning 

agent exposure protocol. The three protocols are detailed below: 

Type A. A bench-scale submerged membrane filtration system (Figure 30) was 

operated at a constant filtration and backwashing flux of 40 L/m2.h in a cycle of 1-hour 

filtration and 3-minute backwashing. Filtration was performed with disinfected 

wastewater effluent, and the permeate was used for backwashing. The transmembrane 

pressure (TMP) was continuously recorded using a compound pressure gauge 

(A2VAC/30PSI, Ashcroft), and the flux was maintained using a peristaltic pump (7528-
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20, Cole Parmer). The pump’s flow direction was changed to accomplish filtration and 

backwashing. Pump control and TMP data acquisition were performed automatically by a 

program written in LabVIEW 2019 (National Instruments, USA). The feed water level in 

the membrane vessel was maintained via continuous recirculation using an additional 

peristaltic pump. 

The entire process of multiple filtration-backwashing (fouling) and cleaning cycles 

was run for around 150 days, equating to ≈100 days of filtration. During the 150 days, the 

filtration was stopped when the transmembrane pressure reached 60-70 kPa (pre-decided 

set pressure), and the membrane module was chemically cleaned (see Cleaning in Place 

(CIP) Protocol). After each cumulative ≈25 days of filtration, three membrane fibers were 

harvested from the module following the CIP. After each harvesting, the module was 

repaired and returned to the membrane vessel, with flow rates decreased to maintain the 

set flux of 40 L/m2.h during filtration and backwashing. The TMP profile for the filtration 

during the duration of the aging protocol is shown in Figure 31. 

 
Figure 30 Schematic of the submerged membrane filtration system 

Type B. Membrane module was submerged in wastewater effluent (no filtration 
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and backwashing) and followed the cleaning and harvesting cycles of the module in Type 

A. The effluent in the membrane vessel was continuously stirred and replaced every three 

days. The harvested samples from this aging protocol represented membranes aged by the 

progressive adsorption of specifically interacting foulants (responsible for irreversible 

fouling [209]) to the membrane and exposure of the membrane to cleaning agents during 

CIP. 

 
Figure 31 Transmembrane pressure profile for the entire duration of the fouling cleaning protocol 

(Type A). The red arrows mark the duration of each phase after which aged membranes were 

harvested. The red dashed line at the bottom shows the increasing trend of initial TMP after each 

CIP. 

Type C. Membrane module remained submerged in ultrapure water and followed 

the cleaning and harvesting cycles of the modules in Type A and B. The harvested samples 

represented membranes aged by the prolonged exposure of pristine membranes to the 

chemical cleaning agents. This protocol is similar to the predominant accelerated 
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membrane aging experiment design [36, 201-203]. However, unlike typically practiced 

design of small duration high dosage exposure, the dosage and duration were as used 

during CIP. 

From each module, four harvestings of three membrane fibers were performed. 

Each set of harvested samples are named Phase 1 (1st harvest), Phase 2 (2nd harvest), Phase 

3 (3rd harvest), and Phase 4 (4th harvest) for all three membrane aging protocols. 

Cleaning in Place (CIP) Protocol 

The CIP was performed, as recommended by the manufacturer, in two steps 

employing a caustic bleach solution (1% NaOH + 0.2% NaClO (1800 ± 10 mg/L free 

chlorine), pH = 12.75 ± 0.01) and a dilute citric acid solution (2% anhydrous Citric acid 

in ultrapure water, pH = 2.05 ± 0.02). In the first step, membrane modules were submerged 

in continuously stirred fresh caustic bleach baths for 30 minutes and 4 hours successively. 

In the second step, membrane modules were submerged in continuously stirred citric acid 

baths for 30 minutes and 1 hour successively. The first and second successive immersions 

for both cleaning agents represent the flushing and recirculation cycles, respectively in 

typically practiced CIP. After each step, the membrane modules were immersed in a 

stirred ultrapure water bath to remove traces of cleaning agents. 

Membrane performance parameters 

Single fiber membrane modules (test modules) were prepared for evaluating the 

change in the performance of membranes with progressive aging. A 12 cm length of 
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membrane fiber (virgin and aged) was potted in nylon tube fittings with epoxy ensuring 

that the fiber opening was not blocked. The bottom end of the fiber was sealed with 

epoxy resin. Each test module, after potting, had a length of 10 cm, giving an active area 

of 4 cm2. The test modules were used to estimate the following membrane performance 

parameters: 

Pure water Permeability. Test modules were submerged in ultrapure water, and 

the TMP (kPa) was recorded at five different fluxes (40-130 L/m2h). The slope of the plot 

of flux vs. TMP gave the membrane hydraulic permeability (𝐿𝑝) (L/m2h.kPa) as defined 

by Darcy’s law (𝐽 =  𝐿𝑝𝛥𝑃) [12]. 

Fouling propensity and reversibility. A critical factor determining the overall 

effectiveness of the membrane system is the extent of fouling [12]. Therefore, I estimated 

the effect of aging on the membrane performance in terms of fouling propensity and 

hydraulic reversibility of fouling. The test module was submerged in wastewater effluent, 

and filtration was carried out at a flux of 40 L/m2h to produce 100 ml of permeate. The 

factor of increase in pressure during the filtration (TMPfinal/TMPinitial) was calculated as a 

measure of the fouling propensity. To estimate the reversibility of fouling, the test module 

after wastewater effluent filtration was backwashed at 40 L/m2h with ultrapure water for 

5 minutes, and the pure water permeability was determined as described earlier. 
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Membrane characterization 

Mechanical strength 

Membrane integrity. The pressure decay test was carried out to test the integrity of 

the membranes [210]. Wetted test modules were placed in a sealed air pressurized cell 

(140 kPa). The pressure source was then closed off, and the pressure reduction was 

continuously recorded using a pressure transducer. The pressure declined linearly, and the 

rate of decline was estimated as a measure of the integrity of the membrane. The pressure 

decline rate for virgin membrane was used as a reference to estimate any changes in the 

integrity of the aged membranes. 

Dynamic mechanical analysis (DMA). To characterize the membranes, DMA was 

carried out using the TA instruments DMAQ850 [211, 212]. Oscillatory strain sweeps 

were applied to each sample at a frequency of 1 Hz until breakage. The membrane fiber 

was held in place using the fiber/film clamps from TA instruments. The measurements 

were performed at room temperature (23 ± 1 °C). In the stress–strain measurement, an 

oscillatory strain is applied to the exposed samples in tensile mode and the resultant stress 

is measured. Young’s modulus and dynamic storage modulus were estimated as measures 

of mechanical strength. 

Surface functionality of the membranes 

Membrane surface zeta potential (ZP). ZP of the membrane surface was estimated 

using an electrokinetic analyzer (SurPASS 3, Anton Paar). The measurements were 

carried out using freshly prepared 1mM KCl as background electrolyte in pH scan mode 
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(pH~ 2-10) using an automatic titrator. More details about the measurement and the 

method can be found elsewhere [123]. 

Fourier transform infrared (FTIR) spectroscopy. Infrared spectra of membrane 

surfaces were obtained using a Nicolet iS10 spectrometer equipped with a mid-infrared 

Ever-Glo source, DTGS detector, KBr beam splitter, and Omnic 9.0 Software with a 

diamond iTX accessory to allow sampling in attenuated total reflection (ATR) mode. A 

background spectrum was also collected on a clean ATR window prior to each analysis. 

Samples were placed on the window, and the IR spectrum was obtained by averaging 128 

scans collected at 4 cm-1. 

Contact angle. The air-water contact angle of the surface of vacuum-dried virgin 

and aged membranes were measured using the Biolin Attension Tensiometer (Biolin 

Scientific). The measurements were made using the sessile drop method, a 0.5 µL droplet 

of ultrapure water was placed on the membrane surface, and five to ten frames were 

imaged at a rate of 1 frame per second. The images were processed using ImageJ, and the 

contact angle was estimated using the DropSnake plugin [213]. Two to three 

measurements were made for each sample, and the averages have been reported. 

Results and discussion 

Effect of aging on membrane performance 

Pure water permeability 

Pure water permeability of aged membranes from Type A protocol decreased with 

each phase (Phase 1 > Phase 2 > Phase 3 > Phase 4), Figure 32. The decline can be 
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attributed to the progressive attachment of chemically irreversible foulants over the 

duration of the experiment, evinced by FTIR spectroscopy (see Surface functional 

groups). Importantly, this shows that chemically irreversible fouling leads to the loss in 

the performance of membranes over long-term operation [40, 41, 214]. The decline in 

permeability observed here was also apparent from the gradual increase in initial TMP 

values (after chemical cleaning), as shown in the pressure profile for the Type A aging 

protocol, red dashed line in Figure 31. In contrast, while chemically irreversible foulants 

were observed in the case of Type B membranes, Figure 34, no change in permeability of 

the membranes from module Type B was observed. This implies that foulant attachment 

via adsorption was dominantly on the surface and not inside the pores and therefore, 

permeability remained unaltered. 

 
Figure 32 Pure water permeability (LMH/kPa) for the membranes harvested from the three modules 

(Type A, Type B, and Type C). The black line represents the pure water permeability of the virgin 

membrane. 

Importantly, Type C membranes also did not show any change in permeability 

across all four phases. This is contrary to previous investigations that have consistently 

shown an increase in permeability of PVDF membranes upon long-duration exposure to 

high doses of sodium hypochlorite and sodium hydroxide [204, 211, 215, 216]. Critically, 

all these previous studies used blended PVDF membranes (PVDF dosed with hydrophilic 
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additives like Polyvinylpyrrolidone (PVP) and poly(methyl methacrylate) (PMMA) [128, 

217]) as opposed to the non-blended PVDF membranes (not containing any hydrophilic 

additives) used in this work. Ravereau et al. demonstrated that upon exposure to high doses 

of sodium hypochlorite, while blended PVDF membranes showed an increase in 

permeability, non-blended PVDF membranes did not undergo any changes [201]. 

However, the authors conceded the possibility of undetected structural changes. As I 

discuss later under Surface functional groups, minimal oxidative degradation of PVDF 

was detected. Thus, it can be inferred that although the chemical cleaning agents’ dose 

and the exposure duration employed in this study did cause some material damage, 

membrane permeability remained unaffected. 

The contrastingly different behavior of Type A and Type C membranes 

underscores the drawback of high-dosage short duration exposure studies. A typical 

chemical cleaning agent exposure experimental design to study the aging of non-blended 

PVDF membranes will result in false inferences about their true operational aging. Based 

on these results, I can conclude that the truer aging of the membranes is dominantly due 

to the continued accumulation of chemically irreversible foulants. However, I will add a 

caveat to this conclusion. For relatively less chemically resistant membranes like blended 

PVDF membranes [201], the aging will likely be a function of both chemical degradation 

and the continued accumulation of chemically irreversible foulants [204].  Research 

comparing the two membrane types in similar experimental design could prove useful; 

however, it was beyond the scope of this work. 
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Membrane fouling potential and fouling reversibility 

  
Figure 33 (a) Fouling propensity and (b) fouling reversibility (measured as permeability after 

hydraulic backwash) for the membranes from the three modules (Type A, Type B, and Type C). The 

black line represents the fouling propensity and permeability value for the virgin membrane. 

Fouling potential for aged membranes from all the three protocols increased with 

each phase, Figure 33a. This increase in fouling potential can be attributed to the 

transition of surface character to more hydrophilic and less negative (see Figure 35 and 

Figure 36). Phuntsho et al. argued that the reduced zeta potential (less negative) of aged 

membranes led to reduced repulsive forces between membranes and foulants and therefore 

increased fouling [42]. Robinson et al. also demonstrated with model foulants that the 

fouling propensity increased with the age of the membranes [41]. Additionally, for Type 

A membranes the decreased water permeability, Figure 32, will also contribute to the 

increased fouling potential. The increased fouling potential in Type A membranes was 

also evinced from the TMP profile (Figure 31), with the set pressure for CIP achieved 

earlier than the preceding cycle, more apparent in the later phases. The decline in 

permeability in the case of Type A membranes in conjunction with relatively larger 

(a) (b) 
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changes in the surface character (see Effect of aging on the surface functionality of 

membranes) led to Type A membranes showing the highest fouling potential, followed 

by Type B and Type C membranes, with Type C membranes undergoing minimal change. 

The pure water permeability after backwashing, the measure of fouling 

reversibility, was maximally recovered for virgin membranes, Figure 33b. For the aged 

membrane samples, the recovery decreased with each phase; however, this decline was 

most significant in the case of Type A membranes. Type B membranes showed broadly 

similar behavior whereas Type C membranes showed only minimal changes only in the 

early phases. The reduced fouling reversibility in the case of Type A membranes was also 

evident from the TMP profile of long term experiments, Figure 31. As is seen, the initial 

TMP values at the beginning of each cycle after cleaning underwent a gradual increase 

over the duration of the experiment, marked by the red dashed line. 

The reduced fouling reversibility implies that the progressive aging resulted in the 

increased tendency of the foulants to irreversibly adhere to the modified membrane surface 

and pores. This is possibly due to the progressive hydrophilization of the membrane 

surface (decline in water contact angle, see Figure 36). In MF and UF, irreversible fouling 

proceeds by the initial deposition of relatively hydrophobic species, which conditions the 

membrane for the deposition of the more hydrophilic species, e.g., polysaccharides and 

proteins [21, 35, 123]. Therefore, the newly available hydrophilic functional groups 

(irreversibly attached foulants and chemically modified PVDF, see Figure 34 and Surface 

functional groups) circumvent the 1st step of hydrophobic sorption and result in faster 

and easier attachment of the hydrophilic foulant species. The decrease in fouling 
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reversibility among the three membrane types corresponds closely with the increase in the 

hydrophilicity of membranes (decreasing contact angle, Figure 36), thus, confirming our 

supposition. 

The permeability and fouling behavior showcases the important role of irreversibly 

attached foulants in the progressive aging of the membranes and how it serves essentially 

as a feedback loop further amplifying its effect over time. Thus, proving that long-term 

irreversible fouling is detrimental to the long-term performance of the membranes. 

As numerously referenced in this section, the progressive aging of the membranes 

was a result of modifications to the membrane character. In the next section, I analyze and 

discuss these changes in terms of the surface functionality of the aged membranes. 

Effect of aging on the surface functionality of membranes 

Surface functional groups 

FTIR spectra revealed distinct changes in the surface functional chemistry of the 

aged membranes compared to the virgin membrane, Figure 34. For Type A membranes, 

the spectra in the functional group (4000-1500 cm-1) and fingerprint (1500-650 cm-1) 

regions showed the appearance of new peaks characteristic of foulant functional groups. 

More polar functionalities such as O-H/N-H peaks at 3700-3300 cm-1, representing 

polysaccharides and proteins [81]. The -C=O stretching peak at 1735 cm-1, typical for 

carboxylic groups present in humic and fulvic acids [53]. The peak at 1650 cm-1, 

characteristic of amide-I peaks representing protein fingerprints [24, 29, 53]. Peaks at 

1104 cm-1, 1065 cm-1, 1016 cm-1, and 802 cm-1 correspond to as-C-O-C, as-C-O, s-C-



 

108 

 

O-C- stretch, and s-O-C=O respectively, characteristic of polysaccharides [24, 29, 87, 

88]. Although of lower intensity, similar functional group region peaks (O-H/N-H and -

C=O) were also observed in the spectra of Type B membranes. However, only one of the 

fingerprint region peak at 1650 cm-1 (amide-I) appeared, hinting at the preferential 

adsorption of proteins to PVDF membranes [29].  

The CH peaks (3027, 2964, 2928, and 2849 cm-1) in the functional group region, 

characteristic of the CH chains present in both PVDF and long CH chain containing 

foulants [81], also showed different trends in peak intensities between  Type A and Type 

B membranes. 

For Type A membranes, the virgin membrane peak at 3027 cm-1 was attenuated in 

all four phases. However, the other three peaks at 2964, 2928, and 2849 cm-1, were 

attenuated in the first two phases and then increased in intensity in the later phases. The 

attenuation is due to the obfuscation of membrane-associated peaks by foulants. The later 

increase in the intensity of other peaks suggests that the CH chain containing foulants 

slowly accumulated. This slow accumulation is also evident with the increasing intensity 

of these peaks going from Phase 1 to Phase 2, even though attenuated in comparison to 

the virgin membrane. In contrast, for Type B membranes, the CH peaks continued to 

increase in intensity with each phase, suggesting the progressive and preferential 

adsorption of relatively hydrophobic species, which are known to adsorb to the PVDF 

membrane [21, 123]. The differences in the spectra of the two membrane types (foulant 

peak intensities: Type A > Type B, absence of foulant peaks in Type B, and the difference 

in the trend of some foulant peak intensities) suggests that although irreversible fouling is 
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typically associated with adsorption by specific interactions of foulants and membranes, 

the hydrodynamic permeation drag force during filtration influence deposition [150], and 

thereby aid the interactions leading to irreversible fouling [218]. 

 
Figure 34 FTIR spectra of the aged membranes. Top panel: 4000-2700 cm-1. Bottom panel: 1900-650 

cm-1. 

In contrast to Type A and Type B, the spectra of Type C membranes did not reveal 

any changes in the fingerprint region. Additionally, in the functional group region CH 

related peaks also did not undergo any changes; however, O-H (3700-3300 cm-1) and -

C=O (1735 cm-1) associated peaks appeared. The appearance of these peaks suggests the 

possible oxidation of PVDF [219]. This is an interesting observation since PVDF 

membranes with no additives are robust against concentrations of NaClO employed in our 

experiments and have been shown not to undergo oxidation [201, 216]. However, these 

studies used caustic sodium hypochlorite solution (pH ~ 11), whereas, in our work, the 
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CIP was performed using sodium hypochlorite under strongly alkaline conditions (0.25 M 

NaOH). This is important since similar NaOH concentrations have been shown to degrade 

PVDF material [215, 220]. Essentially under these conditions, the following two-step 

mechanism for the oxidation of PVDF exists [219, 221] : (i) double bond formation as a 

result of dehydrofluorination in strongly alkaline conditions [215, 216, 220, 222], and (ii) 

oxidation of the double bonds by the hypochlorite leading to oxidized functional groups 

of O-H and -C=O [219]. 

Apart from the identity of new and attenuated functional groups on the aged 

membrane surface, a comparison of the FTIR spectra of the aged membranes from 

different phases also revealed progressive aging. This was demonstrated by the evident 

increase in the intensity of the new functional groups in the spectra of Type A and Type 

B membranes going from Phase 1 to Phase 4. The increase in the intensity of foulant 

associated functional groups indicates the progressive accumulation of chemically 

irreversible foulants, which play a role in the gradual loss in performance of the 

membranes, i.e., aging. However, for Type C membranes, while the increase was evident 

going from virgin to Phase 1, only marginal to no increase was observed for the later 

phases. The plateauing behavior implies that after the initial reaction during Phase 1 aging, 

in subsequent phases only minimal or no reactions occurred; therefore, no further change 

in the PVDF oxidation products’ peak intensity was detected. Thus, demonstrating the 

chemical robustness of the PVDF material [201]. 

Membrane Surface charge 

The ZP of the virgin and aged membrane surfaces as a function of pH is shown in 
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Figure 35. The virgin PVDF membranes had a negative ZP across the whole range of pH 

examined. PVDF does not carry charged functional groups [223], and the negative charge 

can be attributed to the preferential adsorption of hydroxide ions [224, 225]. The three 

membrane sample types showed distinct ZP trends. For type A membranes, there was a 

definite shift towards a less negative ZP going from Phase 1 to Phase 4. This can be 

attributed to the progressively increasing irreversibly attached foulants [42, 123], as 

evinced by the FTIR spectra, Figure 34. 

In contrast, Type C membranes became more negative at higher pH and less 

negative at lower pH. The change in ZP is due to the newly formed functional groups (O-

H and -C=O, Figure 34) [223]. At higher pH the newly formed acidic functional groups 

are deprotonated and thereby render the membranes more negative, while at lower pH 

(<5), since for typical carboxylic acids the pKa values fall within 4-5 [226], they are 

protonated, and the ZP gradually shifts to less negative. However, the membranes from 

different phases did not show any distinctive differences. This indicates that the oxidative 

material degradation only happened during the initial phases, aligning with the behavior 

observed in the FTIR spectra (see Surface functional groups). 

 
Figure 35 Variation of surface zeta potential of the virgin membrane and aged membrane samples as 

a function of solution pH with 1 mM KCl as background. 
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Type B membranes also showed a distinct behavior; while the ZP values were less 

negative throughout as in the case of type A membranes, there was a more substantial 

deviation at lower pH values (pH < 5), similar to type C membranes. This suggests that 

the aging of type B membranes was likely influenced by both irreversibly adsorbed 

foulants and the PVDF oxidative degradations. Based on this observation, it can be argued 

that PVDF oxidative degradations may also have happened in Type A membranes, but 

their presence in the FTIR spectra was likely obfuscated by the foulant associated peaks, 

and consequently surface character was dominantly influenced by the irreversibly attached 

foulants. 

Contact angle 

The appearance of new hydrophilic functional groups on the aged membrane 

surfaces as evinced by FTIR spectroscopy also resulted in a decrease in contact angle 

values, Figure 36, indicating an increase in the membrane hydrophilicity. The decline was 

most significant in the case of Type A membranes, followed by Type B and Type C 

membranes, with Type C showing relatively minimal plateauing changes. The trend of 

change across the three different types of membranes closely follows the trends in the 

intensity of new functional groups in the FTIR spectra of the membranes. Additionally, 

the contact angle also underwent a progressive decline from Phase 1 to Phase 4, thus 

reaffirming the progressive change in membrane surface characteristics. 

The changes in the functionality of the membranes observed here, as they aged, 

affected the performance of the membranes as was discussed under Effect of aging on 

membrane performance. Importantly, similar to membrane performance, there are 
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distinct differences between the Type A and Type C protocols in terms of the alterations 

in surface functionality. Thus, further establishing that typical exposure-based aging 

experimental designs may result in erroneous inferences regarding the full-scale aging of 

membranes. 

 
Figure 36 Contact angle of PVDF membranes, virgin and aged (Type A, Type B, and Type C) under 

different aging conditions. 

Apart from the change in membrane surface character, the aging of the membranes 

can also affect the mechanical properties of the membranes [36, 38]. These alterations can 

be detrimental since a loss in mechanical properties can lead to membrane breach and 

therefore, compromise water quality [227, 228]. In the following section, I discuss the 

possible impacts of progressive aging on the mechanical properties of membranes. 

Effect of aging on the mechanical properties of membranes 

Membrane integrity 

None of the membranes from any of the module types showed any change in 

integrity, Figure 37. Therefore, chemical agent exposure and fouling in the duration of 
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our experiments lead to no apparent change in the bulk mechanical properties of the 

membrane. However, a more detailed assessment of the mechanical properties of the 

membranes was obtained by DMA and has been discussed in the next section. 

 
Figure 37 Rate of pressure decay during a pressure decay test for the integrity of the membranes from 

the three modules (Type A, Type B, and Type C). The black line represents the rate of pressure decay 

for the virgin membrane. 

Dynamic mechanical analysis 

The DMA test carried out were used to obtain stress-strain curves for each sample, 

where the slope of the line at low strains represents Young’s modulus. The point where 

the slope changes marks the transition from linear viscoelastic response to a non-linear 

response. Apart from the stress-strain curves the oscillatory nature of the test allows us to 

probe both the elastic and viscous components of the polymer and obtain the complex 

modulus E* = E’ + iE”, where E’ is the storage modulus (elastic component) and E” is the 

loss modulus (viscous component). Storage modulus is the measure of the elastic character 

(tensile strength) of the material and loss modulus is the measure of viscous character 

(dampening ability) of the material [229]. The ratio of E” to E’ is termed as loss tangent 
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or tan δ, which ranges from zero for an ideal elastic solid to infinity for an ideal liquid. In 

our membrane samples, the tan δ values were close to zero (data not shown) suggesting 

the dominance of the solid-like character or the elastic character. Accordingly, no change 

in the loss modulus was observed in any of the membrane samples across different aging 

protocols [212]. Therefore, only Young’s modulus from the stress vs. strain curves and 

the dynamic storage modulus of the virgin and aged membranes are reported and 

discussed, Figure 38 and Figure 39. 

As can be seen, both Young’s modulus and storage modulus, for Type C 

membranes, did not undergo any significant changes under the conditions employed in 

this study (for example, Young’s modulus for virgin membrane = 0.659 MPa, and Type 

C membranes = 0.630 to 0.664 MPa, in no definite order). This implies that although 

surface characterization revealed some oxidative degradation of the PVDF membrane, 

these changes were either only surface level or not consequential to the bulk properties of 

the membranes [230]. In contrast, there was an apparent decline in Young’s modulus of 

both Type A and Type B membranes (decreased from 0.659 MPa for the virgin membrane 

to 0.522 and 0.544 MPa for Phase 4 Type A and Type B membranes, respectively). 

Similarly, a gradual decline in dynamic storage modulus with each phase was observed 

for both Type A and Type B membranes, Figure 39Error! Reference source not found.. 

Thus, the irreversibly attached foulants seem to play a more critical role than the 

degradation brought about by chemical cleaning agents. Besides, correlating the 

observations here with the results from membrane integrity tests, it can be concluded that 

the pressure decay test, although practical, is not a measure of the gradual changes that 
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membranes continue to undergo, losing mechanical strength due to long term fouling. 

Thus, there is certainly a need for an in-situ measure to predict a possible membrane 

breach [41]. 

 
Figure 38 Stress vs. Strain curves for the different membrane samples (virgin and aged). Young’s 

modulus (MPa) estimated from the slope of the linear portion of each curve is shown in the bottom 

panel. 

 
Figure 39 Dynamic storage modulus of virgin and aged membrane fibers as a function of applied 

oscillatory strain. 

Since the focus of this work is to highlight the role of irreversible foulants in the 

long-term aging of membranes, the critical role of irreversible foulants is an important 

observation that typical chemical exposure aging studies will fail to provide [207]. 

Importantly, our observations are in-line with an autopsy study [40], which showed that 

the membrane samples with maximum loss in tensile strength were from a facility that did 
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not employ enhanced flux maintenance (a type of chemically enhanced backwash) and 

performed less frequent cleanings. Similarly, another autopsy study showed that loss in 

membrane permeability and loss in mechanical properties became apparent around the 

same age of the membranes (>5 years in operation) [41]. 

There have been only limited reports regarding the effect of irreversibly attached 

foulants on the mechanical properties of membranes [231]. For example, Powell et al. 

showed that fouled RO membranes had a lower young’s modulus than virgin membranes 

[232]. In another report, Hajibabnia et al. showed that fouled and cleaned PVDF UF 

membranes had higher tensile strength than membranes exposed to cleaning agents 

without fouling [207]. In contrast, Zondervan et al. [210] observed that the rupture point 

of fouled polyethersulfone UF membranes was almost half of the value for virgin 

membranes, while it remained unchanged for membranes exposed to sodium hypochlorite. 

Importantly, none of these previous works commented on the possible mechanisms 

leading to the observed changes. Although Hajibabania et al. suggested that the fouling 

layer provided mechanical stability to the membranes, they did not provide any 

mechanistic reasoning to support their suggestion.  

Now, the mechanical properties of semi-crystalline polymers like PVDF [128], 

depending on the magnitude of secondary intermolecular bonds that inhibit relative chain 

motion [233]. Thus, I propose that the irreversibly attached foulants disturb these weak 

intermolecular forces within the membrane material and thereby result in reduced 

mechanical strength. This proposed mechanism can explain the progressive decline in 

mechanical strength (Young’s modulus and storage modulus) going from phase 1 to phase 
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4 in the case of both Type A and Type B membranes; more decline was observed with 

increased irreversibly attached foulants (see section Surface functional groups). 

Additionally, the relatively lower accumulation of foulants in the case of Type B 

membranes compared to Type A membranes led to a lesser decline in the case of former 

membranes. This observation further accentuates the validity of the proposed mechanism. 

While further elucidation of the proposed mechanism was beyond the scope of this work, 

it would be a fruitful area for further work. 

Our observations directly contradict the results presented by Hajibabania et al. 

[207], even though both studies employ PVDF membranes. However, Hajibabania et al. 

used blended PVDF membranes, whereas the PVDF membranes in our work are not 

blended. This is a crucial distinction, as shown previously by Ravereau et al. in their long-

term exposure study [201]. While non-blended PVDF membranes maintained their initial 

values for mechanical strength, blended PVDF membranes showed significant changes. 

Gao et al. [211] argued that the removal of additives from blended PVDF membranes 

results in the PVDF macromolecular chains cross-linking to generate new chemical bonds 

and thereby, improved mechanical strength. For example, blended PVDF membranes with 

PMMA as additive showed lower maximum stress compared to pure PVDF membranes 

[217]. This argument ties well with our proposed mechanism for loss in mechanical 

properties due to irreversible fouling. Essentially, the hydrophilic additives disrupt the 

secondary intermolecular bonds, like the irreversible foulants in our study, and their 

removal by chemical cleaning results in improved mechanical strength. 
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Conclusions 

A comparison of three different membrane aging protocols (cyclical fouling and 

cleaning, cyclical adsorptive fouling and cleaning, and cyclical exposure to cleaning 

agents) were carried out using typically employed CIP conditions. 

The cyclical exposure to cleaning agents resulted in minimal material changes 

(alterations in the membrane surface functionality) via oxidative degradation of PVDF 

material and did not affect the membrane performance and mechanical strength. In 

contrast, cyclical fouling and cleaning protocol resulted in a progressive decline in the 

membrane performance as well as the material properties (surface and bulk). Thus, the 

progressive accumulation of chemically irreversible foulants through cyclical fouling was 

responsible for the aging of the membranes. The presence and identity of these foulants 

were confirmed by FTIR spectroscopy (proteins, polysaccharides, and humic-like 

material). The critical role these foulants play in the aging of the membranes was further 

established by a comparison of samples from the cyclical fouling & cleaning and cyclical 

adsorptive fouling & cleaning protocols. The former having a more substantial presence 

of irreversible foulants, underwent a relatively more quantitative decline in mechanical 

strength and worsened membrane performance. 

The study demonstrated the chemical stability of the PVDF membranes, and 

conclusively established the role of chemically irreversible foulants as the most significant 

contributor to the operational aging of membranes. Utilities observing a sustained decline 

in clean membrane permeability should actively employ enhanced cleaning protocols 

taking advantage of the chemical robustness of these membranes to prevent possible 
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membrane breaches due to loss in mechanical strength from the continued accumulation 

of foulants. 
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CHAPTER VI  

PEERING THE MECHANISM OF IRREVERSIBLE FOULING THROUGH 

THE SCOPE OF BACKWASH WATER COMPOSITION 

 

Introduction 

Irreversible fouling of low-pressure membranes, ultrafiltration (UF) and 

microfiltration (MF), is detrimental to the long-term performance of these membranes. 

Justifiably, understanding the mechanisms involved in irreversible fouling is key to 

developing strategies for the control and mitigation of fouling and the consequent 

productivity. Irreversible fouling in MF and UF is predominantly associated with the 

irreversible attachment of organic matter with the polymeric membranes [123, 234]. Two 

mechanisms have been invoked to explain the attachment or membrane-foulant 

interactions: (i) direct attachment of specifically interacting organic matter to the 

membrane, and (ii) bridging by polyvalent cations between the organic matter functional 

groups and the membrane. For example, hydrophobic organic species attaching to the 

membrane surface and pores have been reported as initiators for irreversible fouling during 

surface water and wastewater effluent filtration [21, 35, 123]. Similarly, bridging between 

the negatively charged membrane and the organic species by divalent (e.g. Ca2+) and 

trivalent (e.g. Al3+) cations has been reported as possibly responsible for irreversible 

fouling [21, 235]. Critically, the relative contributions of the two mechanisms remains an 

unanswered question. This lacking in our understanding impedes the development of 

targeted strategies for fouling reversibility. 
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Now, backwashing, the reversal of flow direction for the removal of foulants, is an 

established industry practice for fouling reversal [18]. Typically, MF or UF permeate is 

used for backwashing; however, recently chemically enhanced backwashing (CEB) has 

also gained traction [19]. CEB as the name implies is backwashing enhanced by the 

addition of chemicals (e.g. NaClO, NaOH). The idea is that the added chemicals can alter 

the organic matter character and thus, more efficiently disrupt membrane-foulant 

interactions and thereby better fouling reversibility. Some reports have also argued the use 

of deionized (DI) water to control UF/MF fouling [236, 237]. The argument being that the 

DI water during backwashing will change the localized ionic environment of the fouling 

layer and thus disrupt foulant-ion-membrane bridges responsible for irreversible fouling. 

These arguments for CEB and DI water backwashing efficacy again invoke the question 

of the relative contributions of the two mechanisms for irreversible attachment of foulants. 

Essentially, the efficacy of any added chemical or the absence of it is dependent on the 

mechanisms of membrane-foulant interactions. 

Interestingly, while CEB has slowly seen widespread usage in the water treatment 

industry [59, 238, 239], most of the previous research has been limited to the investigation 

of the applicability and efficacy of CEB, and mechanism evaluation has received very 

little to no attention [19]. For example, there is no report on how the most common CEB 

chemical, NaClO, brings about fouling mitigation. Some studies have reported possible 

reactions of organic foulants upon reaction with hypochlorite [240]. However, 

paradoxically a recent study analyzing NaClO cleaning observed better performance at 

high pH of 11 compared to the low pH of 5 (stronger oxidation capacity) [241]. In another 
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investigation comparing different cleaning agents against a variety of organic foulant 

layers, NaClO and NaOH performed equitably against a single organic foulant layer, and 

the latter performed better against mixed organics foulant layer [15]. 

In contrast to CEB, the mechanism during DI water backwashing has been 

explored; however, with inconsistent results [9]. For example, Li et al. observed that 

ultrapure water backwashing was more efficient compared to backwashing with water 

containing either monovalent (Na+) or divalent cations (Ca2+) [11, 12]. They concluded 

that the reduction in charge screening effect during ultrapure water backwashing resulted 

in increased repulsion forces between NOM and membrane and thereby better 

performance. In contrast, Chang et al. observed that backwashing efficiency by ultrapure 

water reduced with the addition of Ca2+ ions, whereas the addition of Na+ ions or other 

monovalent ions (e.g. K+, NH4+) resulted in increased backwash efficiency [13, 14]. They 

argued that ion-exchange during monovalent salt backwashing destroyed organic matter-

membrane complexes and thus, resulted in improved efficiency. Interestingly, NaCl 

backwashing was reported as equally effective to NaOH and NaClO backwashing of UF 

membranes fouled by model foulants (individual and mixtures) [15]; however, the authors 

did not comment about the possible mechanisms. 

The inconsistencies across past research further highlight our point that there is a 

need to develop a better understanding of the mechanisms contributing to irreversible 

fouling. The primary objective of this study was to elucidate the mechanism of irreversible 

fouling of microfiltration membranes. To this effect, MF fouling experiments with 

filtration and backwashing were performed using wastewater effluent and model foulants 
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mixture. Importantly, it can be argued that the relative efficacy of different added 

chemicals or the different backwash water compositions can also give insights into the 

mechanisms responsible for the irreversible attachment of foulants to the membrane 

surface and pores. This forms the basis of the experimental design employed in the 

presented work. To this end, in this study, a range of cleaning agents (salts, alkalis, acids, 

and oxidizers) along with ultrapure water were employed for backwashing of fouled MF 

membranes. 

Materials and Methods 

Source water 

Wastewater effluent 

An effluent sample was collected from the 4 million gallons per day (MGD) 

conventional activated sludge Texas A&M municipal wastewater treatment plant in 

College Station, Texas on September 21, 2020, after UV disinfection and just prior to 

discharge. This sample had a pH of 8.3 ± 0.12, turbidity of 3.2 ± 0.5 NTU, EfOM 

concentration of 8.493 ± 0.342 mg/L measured as dissolved organic carbon (DOC), 

UVA254 of 0.308 ± 0.006 cm-1, chemical oxygen demand (COD) of 22.1 ± 2.7 mg/L, 

hardness of 60 ± 5 mg/L as CaCO3 and alkalinity of 180 ± 13 mg/L as CaCO3. The 

ammonia concentration was very low (close to the detection limit of 0.01 mg/L NH3-N) 

and the total N was 23.6 ± 1.9 mg N/L. Samples were filtered with 0.45 µm 

polyethersulfone disc filters (PES, Pall Corp.) within 24 h of collection, stored in the dark 

at 4 °C, and brought to room temperature immediately before use. 
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Model foulant solution 

A synthetic feed water solution was prepared using model foulants (5 mg/L bovine 

serum albumin (BSA), 5 mg/L sodium alginate (SA), and 5 mg/L humic acid (HA) + 8 

mM NaCl + 1.5 mM CaCl2 + 1 mM NaHCO3), the model foulants represented the major 

classes of organics found in surface water and wastewater effluent, namely proteins, 

polysaccharides, and humic substances [34, 157]. The synthesized feed water solution had 

a dissolved organic carbon (DOC) concentration of 3.804 ± 0.247 mg/L, UVA254 of 0.045 

± 0.002 cm-1, chemical oxygen demand (COD) of 11.1 ± 1.4 mg/L, the conductivity of 

500 ± 12 µS/cm, and the pH was adjusted to 8.2 ± 0.1 using 1 M HCl. 

BSA, SA, and HA were received in powder form, and stock solutions (1 g/L) of 

each model foulant were prepared by dissolving each of the foulants in ultrapure water. 

BSA and SA were used as is without any purification. HA was purified according to 

methods published earlier [107, 242]: HA was dissolved in deionized water and 

precipitated at pH 1.0 by the addition of concentrated HCl and was finally separated by 

centrifugation at 4000 g for 20 min. The precipitate was then rinsed twice with 1 M HCl. 

Next, the precipitate was dissolved in ultrapure water and the sequence of operations of 

sedimentation, centrifugation, and rinsing was performed twice. Finally, the pellet 

containing purified HA was rinsed with ultrapure water and was oven-dried at 40 ± 1 °C 

for 72 hours. The dried pellet was pulverized using a glass mortar and pestle. Prior to each 

fouling experiment, 1 L fresh feed water solution was prepared by adding appropriate 

amounts of each stock solution and salt crystals to ultrapure water. 
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Backwash water 

Five different types of chemical agents were tested as backwash water. The agents 

included, monovalent salt solution (10 and 20 mM NaCl), divalent salt solution (1.5 and 

4.5 mM CalCl2), acid (0.01 N HCl, pH 2 ± 0.1), alkali (0.01 N NaOH, pH 12 ± 0.1), and 

oxidizer (500 ± 10 mg/L NaClO  as free chlorine, pH 10 ± 0.1). Additionally, ultrapure 

water (18 MΩ-cm, pH 5.6 ± 0.1) backwashing served as a reference. Fresh backwash water 

solutions were prepared using ultrapure water for each experiment. 

Membrane filtration setup and experimental procedure 

A bench-scale filtration setup equipped with a programmable peristaltic pump 

(Watson Marlow, USA) and compound pressure transducer (Ashcroft, USA) was used for 

all the filtration and backwashing experiments. Automatic control and data acquisition 

were performed using a program written in LabVIEW 2019 (National Instruments). The 

setup employed a membrane module comprised of a single polyvinylidene fluoride 

(PVDF) hollow fiber MF membrane having a nominal pore size of 0.1 µm, 1.29 mm OD, 

and 0.71 mm ID (Pall Corp., USA). A 12 cm length of virgin membrane fiber was potted 

in nylon tube fittings with epoxy ensuring that the fiber opening was not blocked. The 

bottom end of the fiber was sealed with epoxy resin. The total effective length after potting 

was 10 cm, giving an active filtration area of 4.08 cm2. 

During filtration, the membrane module was submerged in the feed water and 

outside-in filtration was carried out in suction mode at a constant flux (100 L/m2h and 50 

L/m2h for wastewater effluent and model foulants solution, respectively) for 3 hours. A 
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lower filtration flux (50 L/m2h) was used for model foulants solution since excessive 

fouling was observed at the higher flux of 100 L/m2h. A longer filtration duration of 3 

hours was chosen to ensure a significant deposition of foulants on the membrane surface. 

Following which the module was taken out from the membrane vessel and backwashing 

was performed at 100 L/m2h for 30 minutes by reversing the direction of the peristaltic 

pump. The backwash effluent was continuously collected in 50 ml centrifuge tubes for 

characterization. Two such cycles of filtration and backwashing were performed during 

each experiment. A new membrane module was utilized for each experiment. Prior to use, 

the membranes were wetted by immersing in 50% ethanol for 30 minutes, followed by 

immersion and rinse with ultrapure water to remove residual ethanol.  

Quality assurance comprised of repeating ≈ 50% of the experiments as shown in 

SI Figure A-12. Mann-Whitney U tests revealed no statistical differences between the 

instantaneous pressure values obtained from these duplicate experiments at 95% 

confidence. Hence, the results obtained over the entirety of experimentation could be 

quantitatively compared, validating our findings. 

Backwash performance evaluation 

The backwash performance of different backwashing water was evaluated in terms 

of percentage transmembrane pressure (TMP) recovery after the 1st backwash. The 

recovery which indicated the extent of fouling reversibility was calculated using Equation 

15: 

% TMP recovery = TMP1/TMP2 x 100  (15) 
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where, TMP1 = TMP at the beginning of the first filtration cycle, and TMP2 = TMP at the 

beginning of the second filtration cycle after backwashing. 

Analytical measurements 

Dissolved organic carbon (DOC) was measured by a Total Organic Carbon 

analyzer (TOC-L, Shimadzu Corp.). COD was determined using the reactor digestion 

method [130] (HACH method 8000). The infrared spectra of the vacuum-dried membrane 

samples were collected using the Nicolet iS10 spectrometer equipped with mid-infrared 

Ever-Glo source, DTGS detector, KBr beam splitter, and Omnic 9.0 Software. A diamond 

iTX accessory was also installed to allow sampling in ATR mode. IR spectrum was 

obtained by averaging 128 scans collected at 4 cm−1 resolution over 650–4000 cm−1. 

Results and Discussion 

Effect of backwash water composition (salts, acid, base, and oxidizer) 

Ultrapure water and salt solutions 

Figure 40a shows the TMP profiles during filtration of wastewater effluent and 

backwashing using ultrapure water and salt solutions. Comparison of fouling reversal after 

backwashing in terms of % TMP recovery after 1st backwash, Figure 40b, shows that 

backwashing with ultrapure water performed better than salt solutions. However, the 

difference quantitatively was only 5-10% across all the salt concentrations and types 

employed. Interestingly, negligible quantitative differences in percentage recovery were 

observed between lower concentration salt solutions and their higher concentration 
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counterparts. Additionally, the recoveries with monovalent salt (Na+) and divalent salt 

(Ca2+) were also similar with Ca2+ performing slightly worse, but statistically insignificant 

(< 5% difference in the extent of recovery). The trends in recoveries with ultrapure water 

and salt solutions observed here are similar to results previously reported with surface 

water ultrafiltration [235, 243]. 

 

Figure 40 (a) TMP profiles during wastewater effluent filtration with ultrapure water and salt 

solution backwashing, and (b) % TMP recoveries achieved after 1st backwash. 

The nominally better performance of ultrapure water compared to the salt solutions 

is typically associated with the dilution of the foulant layer ionic environment resulting in 

breakage of cation influenced membrane-foulant bridging [236]. However, the minimal 

adverse effect of the presence of salts (Na+ or Ca2+) in the backwash water evident from 

the observed similar performance across ultrapure water and salt solution backwashing 

suggests a minimal role of the bridging phenomena. No significant difference in 

performance between low and high salt concentrations further accentuates the argument 

of a minimal role of multivalent cation bridging in influencing foulant-membrane 

(a) 

(b) 
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interactions responsible for irreversible fouling. Thus, it can be argued that the backwash 

recoveries observed are primarily a result of hydraulic shear force leading to the physical 

removal of loosely attached foulants [244]. 

As the results indicate towards the minimal role of multivalent cation bridging of 

EfOM and membrane, direct membrane-foulant interactions likely play a more dominant 

role in irreversible fouling during wastewater effluent filtration. These interactions are 

influenced by the charge on the organic matter [107] which is a function of pH [245]. 

Therefore, the pH of the backwash water should affect the membrane-foulant interactions. 

Thus, in the following section, I analyze the efficacy of backwashing under acidic (HCl) 

and alkaline (NaOH) conditions. 

Effect of backwash water pH 

Backwashing with 0.01 N NaOH resulted in significant improvement in TMP 

recovery compared to ultrapure water (~90% as opposed to ~70%), Figure 41 and Figure 

40b. Thus, the hydrolysis and solubilization of organic matter by NaOH and electrostatic 

repulsions between the deprotonated organic matter in the fouling layer and membranes 

under alkaline pH conditions resulted in the breaking of the EfOM-membrane interactions 

[246]. The better performance in conjunction with the proposed mechanism suggests the 

dominant role of non-electrostatic direct membrane-foulant interactions in irreversible 

fouling. In contrast, HCl i.e. acidic pH led to a significant reduction in TMP recovery 

compared to recovery after ultrapure water backwashing (~40% as opposed to ~70%). 

Acidic conditions can decrease the net charge of the organic matter through protonation 
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[247]. The reduced recovery under these conditions implies that the possible protonation 

that may have occurred was ineffective in breaking the existing EfOM-foulant interactions 

and possibly resulted in the formation of newer non-electrostatic interactions between the 

neutralized organics and the membrane. 

 

Figure 41 (a) TMP profiles during wastewater effluent filtration with NaOH and HCl backwashing, 

and (b) % TMP recoveries achieved after 1st backwash. 

The recovery trends after backwashing with an acid and an alkali further 

accentuate the argument of the dominance of non-electrostatic direct EfOM-membrane 

interactions in irreversible fouling, for example, hydrophobic interactions [115, 234]. 

Therefore, it can be argued that the nature (functionality) of the organic matter dominates 

the EfOM-membrane interactions responsible for irreversible fouling. Therefore, to 

improve recovery during backwashing, the functionality of the organic species needs to 

be altered to break the non-electrostatic membrane-foulant interactions seemingly 

responsible for the irreversible fouling. An oxidizer like NaClO oxidizes organic species 

(a) 

(b) 
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to their more hydrophilic form [234]. In the next section, I look at the efficacy of NaClO 

in backwashing. 

Effect of NaClO in backwashing 

Backwashing with NaClO resulted in ~100% recovery, the highest recovery 

amongst all the tested backwash water compositions including ultrapure water, Figure 42. 

The result confirms our supposition that the dominant EfOM-membrane interactions are 

non-electrostatic and primarily dominated by the nature of the organic species and thus, 

by specifically interacting organic moieties [123]. Oxidation of the organic matter, i.e., 

hydrophilization of the organic matter, resulted in disrupting the EfOM-membrane 

interactions and thereby highest recovery. These results confirm our supposition regarding 

the nature of interactions primarily responsible for irreversible fouling. This confirmation 

is significant especially in the backdrop of two previously published reports which 

essentially put into contention the oxidative role of NaClO in fouling mitigation and gives 

credence to the prevalent use of the NaClO for chemically enhanced backwashing (CEB). 

Now, although NaClO is widely used in industrial practice, interestingly, the 

results presented here are in contradiction to some previous reports. Wang et al. [241] in 

their membrane cleaning study, concluded that the alkaline effect of NaClO was more 

dominant rather than the oxidative reaction of active chlorine. Similarly, Kim et al. [247] 

showed that using NaOH was more effective compared to NaClO for backwashing and 

cleaning of ultrafiltration membranes fouled by specific biofilm components. However, 

as shown, NaClO (pH = 10) performed better than NaOH (pH = 12), ~100% as opposed 
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to ~90%. I believe that that the use of model foulants in these previous reports is likely the 

reason for the discrepancy from our results. This is important, as I show later (see Model 

foulant mixture filtration and salt backwashing) the dominant fouling mechanism 

during model foulant filtration is different from that during wastewater effluent filtration. 

In the next section, I validated our process data regarding the backwash efficacy 

of different backwash water using analytical measurements. 

 

Figure 42 TMP profile during wastewater effluent filtration with NaClO backwashing and % TMP 

recovery achieved after 1st backwash. 

Backwashing effluent DOC and membrane FTIR reflect backwash recovery trends 

The DOC in backwashing effluent depended on the type of backwash water 

employed and closely followed the trends of the backwashing recovery, Figure 43a. For 

example, the highest DOC was obtained with NaClO backwashing which showed TMP 

highest recovery among all backwash waters. Similarly, the lowest DOC was obtained 

with HCl backwashing which showed the lowest TMP recovery. The trends in the removal 

of foulants evinced from the TMP recovery data and backwashing effluent DOC values 
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were further validated through the FTIR spectra of the fouled membranes. The order of 

the intensity of foulant peaks (O-H/N-H peaks at 3700-3300 cm-1 [81]) on the membrane 

surface was NaClO < NaOH < Ultrapure water < NaCl < CaCl2 < HCl, Figure 43b. This 

peak intensity order follows that of DOC removal and TMP recovery with the different 

backwashing solutions. 

 

Figure 43 (a) mg/L DOC in backwashing effluent, and (b) FTIR spectra of the virgin and fouled 

membrane surface. 

The analytical measurements validated the process data and therefore, the derived 

arguments. Thus, validating the supposition that non-electrostatic membrane foulant 

interactions are dominantly responsible for irreversible fouling. 

Although our results and proposed fouling mechanism explain previously reported 

observations for natural water and wastewater effluents [235, 243], they are inconsistent 

with previous reports employing model foulants [57, 248]. To understand these 

discrepancies, I also looked at the effect of salt backwashing on the TMP recovery during 

filtration of a model foulant mixture. 

(a) 

(b) 
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Model foulant mixture filtration and salt backwashing 

Salt backwashing of membranes fouled by model foulant mixture revealed a 

different behavior from wastewater effluent in terms of recovery. NaCl backwashing led 

to close to 90% recovery, followed by ultrapure water with 70% recovery, and 40% 

recovery with CaCl2, Figure 44. The order of recovery is distinctly different from that 

obtained during wastewater effluent filtration (NaCl > ultrapure water > CalCl2 as opposed 

to Ultrapure water > NaCl ≈ CalCl2). However, similar to wastewater effluent filtration, 

no difference was observed between salt solutions of higher and lower concentrations, 

Figure 44. 

 

Figure 44 (a) TMP profile during model feed water filtration with ultrapure water and salt solution 

backwashing, and (b) % TMP recoveries achieved after 1st backwash. 

The results obtained here are in line with previous reports [57, 248]. This distinct 

difference between the two feed water under the same backwashing conditions implies the 

existence of different mechanisms of fouling. In the case of model foulant filtration, 

previous reports have argued that Na+ ions in backwashing water break down the 

(a) 

(b) 
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multivalent cation influenced bridging between membrane and foulants by ion-exchange 

for TMP recovery. In contrast, ultrapure water only results in the change of the ionic 

strength of the fouling layer and only partially affects the membrane-foulant multivalent 

cation bridging. Whereas, Ca2+ doesn’t alter these interactions and therefore, minimal 

recovery. Thus, as a corollary, it implies that the primary mechanism of fouling during 

model foulant filtration is the multivalent cation facilitated membrane-foulant bridging as 

opposed to the dominance of non-electrostatic membrane foulant interactions during 

wastewater effluent filtration as argued previously. This is a critical inference and puts 

into contention the use of model organic materials as surrogates for EfOM, e.g., for 

understanding the fouling mechanisms or drawing inferences regarding membrane 

cleaning. For example, alginate was shown to be a poor representative for EfOM [151]. 

Conclusions 

Analysis of the efficacy of different backwash water compositions (salts, acid, 

alkali, and oxidizer) revealed insights about dominant fouling mechanisms during 

wastewater effluent microfiltration. Similar efficiencies of ultrapure water and salt (NaCl 

and CaCl2) backwashing showed that the EfOM-membrane bridging by multivalent 

cations had a minimal role in the irreversible fouling of microfilters. In contrast, the 

excellent efficiency of NaOH (90% TMP recovery) and NaClO (≈100% TMP recovery) 

highlighted the need for degradation of organic matter to achieve fouling reversal. Thus, 

establishing that irreversible fouling during wastewater effluent microfiltration was 

dominantly influenced by specific EfOM-membrane interactions, disrupted only by a 
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change in EfOM character brought about by NaOH (solubilization and hydrolysis) and 

NaClO (hydrophilization by oxidation). 

Additionally, the distinct difference between the salt backwash efficiency trends 

during wastewater effluent and model foulant mixture (SA + BSA + HA) filtration implied 

the different fouling mechanisms for the two feed water. While salt backwashing and 

ultrapure water had similar efficiency during wastewater effluent filtration, during model 

foulant filtration there were clear differences between the three backwashing 

compositions. NaCl backwashing performed the best with nearly 90% TMP recovery, 

followed by ultrapure water and CaCl2 backwashing with 70% and 40% TMP recovery, 

respectively. The significantly distinct efficacies indicate that EfOM-membrane cation 

bridging plays a critical role during model foulant filtration, unlike wastewater effluent 

filtration. Therefore, the use of model foulants as representatives for wastewater effluent, 

especially in studies investigating backwashing and cleaning efficiencies need to be 

carefully considered. 
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CHAPTER VII  

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

 

Conclusions 

The irreversible fouling of PVDF (and similarly hydrophobic) microfilters during 

wastewater effluent filtration progresses in two steps. Initially, relatively hydrophobic 

EfOM species attach to the membrane surface and pores. These relatively hydrophobic 

organic moieties ‘condition’ the membrane for the attachment of relatively hydrophilic 

moieties, namely proteins and polysaccharides in the second step. EfOM characterization 

using high-resolution mass spectrometry revealed the possible identity of the initially 

attaching relatively hydrophobic species as belonging to the lipid chemical class, which 

includes fatty acids, aliphatic hydrocarbons, terpenes, and sterols. The percentage 

contribution of the lipid chemical class in different feed water samples was strongly 

correlated to their respective irreversible fouling resistance and expectedly as was the 

protein chemical class. Identification of the previously unreported role of lipids chemical 

class in fouling provides avenues for the development of targeted pretreatment strategies 

for fouling control. However, it is cautioned that the prominent role of lipids was inferred 

from only four distinct samples (two drinking water supplies and two wastewater 

effluents). Additional samples and independent measurement of lipids by gas 

chromatography [156, 193] would lend further credibility to our findings.   

Probing fouling mechanisms using adsorption pretreatment revealed the relatively 

different contributions of surface and pore foulants to productivity loss. The apparent 
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attachment of foulants to pore surfaces was less reversible and consequently more 

detrimental to the long-term loss in membrane permeability. Besides, foulants attached to 

the outer membrane surface can act as a dynamic secondary membrane reducing exposure 

of pores to the foulants, thereby reducing irreversible fouling. Thus, EfOM size 

distribution can be a potential indicator of the feed water fouling propensity. 

Additionally, the fouling extent and total EfOM loading after adsorption 

pretreatment were not correlated indicating that a specifically interacting fraction of EfOM 

largely determined fouling. Importantly, this fraction constituted only approximately 5% 

of the total EfOM. The critical role of specific EfOM-membrane interactions was further 

validated operationally by evaluating the efficacy of different backwash water 

compositions (ultrapure water, salts, acid, alkali, and oxidizer). Similar efficacy with 

ultrapure water and salt (Na+ and Ca2+) backwashing (≈70 % transmembrane pressure 

recovery) revealed the minimal role of divalent cation influenced EfOM-membrane 

bridging. In contrast, excellent backwashing efficiencies of NaOH and NaClO (90 and 

100% TMP, respectively) showed that specific EfOM-membrane interactions were 

dominantly responsible for irreversible fouling. Essentially, EfOM degradation (NaOH 

leads to hydrolysis and solubilization and NaClO oxidizes to hydrophilic form) was 

required for breakage of the specific interactions and thus, fouling reversal. The results 

add credence to the use of chemically enhanced backwashing with NaClO for fouling 

mitigation. 

Importantly, irreversible foulants not removed by chemical cleaning may play a 

role in the aging of membranes over long-term operation. Progressive decline in both 
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membrane productivity (increased fouling propensity and reduced permeability) and 

membrane mechanical strength (estimated as Young’s modulus and dynamic storage 

modulus) over multiple fouling-cleaning cycles was interpreted as aging. In contrast, 

analysis of microfilters after direct chemical exposure resulted in minimal aging, 

highlighting the high chemical resistance of PVDF membranes. While minimal 

modifications in the membrane surface functionality were observed, no changes were 

observed in either membrane productivity or mechanical strength. These distinct 

differences in the two experimental designs revealed the critical and detrimental role 

progressive chemically irreversible fouling plays in the aging of membranes. Therefore, 

utilities employing PVDF membranes can employ regular and extensive chemical 

cleaning ensuring long-term efficiency. However, it is emphasized that our results strictly 

pertain only to PVDF membranes and different behavior can be expected for other 

compositions based on their chemical and pH compatibility. 

Lastly, pre-chlorination can be an effective pretreatment strategy to mitigate 

fouling during filtration of wastewater effluent. However, the extent of fouling mitigation 

or aggravation was dependent on the dose of sodium hypochlorite or free chlorine. 

Filtration experiments with a broad range of doses revealed the existence of a threshold 

dose below which the fouling was exacerbated but fouling was alleviated as the dose was 

increased further. This dose-dependent behavior was a result of the dose-dependent 

transformations of different EfOM species. For example, proteins and humic material at 

low doses become relatively more hydrophobic resulting in increased adsorption to 

membranes and consequently increased fouling. However, upon further increasing the 
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dose, more chemical transformations rendered them relatively more hydrophilic, thereby 

reduced sorption and consequently reduced fouling. The adsorption behavior was 

quantified in terms of free energy of adhesion between membrane and EfOM using 

XDLVO theory, trends of which closely followed the fouling trends observed. Thus, pre-

chlorination can be a useful strategy for fouling mitigation but with careful assessment of 

required dosing, which will differ for individual wastewaters. 

Recommendations for future work 

Based on this research work, the following ideas can be used as directions for 

future work: 

EfOM Characterization 

High-resolution mass spectrometry-based characterization of the DOM across 

multiple sources of water revealed previously unreported lipid chemical class as major 

foulants. However, the technique is constrained by the DOM extraction method. For 

example, solid-phase extraction (SPE) recoveries of DOM are too low (40 to 60%) and 

the DOM character is influenced by the type of cartridges used. This constraint of DOM 

extraction is closely related to different extraction methods that result in significantly 

different compositions [249]. Therefore, the use of a broad range of SPE cartridges or 

other methods (e.g. rotary evaporation, freeze-drying) for DOM extraction and their 

further analysis will provide a more detailed molecular fingerprint of DOM and its role in 

fouling. 
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Membrane aging mechanisms 

The present work showed that the progressive accumulation of chemically 

irreversible foulants led to a progressive decline in the mechanical strength of the 

membranes. The study proposes that this irreversible attachment of foulants disrupts 

secondary intermolecular bonding (responsible for inhibition of relative chain motion) 

within the polymer resulting in reduced mechanical strength. However, a better and 

potentially quantitative understanding of this mechanism needs to be established. The 

preliminary hypothesis for this research is: Different types of foulants interact differently 

with different membrane materials and thus, would impact the mechanical properties 

differently. For example, polymers with polar groups (e.g. Cl, OH, and CN) have stronger 

secondary bonds and therefore, larger elastic moduli [233]. 
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APPENDIX A 

SUPPORTING INFROMATION FOR CHAPTER II 

 

Adsorption pretreatment 

Equilibrium time and adsorption capacity 

The equilibrium time for the removal of EfOM (measured as DOC) by the three 

adsorbents was estimated in batch experiments, shown in Figure A-1 (left). As can be 

seen the equilibrium for all the adsorbents was achieved well within 24 hours. 

Additionally, the adsorption isotherm plot is also shown, Figure A-1 (right). 

 

Figure A-1 (Left) DOC removal by the three adsorbents at 100 ppm dosage as a function of time. 

(Right) Adsorption isotherms for the different adsorbents. 

 

Centrifugation times for the adsorbent particles 

Centrifugation times were calculated according to the equation: 𝑡 =  
18𝜂

𝜔2𝑑2𝛥𝜌
 

𝐿

𝑅𝑎𝑣
  

(Livshits et al. Scientific Reports 2015), Table A-1, where, 
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𝜂 is viscosity of water at 20 °C = 1 cP 

𝜔 is the angular velocity at 10,000 g = 953 rad/s (for Eppendorf rotor FA-34-6-38) 

𝛥𝜌  is the density difference = 𝜌𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 − 𝜌𝑤𝑎𝑡𝑒𝑟 = (𝜌𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 − 1) g/cm3 

𝐿 is the sedimentation path length for FA rotors ≈ 2.74 cm for FA-34-6-38 

𝑅𝑎𝑣 is the average radius of centrifugation ≈ 6 cm for FA-34-6-38 rotor 

 

Table A-1 shows the calculated centrifugation times for the smallest adsorbent 

particle size, particle size distribution of the adsorbents is shown in Figure A-2. 

Table A-1 Required sedimentation times for the different adsorbents at 10000 g. 

Adsorbent Smallest 

detected size 

(µm) 

Density (g/cm3) Sedimentation time for 

complete removal (seconds) 

PAC 4.8 1.8 0.49 

HAOP 1.68 2.42 2.26 

cPVDF 0.18 1.78 358 
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Figure A-2 Particle size distribution of the adsorbent particles. cPVDF (blue), HAOP (red), and 

PAC (green) 

Effect of pretreatments on the fouling of microfilters 

The effect of pretreatments on the fouling behavior of microfilters was evaluated 

in terms of the percentage increase in TMP over individual cycles i.e. total fouling 

(Equation A1) and percentage of virgin membrane TMP recovered (Equation A2) i.e. 

backwashing efficiency. 

𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑖𝑛 𝑇𝑀𝑃 (%) =  
𝑇𝑀𝑃𝑓𝑖𝑛𝑎𝑙

𝑖 −𝑇𝑀𝑃𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑖

𝑇𝑀𝑃𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑖  × 100  (A1) 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑏𝑦 𝑏𝑎𝑐𝑘𝑤𝑎𝑠ℎ𝑖𝑛𝑔 (%) =  
𝑇𝑀𝑃𝑖𝑛𝑖𝑡𝑖𝑎𝑙

1

𝑇𝑀𝑃𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑖  × 100             (A2) 

where, 𝑇𝑀𝑃𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑖  and 𝑇𝑀𝑃𝑓𝑖𝑛𝑎𝑙

𝑖  are the transmembrane pressure at the start and end of 𝑖𝑡ℎ 

cycle, respectively. The same has been shown in Figure A-3. 
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Figure A-3 Percentage increase in TMP during individual cycles for the three pretreatments (left), 

and percentage of virgin TMP recovered after each backwash (right). 

 

The pretreatment of the wastewater and the following filtration also revealed a 

non-proportional relationship between the influent gross EfOM (measured as mg/L DOC) 

and the extent of fouling. As can be seen, in Figure A-4, neither maximum amount of 

influent EfOM lead to maximum fouling, nor minimum amount of EfOM led to minimum 

fouling. This behavior was consistently observed for all cycles. 
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Figure A-4 Non-proportional relationship between the EfOM (measured as mg/L DOC) content and 

the extent of fouling over multiple cycles. 
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APPENDIX B 

SUPPORTING INFROMATION FOR CHAPTER III 

 

Table A-2 Water, formamide, and diiodomethane contact angles of the dissolved EfOM and 

membrane 

Dose (mg/L) Water Formamide Diiodomethane 

0 (raw EfOM) 24.22 ± 0.27 30.58 ± 1.55 54.40 ± 0.71 

1.5 22.79 ± 0.37 33.98 ± 0.36 50.35 ± 3.89 

2.5 21.42 ± 0.18 41.54 ± 0.72 47.80 ± 1.41 

5 18.95 ± 0.30 28.32 ± 0.11 53.30 ± 0.71 

7.5 16.71 ± 0.22 27.36 ± 0.11 65.25 ± 0.64 

10 13.64 ± 0.15 25.97 ± 0.24 69.00 ± 0.28 

15 12.17 ± 0.26 25.34 ± 0.30 72.75 ± 0.35 

Membrane 112.80 ± 0.14 88.81 ± 0.82 66.72 ± 0.57 
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Figure A-5 Fouling profiles for filtration of raw and prechlorinated (2.5 and 7.5 mg/L) wastewater 

effluent at three different doses. The red and black plots represent duplicate experiments conducted 

on different days during the duration of this research. As observed, instantaneous pressure values 

under identical experimental conditions were very similar, indicating that the filtration behavior was 

closely reproducible. 
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Figure A-6  Representative calculation for extent and rate of adsorption from streaming potential 

measurements. 

 
Figure A-7 Cake filtration model fits (red) to experimental transmembrane pressure profiles for the 

raw effluent (black) 
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Figure A-8 Size distribution of the microfiltration permeate of raw and prechlorinated effluents. 

Table A-3 The specific volume filtered (L/m2) after which a transition from standard blocking to 

intermediate blocking occurred within a forward filtration cycle at different NaClO doses. “0” implies 

that intermediate blocking was the fouling mechanism throughout and “-“ implies standard blocking 

was the fouling mechanism throughout, i.e., no transition occurred. 

Dose (mg/L) Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 

1.5 - 18.9 16.65 13.5 0 

2.5 21.15 5.85 0 0 0 

5 - 27.45 18 14.4 12.6 

7.5 - - 23.4 15.75 14.85 

10 - - - - 17.1 

15 - - - - - 
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APPENDIX C 

SUPPORTING INFROMATION FOR CHAPTER IV 

Table A-4 : Dissolved organic carbon (DOC, mg/L) based solid-phase extraction (SPE) efficiency for 

all feed water samples. 

Sample DOC in feed 

water (mg/L) 

DOC in SPE 

extract (mg/L) 

Efficiency (%) Sample 

SW 7.903 3.967 50.2 SW 

BSW 7.239 4.329 59.8 BSW 

MWE1 6.600 2.660 40.3 MWE1 

MWE2 7.455 3.332 44.7 MWE2 

 

 
Figure A-9 Relationships between hydraulically irreversible resistance and percentage weighted 

concentration of different aminosugars and condensed hydrocarbon chemical classes. 
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Table A-5 H:C and O:C ranges used to define compound classes in van Krevelen diagrams. 

Chemical Class H:C O:C 

Lipids 1.5-2.2 0-0.3 

Proteins 1.5-2.2 0.3-0.6 

Aminosugars 1.5-1.7 0.6-0.7 

Carbohydrates >1.5 >0.67 

Condensed 

hydrocarbons 0.5-1.1 0-0.25 

Lignin 0.7-1.5 0.3-0.67 

Tannin 0.5-1.3 0.6-0.9 
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Figure A-10 Negative ESI Orbitrap mass spectra of each of the permeate after filtration of the 

different feed water samples showing the relative abundance of the identified peaks. 
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Figure A-11 The van Krevelen diagrams for all the four microfiltration permeates showing their 

respective chemical class distribution. The numbered rectangles mark the regions associated with (1) 

lipids, (2) proteins, (3) aminosugars, (4) carbohydrates, (5) condensed hydrocarbons, (6) lignins, and 

(7) tannins. 
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APPENDIX D 

SUPPORTING INFROMATION FOR CHAPTER VI 

 

Figure A-12 Fouling profiles for filtration wastewater effluent with different backwashing water. The red and black plots represent duplicate 

experiments conducted on different days during the duration of this research. As observed, instantaneous pressure values under identical 

experimental conditions were very similar, indicating that the filtration behavior was closely reproducible. 


