Characterization of Tertiary Membrane
Fouling in Cold Climates
by

Chen Tao

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Doctor of Philosophy
in
Civil Engineering - Water

Waterloo, Ontario, Canada, 2021

©Chen Tao 2021

Examining Committee Membership
The following served on the Examining Committee for this thesis. The decision of the Examining
Committee is by a majority vote.
External Examiner:

Dr. Katsuki Kimura
Professor
Division of Environmental Engineering
Hokkaido University

Supervisor:

Dr. Wayne Parker
Professor
Department of Civil and Environmental Engineering
University of Waterloo

Internal Member:

Dr. Peter Huck
Professor
Department of Civil and Environmental Engineering
University of Waterloo

Internal Member:

Dr. Monica Emelko
Professor
Department of Civil and Environmental Engineering
University of Waterloo

Internal-External Member: Dr. Christine Moresoli
Professor
Department of Chemical Engineering
University of Waterloo

ii

Author’s declaration
This thesis consists of material all of which I authored or co-authored: see Statement of Contributions
included in the thesis. This is a true copy of the thesis, including any required final revisions, as
accepted by my examiners.

I understand that my thesis may be made electronically available to the public.

iii

Statement of contributions
Chapter 3 and Chapter 4 have been published in peer-reviewed journals. The contributions were
stated as:
Chen Tao: Methodology, Investigation, Data curation, Writing - Original Draft.
Dr. Wayne Parker: Supervision, Writing - review & editing.
Dr. Pierre Bérubé: Supervision, Writing - review & editing

iv

Abstract
Cold climates have limited the application of membrane technologies in tertiary treatment by
affecting both secondary biological and tertiary membrane processes. There is a need to develop a
fundamental understanding of fouling mechanisms and to identify solutions to fouling of tertiary
membranes under cold climates. A combination of bioprocess modelling and advanced SMP
characterization illustrated the effect of secondary temperature (8, 14 and 20 ℃) and HRT (10, 15 and
20 h) on biomass process rates and SMP production. Liquid chromatography-organic carbon
detection (LC-OCD) results revealed a significant increase in total SMP concentration as secondary
temperature decreased with the fractions of polysaccharide and protein being more sensitive to
temperature. In contrast, reducing HRT did not significantly affect total SMP concentration in
effluents whereas SMP composition varied. Both biomass decay (BAP) and substrate utilization
(UAP) yields increased as secondary temperature decreased while only UAP yields decreased as HRT
decreased. A strong correlation was observed between secondary temperature and BAP/UAP yields
whereas the generation of BAP was more temperature sensitive than UAP.
The development of resistances due to fouling as a function of secondary temperature and HRT
was assessed. Reducing secondary temperature resulted in a substantial increase in total membrane
resistances over multiple filtration cycles which was contributed by increased hydraulically reversible
and irreversible resistances. A two-stage pattern in fouling rates development was observed indicating
potential fouling mechanisms of cake and pore blocking. Shortening HRT led to increased
hydraulically reversible and irreversible resistances whereas the degree and pattern of the change
were affected by temperature. When filtration tests were conducted at the secondary operating
temperature, the hydraulically irreversible permeability further decreased relative to filtration at
20 ℃. Water viscosity and intrinsic membrane resistance were observed to be responsible for 20–
29% of the total decrease in hydraulically irreversible permeability. These declines established the
upper limit to which fouling mitigation strategies could enhance hydraulically irreversible
permeabilities. The hydraulically irreversible permeability decline beyond that associated with
changes in viscosity and intrinsic membrane resistance was attributed to narrowed membrane pores
that retained additional SMP fractions and modified membrane-foulant interactions.
Correlation analysis revealed that the fouling of tertiary membranes was governed by high and low
molecular weight (MW) organics which were generated to a greater extent at low secondary
v

temperature and short HRT conditions. Multiple linear correlation analysis results indicate that
filtration temperature presented the highest contribution to tertiary membrane fouling followed by
secondary temperature and HRT.
The effect of coagulation with alum (0‒1.0 mM) on fouling of tertiary membranes was studied at
secondary temperatures of 8 and 20 ℃. The removal efficiency of high MW organics by coagulation
was consistently higher than that of low MW organics. The coagulated effluent concentrations were
higher for the SBR effluent generated at 8 ℃ than those generated at 20 ℃. The results of filtration
tests revealed that pre-coagulation can effectively reduce total membrane resistances; however, at the
preferred dosages, the values of hydraulically reversible and irreversible membrane resistances were
higher for the SBR operated at 8 ℃ due to higher concentrations of SMP fractions remaining in the
coagulated effluent.
The present study provides basic knowledge and insights into factors that should be considered
when developing strategies for mitigating fouling of tertiary membranes under low temperature and
high flow conditions. The approach of process modelling and differentiating the effects of secondary
HRT, temperature and filtration temperature developed in the present study provides insights into
fouling development of tertiary membranes and the results can be employed to understand the limits
of tertiary fouling control under challenging conditions. The potential of pre-coagulation in
membrane fouling alleviation and effluent quality improvement can be limited at low temperatures
and high flows. Further investigation should be conducted to explore the potential of other
pretreatments or adjustments of secondary operating conditions (such as solids retention time (SRT))
to achieve more effective fouling control under cold climates.
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Chapter 1
Introduction
1.1 Background
The purpose of tertiary treatment is to provide final cleaning of effluents to improve quality before
reusing, recycling or discharging (Vera et al., 2015). With more stringent water supply limitations and
discharge regulations, ultrafiltration (UF) has gained considerable acceptance for the tertiary
treatment of municipal wastewater (Yang et al., 2021). However, membrane fouling is commonly
recognized as a major obstacle achieving further adoption of UF in tertiary treatment. Effluent
organic matter (EfOM), which mainly originates from biological processes employed for secondary
treatment, has been identified as a dominant foulant in low-pressure membrane processes (Guo et al.,
2014). The membrane fouling caused by EfOM results in the need to operate at higher applied
pressures and with larger membrane surfaces, and more frequent cleaning to offset the loss in
permeability, resulting in higher operating costs and energy consumption.
EfOM is a highly heterogeneous mixture of residual influent substrate, soluble microbial products
(SMP), and nonbiodegradable or slowly biodegradable organic materials (Barker & Stuckey, 1999).
EfOM has been reported to account for as much as 86.5% of total chemical oxygen demand (COD)
and total organic carbon (Wang & Chen, 2018) in the secondary effluent. Among EfOM fractions, the
SMP, which is biologically derived from substrate metabolism during biomass growth (UAP) and cell
lysis during biomass decay (BAP) (Namkung & Rittmann, 1986), has been found to contribute the
majority of soluble organic matter in wastewater effluents and to be the dominant foulant responsible
for membrane fouling (Soh et al., 2020). Therefore, any important factor that affects the quality of
effluents and subsequent tertiary fouling extent is the presence of SMP that are produced during
biological treatment processes.
The concentration and composition of SMP in secondary effluent are impacted by the operating
conditions of biological treatment (Shi et al., 2018). The composition and concentration of SMP have
been reported to vary depending on factors such as solids retention time (Fu et al., 2017), carbon to
nitrogen ratio (Ly et al., 2018) and organic loading rate (Maqbool et al., 2017). In winter seasons of
cold weather countries, such as Canada, extreme operating conditions such as low temperature and
short HRT caused by earlier snowmelt are expected to result in greater production of SMP and
therefore lead to higher fouling potentials (Abu-Obaid et al., 2020). Moreover, the operating
temperature of UF filtration can enhance the fouling potential due to increased water viscosity and
reduced membrane pore size (Alresheedi & Basu, 2019; Cui et al., 2017). However, there has been
1

little characterization of the fouling of tertiary membranes under the low temperature and high flow
conditions and the fouling mechanism are not well addressed. Hence, understanding the effects of
operating conditions on SMP production and developing correlations between SMP fractions and
tertiary fouling are of importance for sustainable application of ultrafiltration in municipal wastewater
treatment.
Advances in coagulation/flocculation strategies as pretreatments for ultrafiltration have received
considerable attention. Coagulation can mitigate fouling by removing SMPs or changing their
physical-chemical characteristics (Chen et al., 2020; Peleato et al., 2017). In the prior studies the
DOC concentration of the UF influent ranged from 4.5‒8 mg/L (Chen et al., 2021; Liu et al., 2019).
However, DOC concentrations in the secondary effluents have been found to be higher under low
temperature (Drews, 2010) and high flow (Johir et al., 2012) conditions due to increased SMP
generation by biomass. Hence, the preferred dosage of coagulants and the mechanisms of membrane
fouling alleviation can be expected to change. This was deemed to be particularly relevant to the
present study.
There is little information in the literature that addresses fouling of tertiary membranes under either
cold weather or high flow operations. However, as will be subsequently demonstrated, the membrane
bioreactor (MBR) literature reveals that membrane fouling has the potential to increase under low
temperature conditions. It should be noted that with MBRs, the membranes interact with a range of
potential foulants that span from truly soluble species (i.e. SMP) to suspended solids (i.e. floc). In
tertiary configurations, the membranes are less exposed to settleable components (i.e. floc). It is
anticipated that there will be less cake formation on tertiary membranes than that would be observed
with MBR membranes. However, the lack of a cake layer may increase the accumulation of soluble
foulants in the membrane pores due to the absence of the “shielding” of pores that can be provided by
cake. The potential for fundamentally different fouling mechanisms and the need to provide fouling
mitigation strategies for tertiary configurations provides the motivation for the present work.

1.2 Research objectives and scope
The global goal of the present study was to obtain insights into fouling of tertiary membranes under
selected challenging conditions, including low temperature and high flows. Ultimately, the present
study will assist in minimizing the costs and resources required to enhance the tertiary membrane
performance. This was accomplished by completing the following subgoals:
(1) Characterize and model SMP production as a function of temperature when treating municipal
wastewater,
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(2) Assess the impacts of low temperature operation on hydraulically irreversible membrane
permeability of tertiary membranes,
(3) Evaluate the impact of secondary operating temperature and filtration temperature on fouling of
tertiary membranes,
(4) Investigate the effect of secondary treatment HRT on SMP production and fouling of tertiary
membranes at different temperatures,
(5) Explore the impact of pre-coagulation on fouling of tertiary membranes at low temperatures.

1.3 Research approach and thesis organization
This thesis is organized into eight chapters, including an Introduction (Chapter 1), Literature Review
(Chapter 2), five results chapters (Chapter 3‒7) prepared in journal article format, and Conclusions
(Chapter 8).
In Chapter 1, the research motivation, objectives, scope and thesis structure are presented.
In Chapter 2, results of a comprehensive literature review of the fundamentals of SMP and the
effect of secondary treatment operating conditions on SMP production are presented. The membrane
fouling when treating secondary effluent is reviewed and summarized. In addition, the pretreatment of
secondary effluent as a fouling mitigation strategy is reviewed.
In Chapter 3, the quantitative relationship between SMP generation, including UAP and BAP, and
the operating temperature of SBRs treating real municipal wastewater was investigated. LC- OCD
analysis and conventional parameter wastewater quality characterization were coupled with activated
sludge modelling to interpret the generation of SMP fractions that are relevant to membrane fouling.
Chapter 3 has been published as: Tao, C., Parker, W., & Bérubé, P. (2021). Characterization and
modelling of soluble microbial products in activated sludge systems treating municipal wastewater
with special emphasis on temperature effect. Science of the Total Environment, 779, 146471.
In Chapter 4, the contributors to hydraulically irreversible permeability of tertiary membranes at
cold temperatures were identified and quantified. A comprehensive test plan that allowed for separate
assessment of the impacts of temperature on the secondary and tertiary systems was developed.
Chapter 4 has been published as: Tao, C., Parker, W., & Bérubé, P. (2022). Assessing the role of cold
temperatures on irreversible membrane permeability of tertiary ultrafiltration treating municipal
wastewater. Separation and Purification Technology, 278, 119556.
In Chapter 5, the effects of temperature, including secondary treatment operating temperature and
filtration temperature, on fouling of tertiary membranes were investigated. Filtration tests were
3

conducted at bench scale at 20 ℃ to investigate the effect of SBR temperature on tertiary fouling and
subsequently at the source SBR temperatures to characterize the effect of filtration temperature on
tertiary fouling.
In Chapter 6, the interaction of secondary operating temperature and HRT on fouling of tertiary
membranes was evaluated. The SBRs treated real municipal wastewater over a range of temperatures
and HRTs to generate feed water for the tertiary filtration tests. Filtration tests were conducted at
bench scale at 20 ℃ to investigate the effect of SBR temperature and HRT on tertiary fouling and
subsequently at the source SBR temperatures to characterize the effect of filtration temperature on
tertiary fouling.
In Chapter 7, the impact of pre-coagulation of the effluent of secondary systems that were operated
at different SBR temperatures on tertiary fouling was assessed. The preferred dosage of coagulation at
different SBR temperatures was compared.
In Chapter 8, major conclusions and contributions from the present study were summarized.
Several recommendations were also made for future research.
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Chapter 2
Literature Review
2.1 Introduction
In the review of the literature on tertiary fouling under low temperature and high flow conditions, the
following issues were identified in Figure 2-1: (1) the fundamentals of SMP including its definition,
composition, and characterization techniques; (2) the effect of challenging operating conditions in
secondary treatment on SMP including temperature and HRT effect; (3) membrane fouling when
treating secondary effluent with the effects of SMP characteristics and filtration conditions; and (4)
tertiary fouling control strategies through pre-treatment of secondary effluent. Because the tertiary
ultrafiltration membrane process has received little attention under extreme conditions, a considerable
portion of review was based on studies of membrane bioreactors (MBRs).

Figure 2-1. Concept map of literature review.

2.2 Soluble microbial products in wastewater
2.2.1 Introduction to soluble microbial products
Membrane fouling by SMP remains one of the limitations for the widespread application of
membrane technology incorporated with biological treatment (e.g. MBR, tertiary membrane). Over
the past decade, numerous studies have been devoted to characterization of membrane foulants, and
SMP appears to exhibit a significant role (Ferrer-Polonio et al., 2018).
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Figure 2-2. Diagram of the metabolism of SMP formation in a heterotrophic biological
wastewater treatment system (adapted from Aquino and Stuckey, 2008).

EfOM from activated sludge systems is a combination of influent recalcitrant organic matter,
SMPs, and trace harmful chemicals (Shon et al., 2006). Recalcitrant organic matter is resistant to
biodegradation and thus is challenging to be removed by typical wastewater treatment. SMPs
originate from biological treatment process of wastewater treatment plants (WWTPs) (Jarusutthirak &
Amy, 2007). Trace harmful chemicals are microcontaminants associated with wastewater effluent and
may cause adverse impacts to human and aquatic health, such as disinfection by-products (DBP) and
pharmaceuticals. Of particular interest are SMPs that are found to be the majority of soluble organic
matter in wastewater effluent (Soh et al., 2020). For the purpose of wastewater reclamation and reuse,
it is imperative to study the properties of SMP in biologically treated wastewater effluent in detail in
order to reduce their adverse effects.
SMP has been defined as a group of organics that are released into solution from substrate
metabolism and biomass decay (Barker & Stuckey, 1999). Based upon the generation process, SMP
can be divided into biomass-associated products (BAP) and utilization-associated products (UAP).
Figure 2-2 illustrates the pathways of BAP and UAP formation. BAP are produced through cell lysis
and bound EPS hydrolysis which contain cell wall fragments. UAP are produced from substrate
utilization and are then excreted to the bulk phase. Both BAP and UAP can be recycled as electrondonor substrates (Shi et al., 2018).
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BAP and UAP can present distinct chemical and degradation kinetics. The major components and
properties of BAP and UAP were summarized and compared in Figure 2-3. BAP and UAP mainly
consist of polysaccharide, protein and humic substances (Barker & Stuckey, 1999). BAP molecules
tend to be larger and have a greater molecular weight as compared to UAP substances (Shi et al.,
2018). However, UAP with smaller molecules and lower molecular weight are more readily
biodegradable (Ni et al., 2012). Hence, it can be anticipated that BAP might present higher potential
for SMP-based fouling because of their greater accumulation and larger size (Jiang et al., 2010).

Figure 2-3. Characteristics of BAP and UAP (adapted from Shi et al., 2018).

2.2.2 SMP characterization techniques
Generally, common generic parameters are measured in order to assess the performance of biological
wastewater treatment process. These include analyses such as chemical oxygen demand (COD),
biochemical oxygen demand (BOD), total dissolved organic carbon (DOC) and SUVA (Pramanik et
al., 2016). However, the conventional characteristics do not provide insights into the mechanism of
bioprocess and fouling potential of specific components. Therefore, there is a need to identify the
specific fractions present in SMP.
As illustrated in Figure 2-4, SMP can be characterized by their concentration (Menniti &
Morgenroth, 2010), molecular weight (Teng et al., 2020), fluorescence (Ly et al., 2018), aromaticity
(Weishaar et al., 2003), hydrophobicity (Bessiere et al., 2009), biodegradability and biotoxicity
(Wang, 2018). Among them, liquid chromatography-organic carbon detection (LC-OCD) and
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excitation-emission matrix (EEM) are the most widely employed to identify the properties of SMP
that are associated with membrane fouling.

Figure 2-4. SMP characterization methods.

LC-OCD was developed to separate dissolved organic matter into various fractions based on
molecular size (Huber et al., 2011). LC-OCD can isolate and quantify five organic fractions,
including biopolymers (BP), humic substances (HS), building blocks (BB), low molecular-weight
(LMW) acids and LMW neutrals (Huber et al., 2011). Furthermore, the concentration of
polysaccharide and protein can be estimated by coupling with the results from organic nitrogen
detector (OND) and UV (at 254 nm) detector (UVD). LC-OCD has been initially used to identify
natural organic matter (NOM) in studies related to drinking water (Chen et al., 2014; Kimura et al.,
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2018; Kimura & Oki, 2017; Peiris et al., 2013). In recent years, the capability of LC-OCD analysis to
identify SMP in wastewater treatment and their fouling potential has also been confirmed (Bang et al.,
2019; Cai et al., 2020; Hao et al., 2020; Riley et al., 2018; Wang et al., 2017).
EEM has been applied to identify SMP by comparing their fluorescence fingerprints (Drews, 2010).
EEM produces fluorescence spectra over a range of excitation (Ex) and emission (Em) wavelengths
and can identify various SMP fractions, including aromatic protein, soluble microbial product like,
humic acid-like and fulvic acid-like substances (Chen et al., 2003). Regarding wastewater treatment,
EEM has been used in recent years to characterize the effect of COD/N ratio on SMP generation in
secondary effluent (Ly et al., 2018), identify reversible and irreversible foulants in MBRs
(Poojamnong et al., 2020), evaluate the effect of UV/TiO2 pretreatment (Yang et al., 2019) and ferrate
pretreatment (Liu et al., 2018) on fouling alleviation, and analyze membrane fouling behaviors of
SMP during the lifecycle of Escherichia coli (Yang et al., 2021). Compared to other available SMP
characterization techniques, EEM can offer rapid and consistent analyses with high instrumental
sensitivity (Peiris et al., 2010).

2.3 Effect of secondary treatment operating conditions on SMP
2.3.1 Effect of temperature on SMP production
Temperature can influence the production of SMPs by affecting the metabolic activity and biomass
decay of microorganisms (Choi et al., 2013). Compared with other parameters including substrate
concentration, aeration rate and ammonia concentration, temperature has been found to present the
greatest impact on SMP generation (Xu et al., 2011). Thus, it has become increasingly apparent that a
better understanding of the effect of temperature on SMP production is needed.
The variation of SMP generation in wastewater treatment with temperature and HRT reported in
the literatures has been summarized in Figure 2-5. The effect of temperature was initially discussed. It
was found the SMP concentrations were negatively correlated with temperature ranged from 8 to 30 ℃
in the reviewed literatures (Hu et al., 2019; Ma et al., 2013; Sun et al., 2014; Wang et al., 2010). It
was interesting to note that the polysaccharides and proteins as major components of SMP presented
different trends with temperatures. In a MBR treating municipal wastewater, the concentration of
polysaccharide increased from 10 to 60 mg/L as temperature declined from 26 to 8 ℃; however, the
corresponding change for proteins were from 10 to 20 mg/L (Wang et al., 2010). In another study of
MBR, the concentration of polysaccharide increased from 0.60 to 5.75 mg/g MLSS whereas the
concentration of protein increased from 0.75 to 3.0 mg/g MLSS from 19.7 to 8.7 ℃ (Ma et al., 2013).
Hence, the production of polysaccharides seems more sensitive to temperature than proteins.
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However, Sun et al. (2014) reported that polysaccharides and proteins concentrations both increased
from 5 to 15 mg/L in a full-scale MBR when temperature decreased from 27 to 13 ℃. The different
response of polysaccharides and proteins can be due to variations in influent characteristics (Wang &
Chen, 2018). Moreover, the effect of temperature on SMP-based dissolved organic nitrogen (SDON)
was evaluated in an activated sludge reactors (Hu et al., 2019), with the highest SDON values
observed at 8 ℃ (1.01-1.30 mg/L) followed by 15 ℃ (1.00-1.21 mg/L) and 25 ℃ (0.91-0.97 mg/L).
Hence, reduction in temperature can induce increased concentrations of SMP, and polysaccharides
were more sensitive to temperature than proteins. However, the results were mostly based on MBRs
research and further studies need to be conducted to address the relationship between SMP and
fouling of tertiary treatment with the effect of secondary operating parameters.
Apart from concentration, temperature can affect the composition of each SMP fraction. It has been
demonstrated that the concentration of lipopolysaccharides, a fraction of polysaccharide originating
from the cell walls of Gram-negative bacteria, rose at low temperatures (10 ℃) resulting in higher
fouling potential in MBRs (Kakuda et al., 2020). The severe membrane fouling caused by
lipopolysaccharides was reported to relate to their high affinity to membrane polymers and their
unique molecular weight distribution (Kimura et al., 2019). This influence of temperature on the other
composition of SMP needs to be further investigated in tertiary treatment with membranes.

Figure 2-5. Trends in SMP concentration before and after secondary temperatures and HRTs’
change.
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2.3.2 Effect of HRT on SMP production
In temperate regions wastewater resource recovery facilities (WRRFs) often need to operate during
periods of elevated flow that results from events such as snow melt, and HRT decreases accordingly
during these periods. HRT is another operating parameter affecting the production of SMP since HRT
can govern food to microorganisms (F/M) ratio of the bioreactor and MLSS concentration (Meng et
al., 2009). Hence it is of interest to understand how HRT affects SMP generation.
The impact of HRT on SMP concentrations in activated sludge systems is summarized in Figure
2-5. Similar to temperature, the concentration of SMP was negatively correlated with HRT (Huang et
al., 2011; Jiang et al., 2018; Xie et al., 2016). The total concentration of SMP in an MBR was
reported to increase from 13 to 18 mg/L as HRT decreased from 12 to 8 h (Huang et al., 2011). With
a similar HRT range studied by Huang et al. (2011), the SMP concentrations was found to incresae
from 22 to 27 mg/L in a full-scale wastewtaer treatment plant (Xie et al., 2016). The SMP
concentrations as a function of HRT were also observed in a hybrid moving bed biofilm reactor
(MBBR)-MBR system with 16.6‒29.7 mg/L at HRT of 6 h followed by 4.9‒10 mg/L and 4.9‒6.3
mg/L at HRT of 18 and 24 h, respectively (Jiang et al., 2018). In an MBBR-MBR treating landfill
leachate, the SMP concentration increased from 145 to 157 mg/L as HRT decreased from 48 to 36 h
(Duyar et al., 2021). The greater SMP concentration observed in the landfill leachate treatment may
have been due to its higher organic loading. Hence it was concluded that reducing HRT would induce
higher SMP generation . However, less attention has paid to effect of HRT on individual SMP
fraction. The interactive influence of HRT and secondary temperature also needs to be further
investigated. -

2.4 Membrane fouling when treating secondary effluent
2.4.1 Impact of SMP on membrane fouling
SMPs during ultrafiltration treatment are attracting more and more attention as they were considered
as the major foulants that will cause organic fouling during wastewater reclamation (Filloux et al.,
2012). The major fouling mechanisms associated with SMP have been summarized as follows: (1)
SMP can be adsorbed in membrane pores and narrow the passageways available to water; (2) SMP
can block access to membrane pores by forming cake/gel layers on membrane surface; and (3) with
the presence of particles SMP can bind particles together and form a low permeability layer on the
membrane surface (Guo et al., 2012). It was noted that the fouling mechanisms of SMP significantly
depend on their molecular size with the portion of larger size forming cake layer and smaller size
blocking membrane pores. The impact of SMP fractions on membrane fouling with different
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molecular weight/size was subsequently discussed. Figure 2-6 presents typical organic constituents
and their size ranges to facilitate comparison.
Polysaccharides are the dominant fractions of SMP and are defined as macromolecules with MW
range of 104‒107 Da. Polysaccharides have been confirmed to exhibit a key role in membrane fouling
as their molecular size are close to or larger than that of membrane pore size (~0.02 μm) as illustrated
in Figure 2-6. In recent studies of MBR treating municipal wastewater, the relationship between
polysaccharide and membrane resistances (Kakuda et al., 2020; Liu et al., 2018), TMP (Iorhemen et
al., 2019), fouling index (UMFI) (Poojamnong et al., 2020) , and the contribution of polysaccharide to
irreversible fouling (Kimura et al., 2015) have been demonstrated. These studies revealed that the
polysaccharides were considered as the dominant foulants in MBRs and might be more responsible
for fouling compared with protein. Fewer studies evaluated the role of polysaccharide in tertiary
membrane fouling. Ly et al. (2018) studies the effect of COD/N ratio on SMP in effluent from SBRs
and subsequent membrane fouling and they concluded that polysaccharide contributed more to
reversible fouling when N is deficient (COD/N ratio of ~100/2). However, the nature of
polysaccharides and their fouling propensity were found to change under different operating
conditions as previously discussed in Section 2.3 and therefore it is still a challenge to correlate
polysaccharides to membrane fouling.
The fraction of protein, with similar molecular size/weight to polysaccharides (Figure 2-6), has also
been reported as one of the major foulants for low-pressure UF (Steinhauer et al., 2015). Most of the
above literature associated with polysaccharide also confirmed the fouling potential of protein.
However, several attempts have reported that the protein fraction in SMP resulted in less fouling than
that of polysaccharides in wastewater treatment (Ly et al., 2018; Rosenberger et al., 2006). The
different fouling propensity of polysaccharides and proteins might be due to their different
hydrophobicity (Shi et al., 2018). Polysaccharides exhibit hydrophilic properties whereas protein are
usually hydrophobic in nature (Iorhemen et al., 2016). Hydrophilic organics can cause severe
membrane fouling in hydrophobic membranes by pore blocking and/or hydrogen bonds (Kimura et al.,
2014; Yamamura et al., 2014). Thus, it was expected that proteins may present less fouling potential
in the tertiary membranes.
Apart from polysaccharides and proteins, the fraction of humic substances that consist of
intermediate molecular weight and size (103‒106 Da) was also widely studied. Since the molecules of
humic substances can pass the membranes more easily as shown in Figure 2-6, it was widely accepted
that humic substances contribute less to membrane fouling in MBRs treating municipal wastewater
(Iversen et al., 2009; Shi et al., 2018; Tian et al., 2012). However, it has also been found that the
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fraction of humic substances can foul membranes to some extent when treating wastewater. It has
been reported that humic substances, large MW proteins and hydrophilic polysaccharides were all
dominant foulants in the full-scale MBR (Sun et al., 2014). Guo et al. (2014) compared the fouling
propensity of humic substances in EfOM and NOM and found that humic substances were the major
foulants in UF treating surface water whereas polysaccharides and humic substances were speculated
as the main foulants for UF treating wastewater. These distinctions of fouling potential of humic
substances might be due to the differences in operating conditions, determination devices and
statistically analysis for fouling evaluation.
Understanding on fouling potential of each SMP fraction is the theoretical basis and one of the
focuses for identifying fouling behavior and selecting fouling control strategies. However, the results
significantly depend on the extraction methods and measurement approaches. The shift of SMP
fractions under low temperature and high flow conditions and their effects on tertiary membrane
fouling will be explored in the present study.

Figure 2-6. Typical organic constituents and their size ranges (adapted from Shon et al., 2006).

2.4.2 Impact of filtration temperature on membrane fouling
Temperature not only has an effect on the bioconversion process but is also shown to influence
membrane performance. In membrane filtration process, temperature can affect the formation and
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morphology of the fouling layer. It was reported that low temperatures (under 20 ℃) may cause the
cake to shrink and resulted in a denser cake layer with higher specific cake resistance (Boerlage et al.,
2003). However contradictory results have been observed at a higher temperature range, with the
mean cake layer thickness obtained at 37, 45 and 55 ℃ decreasing from 296.5 to 168.9 μm. This was
attributed to higher shear forces and changes in microbial community at high temperature (Gao et al.,
2012). It could be concluded that the cake layer can become denser and exhibit higher resistance
under both relatively low and high temperature conditions.
Temperature can affect the fluid dynamics in membrane processes. At low temperature, increased
liquor viscosity can reduce the stress generated by coarse bubbles (van den Brink et al., 2011). Low
temperature decreases the particle back transport velocity due to reduced Brownian diffusion which is
linearly related to temperature. However, the reduced stress and lower particle back transport velocity
at low temperatures is difficult to measure in filterability set-ups that are commonly employed in lab
testing. Hence, a mathematical model was used by Belfort et al. (1994) to study the fluid dynamics. It
was reported that the back-transport of particle sizes larger than 1 μm was dominated by
hydrodynamic forces, and it strongly depended on the shear rate and the particle size, whereas for
particle sizes smaller than 0.1 μm, molecular diffusion was the dominant mechanism (Belfort et al.,
1994). As previously discussed, temperature can influence the size of particles generated in secondary
treatment process, therefore their impact on fouling could be accentuated by the effect of temperature
on fluid dynamics.

2.5 Pre-treatment of secondary effluent
In recent years, many pretreatment processes prior to UF membrane have been implemented to
mitigate membrane fouling. Strategies that have been employed included adsorption (Huang et al.,
2017), coagulation/flocculation (Liu et al., 2021; Aly et al., 2021), and oxidation (Yu et al., 2019).
Among them, coagulation/flocculation has been most widely used as a pretreatment to mitigate
fouling by removing SMP or changing their physical-chemical characteristics (Chen et al., 2020;
Peleato et al., 2017). The effects of coagulant type, dosage and coagulation mode on fouling
mitigation were summarized subsequently.
The selection of coagulant is a key variable for coagulation performance. Yu et al. (2013)
compared alum and FeCl3 pre-treatment on UF membrane fouling by characterizing the UF
performance, flocs, and cake layer. It was observed that TMP increased at a higher rate in the FeCl3UF than the alum-UF. The greater thickness and lower porosity of the cake layer in the FeCl3-UF
system was considered as the likely cause of higher resistance. Under the same condition, alum
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showed better performance than FeCl3. Zhao et al. (2010) reported that aluminum species could
determine the characteristics of coagulant flocs and further affect the efficiency of fouling control.
The performance of three species of aluminum coagulants on membrane fouling control were also
studied by Feng et al. (2015). Among mononuclear Al species (Ala), medium polymeric species (Alb)
and colloidal species (Alc), Alb was found to be most effective in reducing membrane fouling, and the
flocs formed by Alb were smaller with higher strength and a more compact structure. Similar results
were obtained with Al species when employed for fouling mitigation by Wang et al. (2017).
Considerable efforts have been made to evaluate alternative coagulants and combinations of
coagulants. Alum could be added simultaneously with hypochlorite to reduce biofouling (Yu et al.,
2016). In order to achieve both oxidation and coagulation, the mixture of ferric iron and ferrate (Yu et
al., 2016), and ferrous iron with K2MnO4 (Yu et al., 2015) were tested and showed good treatment
performance. Additionally, organic coagulants, such as polyacrylamide polymer, have also been
found to be good alternatives when conducting flocculation and coagulation as fouling control
strategy (Yu et al., 2013; Liu et al., 2017). However, while coagulation has been shown to be
effective as a pretreatment for drinking water, few studies have reported their feasibility for
wastewater pretreatment especially under cold climates.
The dosage of coagulants can also play a significant role in fouling mitigation. Lee et al. (2009)
reported the optimal dosage could minimize fouling and cake layer resistances, however, it also
significantly depended on influent composition. For in-line coagulation in tertiary membrane
filtration, pilot experiments revealed that adding 1, 5 and 10 mg/L Fe3+ exhibited similar performance
to prevent irreversible fouling (Naim et al., 2014). Shen et al. (2017) tested different dosage ratio of
polyaluminum chloride (PAC) to poly dimethyldiallylammonium (PDMDAAC) chloride on
treatment performance and membrane fouling, and the best performance was observed at PAC and
PDMDAAC of 1.0 mg/L and 0.1 mg/L, respectively. The characteristics of coagulated particles, such
as size and surface charges, were affected by the doses of coagulants. Therefore, optimizing the
coagulant dose is important when coagulation is employed as pretreatment for membrane treatment.
The operation mode of coagulation in tertiary membrane filtration has also received attention. Ding
et al. (2017) compared in-situ coagulation with pre-coagulation for a gravity-driven MBR. They
found in-situ coagulation increased permeability more than two-fold compared with pre-coagulation,
while both processes reduced reversible resistance and cake layer resistance. Further, the addition
mode significantly affects the coagulation efficiency. Two-stage addition of alum was evaluated by
Liu et al. (2011) and it was found that membrane fouling was effectively mitigated and this was
attributed to a 50% increase in the average floc size with two-stage addition mode. Therefore, it was
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concluded that it is important to optimize the coagulation process to achieve the highest performance
of fouling mitigation.

2.6 Research gaps and needs
•

Understanding on characteristics and fouling potential of SMP is the theoretical basis and one
of the focuses for assessing fouling behaviour and selecting fouling control strategies.
However, the exact mechanisms of SMP including BAP/UAP generation when treating real
municipal wastewaters under cold temperatures remain unrevealed. The linkage between
secondary biological processes and SMP formation need to be studied.

•

Reductions in tertiary membrane permeability at low temperatures may be attributed to
increased concentrations of foulants in secondary treatment effluents as well as increased
water viscosity and changed membrane properties. There is limited knowledge on the extent
to which temperature influences the relative contribution of these factors to hydraulically
irreversible fouling in tertiary applications. Further exploration on differentiating these
factors will help improve the understanding of temperature effect.

•

MBR-focused research has suggested several potential mechanisms for increased fouling
under low temperatures, however, the extrapolation of these results to tertiary treatment is
challenging due to differences in the exposure of membranes to the various foulants. A
comprehensive evaluation of the temperature effect on SMP generation with a linkage to
fouling of tertiary membranes need to be conducted.

•

It is anticipated that climate change will increase the frequency of extreme weather events
and cause earlier snowmelts that may extend the periods of low temperature and high flow.
However, the impacts of the interaction between low temperature and high flow on fouling of
tertiary membranes have received little attention. Therefore, a thorough investigation is
necessary to identify the impact of secondary system HRT on fouling of tertiary membranes
over a range of temperatures.

•

The drinking water treatment literature reveals a number of strategies for mitigating
ultrafiltration membrane fouling. However, there has been little testing of these strategies in
tertiary wastewater applications. It is expected that the preferred dosage of coagulants and the
mechanisms of membrane fouling alleviation may change under low temperature and high
flow condition. Therefore, fouling mitigation mechanisms should be further studied under
different secondary operating conditions. This will greatly increase the understanding of
fouling mitigation and be useful for developing strategies to better optimize operation.
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Chapter 3
Characterization and modelling of soluble microbial products in activated
sludge systems treating municipal wastewater with special emphasis on
temperature effect

GRAPHICAL ABSTRACT

3.1 Introduction
Membrane technologies, which can effectively remove particulate and colloidal matter,
macromolecules and pathogens, are now being successfully used to meet the requirements of
increasingly stricter effluent quality. However, membrane fouling impedes widespread adoption of
this technology in tertiary treatment due to the deposition and adsorption of effluent organic matter
(EfOM), which is considered as the most important foulant in biologically treated wastewater
effluents (Soh et al., 2020). The reduction in membrane productivity and increase in operational costs
can be more severe in Northern regions such as Canada and Northern Europe that regularly
experience long-term cold temperatures (Cui et al., 2017). A negative impact of seasonal changes on
full-scale tertiary membrane fouling has been documented and was attributed to increased EfOM
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under low temperatures and high flows (Abu-Obaid et al., 2020). Therefore, for the purpose of
improving effluent quality in cold regions, it is imperative to study the characteristics of EfOM to
better understand the fouling mechanisms with the goal of minimizing the propensity for fouling.
The EfOM present in biologically treated wastewater has been reported to consist of a complex
mixture of soluble microbial products (SMPs), natural organic matter (NOM), and trace chemicals
(Jarusutthirak & Amy, 2007). SMPs have been reported to constitute a dominant part of EfOM in
secondary effluents and are biologically derived from substrate metabolism (utilization-associated
products, UAP) and biomass decay (biomass-associated products, BAP) (Barker & Stuckey, 1999).
NOM originates from natural aquatic systems and consists of a group of heterogeneous
macromolecules (Matilainen et al., 2011). EfOM can also include trace levels of
pharmaceuticals/personal care products residues (Michael-Kordatou et al., 2015). Previous
experimental results have demonstrated that only a small portion of the EfOM arises from the original
influent substrate and the majority of the soluble organic matter is of microbial origin (Tian et al.,
2011). Therefore, the presence and complexity of biologically related SMP is of a particular interest
in terms of EfOM characterization and their effect on membrane fouling.
Several studies have focused on characterization and fractionation of SMP as potential components
causing reversible and/or irreversible fouling. Biopolymers, as high molecular weight (MW)
compounds (>10,000 Da), mainly consisting of proteins and polysaccharides, have been documented
to be the dominant components of SMP, and have been observed to be major contributors to total
fouling of membranes by secondary effluents (Rosenberger et al., 2006). Additionally, biopolymers
were reported to play a more significant role in low pressure membrane fouling than intermediate
MW (1000-10,000 Da) and low MW (<1000 Da) compounds (Filloux et al., 2012). Therefore, it was
deemed important to differentiate the SMP components especially under different operating
conditions to better explore their fouling properties.
A joint characterization of SMP in terms of chemical composition and bacterial metabolism would
allow for an assessment of how the biological process operating conditions can influence their
presence in treated effluents. Advanced analytical tools such as liquid chromatography with organic
carbon detection (LC-OCD) are gaining prominence with respect to characterization and
quantification of SMP fractions including polysaccharides, proteins and humic substances (Huber et
al., 2011). However, it has proven challenging to differentiate SMP into BAP and UAP
experimentally due to their heterogeneous properties. A combination of experimental and modelling
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approaches has been proposed to quantitatively determine UAP and BAP treating synthetic
wastewater (Ni et al., 2012), however, there has been little characterization of UAP and BAP in
systems treating real wastewaters.
Factors affecting the chemical composition of SMP in biological wastewater treatment have been
evaluated experimentally by others. The composition and concentration of SMP have been reported to
vary depending on factors such as solids retention time, carbon to nitrogen ratio and organic loading
rate (Jarusutthirak & Amy, 2007; Ly et al., 2018; Maqbool et al., 2017). However, little is known
about how low temperature operation affects the biological mechanism of SMP generation with real
wastewater. It is hypothesized that SMP generation will be temperature dependent because substrate
utilization and biomass decay that lead to UAP and BAP depend on operating temperature (Hu et al.,
2019). A comprehensive evaluation of the effect of low temperature operation on UAP and BAP
generation in systems treating real wastewaters with a linkage to substrate utilization and biomass
decay has not been reported.
In this context, the present research sought to develop quantitative relationships between UAP/BAP
generation and the operating temperature of a biological treatment process treating real municipal
wastewater. LC-OCD analysis and conventional parameter wastewater quality characterization were
coupled with activated sludge modelling to interpret the generation of SMP fractions that are relevant
to membrane fouling. This is the first study to report the linkages between biological processes and
SMP formation in the treatment of real wastewaters. The establishment of these linkages over a range
of operating temperatures observed in practice is a significant contribution of the study. The
relationships developed in this study will allow practitioners to predict membrane fouling potential as
a function of activated sludge operating condition.

3.2 Materials and methods
3.2.1 Experimental set-up and operation
Two identical lab-scale sequencing batch reactors (SBR) were operated with a 4 h cycle duration to
approximate continuous flow conditions (Figure 3-1). One SBR was operated at 20 ℃ as a control
while the other SBR (test) was initially operated at 14 ℃ in the first phase for over six months and
subsequently 8 ℃ in the second phase for over three months. The temperatures are representative of
summer and winter operating conditions in Ontario, Canada. The SBRs were fed with real municipal
wastewater collected every two days from the City of Waterloo sewer system and sieved with a 2 mm
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mesh to remove large particles. The raw wastewater was chilled at 4 ℃ during storage to ensure the
stability of organic matter. The hydraulic retention time (HRT) of the SBRs was 20 h, and the solids
retention time (SRT) was maintained at 25 days. Both SBRs reached pseudo steady state before
sampling during the first and second phase.

Figure 3-1. Schematic of laboratory-scale SBR.

Each reactor consisted of a 12 L polymethyl methacrylate container with a working volume of 10
L. A mechanical mixer with a shaft paddle operating at 150 rpm was employed to mix the SBR
contents. A constant airflow for aeration was provided through an air diffuser located at the bottom of
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the reactor. A water jacket, controlled by a chiller (Polyscience, USA), was used to maintain the
water temperature inside the test SBR while the control reactor was operated at room temperature
(20℃). The water temperature was regularly monitored by a thermometer. The SBR time sequence
process was controlled using LabView® software (version 2017, National Instruments Corporation,
USA).
Samples of the SBR mixed liquor were collected once per week for analysis of total suspended
solids (MLSS), volatile suspended solids (MLVSS), and sludge volume index (SVI). Samples of raw
wastewater and effluents were characterized once per week with respect to water quality parameters
that were anticipated to be affected by temperature, including pH, turbidity, soluble COD (sCOD),
total COD (tCOD), dissolved organic carbon (DOC), UV254, ammonia, nitrate and nitrite nitrogen
concentrations. In addition, LC-OCD analysis was conducted once per week for samples of raw
wastewater and effluents.
3.2.2 Analytical methods
MLVSS, MLSS and SVI were analyzed in accordance with Standard Methods (APHA, 2005). tCOD,
sCOD, DOC, UV254 and turbidity were measured as indicators of organic matter. Soluble
components were obtained by filtering through 0.45 μm nylon filters. tCOD and sCOD were analyzed
according to Standard Methods (APHA, 2005). Filtered samples were analyzed for DOC using a
Shimadzu analyzer (TOC-L, Shimadzu, Japan) and for UV absorbance at 254 nm (UV254) by a
spectrophotometer (8453, Agilent, USA). The turbidity of samples was analyzed with a HACH
2100N Turbidimeter. Nitrogen species concentrations were analyzed to indicate the state of
nitrification in the SBRs. The filtered samples were analyzed calorimetrically for Total Kjeldahl
nitrogen (TKN), ammonia (NH4+-N), nitrate (NO3--N) and nitrite (NO2--N) (APHA, 2005).
LC-OCD analysis was used to provide insight into the composition of SMP in the raw wastewater
and SBR effluents. The samples were filtered with 0.45 μm nylon filters before analysis. The LCOCD system was equipped with an HPLC pump (S-100, Knauer, Germany) that was operated at a
flow rate of 1.1 mL/min to an autosampler and a chromatographic cation exchange column (TSK HW
50S, Toso, Japan). The LC-OCD employed three detectors including fixed wavelength UV (UVD),
organic carbon (OCD) and organic nitrogen (OND) detection in series. The UVD measured the
spectral absorption coefficient at 254 nm. The OCD oxidized organic matter in a UV reactor and the
organic carbon was quantified from the produced CO2. The OND oxidized organic nitrogen and
measured the produced nitrate using a UVD operated at 220 nm. Based upon the multiple signals, the
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LC-OCD analysis reports dissolved organic matter as biopolymers, humic substances, building
blocks, LMW acids and LMW neutrals (Huber et al., 2011).
3.2.3 Statistical analysis
All statistical analyses were performed using the Origin Pro 2020 software package. Student t-tests
were employed to compare the characteristics of effluents and mixed liquor of control SBR between
the two steady-state phases. One-way ANOVA was used to determine if there was a statistically
significant difference between the SBR effluents and mixed liquors that were generated at 8, 14 and
20 ℃. Where appropriate the mean values observed at each operating condition were compared via
Tukey test. Data sets were considered statistically different at a 95% confidence interval (P<0.05).

3.3 Results and discussion
This study sought to establish relationships between the generation of SMPs that influence membrane
fouling and bioprocess operations. The performance of the SBRs with respect to conventional
wastewater quality parameters was initially assessed to establish the bioprocess conditions that were
present at the different operating temperatures. The SMP composition, as determined by LC-OCD
analysis was then examined to characterize how temperature impacted these responses. The
concentrations of SMP fractions (UAP and BAP) were estimated from the LC-OCD data. Process
modelling was conducted to establish the rates of substrate utilization and endogenous decay at the
different temperatures. The yields of UAP and BAP were then calculated as the ratio of the observed
UAP and BAP production to the rates of substrate utilization and endogenous decay respectively. The
impact of temperature on UAP and BAP yields was then examined.
3.3.1 Conventional wastewater quality performance
The biological performance of the SBRs was assessed at each operating temperature by examining a
range of conventional wastewater quality parameters (Table 3-1). Since a real wastewater was
employed in the study, the characteristics of the control SBR (20 ℃) effluents observed in the two
phases were initially compared using student t-tests to assess the stability over long-term operation.
The results demonstrated that all of the measured parameters were not significantly different between
the phases. Hence, the data from the control SBR in both steady-state phases was combined for
subsequent comparisons with the test SBR. The characteristics of the SBR effluents at the three
temperatures were initially compared using a one-way ANOVA and then subsequently with Tukey
tests. A P-value below 0.05 was employed to delineate whether the means were statistically different.
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Table 3-1. Conventional characteristics of SBR effluents.
Phase 1
Raw
wastewater

Parameter

Phase 2

C SBR
(20 ℃)

T SBR
(14 ℃)

Raw
wastewater

C SBR
(20 ℃)

T SBR
(8 ℃)

(average ± standard deviation)
Turbidity (NTU)

270±32

1.8±0.4

3.2±1.2

297±39

1.3±0.3

6.6±1.4

sCOD (mg/L)

150±8

38±5

47±9

156±13

37±5

46±7

tCOD (mg/L)

506±28

43±8

63±9

480±30

43±8

63±9

DOC (mg/L)

50+9

8.9±0.7

12±1

53±6

9.3±0.9

13±1

NO3--N (mg/L)

0.44±0.09

53±5

48±3

0.49±0.05

58±6

47±5

NO2--N (mg/L)

*

*

*

*

*

*

NH4+-N (mg/L)

54±4

*

*

59±5

*

*

*Below detection limits (2 mg/L for ammonia-N; 0.6 mg/L for nitrite-N).

The overall performance of the bioreactors with respect to carbon removal was assessed by
examining tCOD in the raw and treated wastewaters. The average removals of tCOD were 91%, 88%
and 87% for 20, 14 and 8 ℃ SBR, respectively but were observed not to be significantly different.
This indicated little influence of operating temperature on overall carbon removal, which formed the
basis for the subsequently described bioprocess modelling.
The soluble carbon-related metrics including sCOD and DOC were evaluated to assess the overall
effect of temperature on effluent quality. From Table 3-1 it can be observed that the concentration of
sCOD was approximately 10 mg/L higher in the test SBR effluent than the control SBR in both
phases. A 43% increase in DOC concentration was also observed with the decrease in temperature
from 20 ℃ to 14 ℃ but there was no additional increase at 8 ℃. Therefore, the temperature of 14 ℃
resulted in greater effluent sCOD and DOC compared to 20 ℃ which might indicate increased
generation of SMP at 14 ℃. However, no additional change of sCOD and DOC was induced by
further temperature decrease from 14 ℃ to 8 ℃. The increased concentrations in soluble components
(sCOD, DOC) suggest reduced biological reaction rates at low temperatures (Lishman et al., 2000).
Further analysis that was conducted to investigate the effect of temperature on SMP components is
described subsequently.
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Nitrogen species concentrations were measured to evaluate the state of nitrification in the SBRs
and thereby provide an indicator of the microbial community present under the differing operating
conditions. From Table 3-1 it can be observed that complete nitrification was achieved at all
temperatures as indicated by low effluent NH4+-N concentrations (<2 mg/L) and negligible NO2--N
accumulation (<0.6 mg/L). The effluent NO3--N concentrations at 8℃ (46±4 mg/L) and 14℃
(47±3.7mg/L) were significantly lower than those at 20 ℃. The lower NO3--N levels were attributed
to a reduction in endogenous decay of biomass at low temperatures (Nachaiyasit & Stuckey, 1997). A
reduction in endogenous decay in nitrifiers and heterotrophs would suggest that there was a reduction
in the generation of BAP through endogenous decay at lower temperatures.
The particulate metrics including turbidity and particulate COD were examined as they can provide
an indirect measure of activated sludge flocculation properties. It was observed that there was a
significant effect of temperature on the turbidity of the effluents with a 313% increase in this response
as temperature reduced from 20 ℃ to 8 ℃. Particulate COD was determined as the difference
between tCOD and sCOD and was observed to increase by 220% as the temperature reduced from 20
℃ to 8 ℃, which was consistent with the turbidity results. The increased particulate organic matter
indicated a negative impact of low temperature on flocculation with less activated sludge floc being
captured. Previous research has demonstrated that extracellular polymeric substances (EPS) bound to
sludge flocs increased under low temperature operation (8 ℃) which was attributed to a change in the
microbial population towards more EPS-producing bacteria (Wang & Zhang, 2010). The increased
effluent turbidity and particulate COD concentrations at the low temperature conditions in the present
study may have been due to increased EPS generation that was not retained in the floc in the SBRs.
3.3.2 SMP characterization
SMP has been reported to be a complex mixture of proteins, polysaccharides, humic substances, DNA
and lipids, with proteins and polysaccharides as the dominant components (Soh et al., 2020). LCOCD was employed to quantify the presence of SMP fractions and Figure 3-2 presents typical LCOCD chromatograms of the raw wastewater and SBR effluents at the different temperatures. From
Figure 3-2 it can be observed that high MW biopolymers, intermediate MW humic substances and
low MW building blocks, acids and neutrals were the DOC fractions reported by the LC-OCD
analysis. As SMP is primarily composed of DOC with a MW greater than 10 kDa (Tian, et al., 2011),
the subsequent discussion focuses on the intermediate-high MW fractions.
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Figure 3-2. LC-OCD chromatograms of (A) SBR effluents at different temperatures and (B)
raw wastewater.

From Figure 3-2 it can be observed that the concentration of biopolymer fraction was the highest in
raw wastewater and increased in effluents as temperature decreased from 20 ℃ to 8 ℃. The
biopolymers measured in raw wastewaters were previously reported to be bioavailable (Barker &
Stuckey, 1999) and hence it was assumed that they would be consumed as substrate by the biomass
given the long SRT of the systems. Hence the biopolymers present in the effluents were assumed to
be primarily associated with biomass metabolism products. In contrast, the humic substance
concentrations were similar in the raw wastewater and effluents. Humic substances are typically
considered to be biologically recalcitrant and will pass through bioprocesses (Lin et al., 2014) and the
results indicate minimal generation of humic substances in the SBRs. The results further confirmed
that biopolymers consisting of polysaccharide and protein were the dominant fractions in the SMP.
Prior studies demonstrated that the UAP and BAP fractions of SMP have different composition
with respect to proteins and carbohydrates and for this reason the concentrations of proteins and
polysaccharides in the SBR effluents were initially investigated (Tian et al., 2011). The biopolymer
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concentrations reported by the LC-OCD analysis were divided into polysaccharide and protein
components assuming all of the DON in the biopolymers was bound in proteinaceous matter and
employing a typical C:N mass ratio of 3 for proteins (Huber et al., 2011). Table 3-2 presents the
effluent concentrations of polysaccharide and protein at the three operating temperatures. As
presented, the temperature impacted polysaccharide and protein concentrations to different extents.
Both biopolymer concentrations increased as temperature decreased, but the increase in
polysaccharide concentrations was more sensitive to temperature than that of proteins. This led to a
substantial difference between protein and polysaccharide concentrations at 8 ℃ (581±42 μg/L and
1245±100 μg/L, respectively). This pattern was consistent with previous research with membrane
bioreactors (MBRs). Ma et al. (2013) and van den Brink et al. (2011) reported that the concentrations
of polysaccharides and proteins increased at lower temperatures in membrane bioreactors fed with
real wastewater. Further, polysaccharide concentrations were higher than proteins and contributed a
greater fraction of the SMPs at lower temperatures. Viewed collectively, polysaccharide
concentrations tended to be impacted more by low temperature than proteins. The information on
polysaccharide and protein concentrations was subsequently employed to estimate the contributions
of UAP and BAP to the SMP in the effluents.

Table 3-2. Estimated concentrations of major SMP components.
Samples

SMP concentration (average ± standard deviation ug/L)
Polysaccharides

Proteins

20℃

231±58

180±47

14℃

713±89

437±68

8℃

1245±100

581±42

3.3.3 Development of SMP production models
A conceptual model describing SMP production (Aquino & Stuckey, 2008) was modified by
incorporating the UAP production from floc-associated EPS hydrolysis into biomass decay to provide
a framework for quantitative analysis of the experimental results (Figure 3-3). In the model the raw
wastewater contains biodegradable soluble organic matter (OM), biodegradable particulate OM, nonbiodegradable soluble OM and non-biodegradable particulate OM. This fractionation is consistent
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with conventional biological process modelling where COD is employed to quantify OM (Melcer et
al., 2003). Biodegradable OM can be utilized by biomass whereas non-biodegradable soluble OM
passes through treatment while non-biodegradable particulate OM contribute to sludge production. In
the model UAP is generated as a product of biodegradable OM utilization while BAP originates from
active biomass decay. Since the generation of UAP and BAP is associated with bioprocesses it was
hypothesized that their generation would be sensitive to the operating temperature.
UAP and BAP have been reported to consist of mixtures of polysaccharides and proteins where the
ratio of polysaccharide to protein in BAP ranged from 2.5 to 4.1 while it ranged from 0.7 to 1.3 in
UAP (Jiang et al., 2010; Tian et al., 2011). The concentrations of UAP and BAP (CUAP and CBAP) and
the contributions of proteins and polysaccharides to these concentrations were estimated by solving
mass balances on polysaccharides and proteins and assuming average values from the literature for
the polysaccharide/protein ratios of UAP and BAP. A sensitivity analysis on the impact of the values
of the polysaccharide/protein ratios on the estimated UAP and BAP concentrations was conducted
and it was found that the conclusions were not substantially impacted for ratio’s spanning the range of
values reported in the literature.
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Figure 3-3. Conceptual model describing the generation of SMP and the estimation of
UAP/BAP yields.
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As will be subsequently described, an activated sludge process model was developed to quantify
the rates of substrate utilization and endogenous decay processes that were active in the SBRs (Figure
3-3). As present, the application of the process model required a detailed fractionation of the organic
matter in the raw wastewater into biodegradable, non-biodegradable soluble, and non-biodegradable
particulate components. Chemical oxygen demand (COD) was employed as the basis for this
fractionation (Melcer et al., 2003) and the protocols described in Melcer et al. (2003) were employed
to conduct the fractionation. The detailed fractionation methodology and the outcomes of this analysis
are presented in the Supplementary Materials (Table A1-A4).
In the conceptual SMP model, UAP and BAP generation are assumed to be proportional to the
substrate utilization and endogenous decay respectively. Hence, a steady state analytical process
model of the activated sludge process was developed as per Metcalf and Eddy (2013) and a summary
of the process model equations is provided in the Supplementary Materials. The activated sludge
process model was implemented using typical values for biokinetic parameters (Metcalf and Eddy,
2013) with rate constants corrected for temperature using the Arrhenius relationship. The calculated
COD fractions developed from the detailed wastewater fractionation were employed as inputs to the
activated sludge process model.
Upon completion of the activated sludge process model simulations, the model predicted values for
active biomass and effluent biodegradable COD (S) concentrations were employed to estimate the
rates of substrate utilization and endogenous decay as per equations 3-1 and 3-2, respectively.
𝒓𝒔𝒖 = 𝒌𝑿𝑽𝑺𝑺,𝒃𝒊𝒐 𝑺/(𝑲𝒔 + 𝑺)

Equation 3-1

Where: rsu is the rate of substrate utilization (mgL-1d-1),
k is the maximum specific substrate utilization rate (d-1),
Ks is half-velocity constant (mg bCOD/L),
XVSS,bio is viable biomass concentration in SBR (mg COD/L),
S is effluent biodegradable soluble COD (mg bCOD/L).
𝒓𝒅 = 𝒌𝒅 𝑿𝑽𝑺𝑺,𝒃𝒊𝒐

Equation 3-2

Where: rd is the rate of biomass decay (mgL-1d-1),
kd is specific endogenous decay coefficient (d-1).
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The results of the activated sludge process modelling and the UAP/BAP fractionation were
integrated by calculating yield coefficients for BAP and UAP as per equations 3-3 and 3-4
respectively. The ratios were based upon the rates of generation observed in the SBR effluents and the
rates of generation by the associated bioprocess.
𝒀𝑩𝑨𝑷 =

𝑸𝑪𝑩𝑨𝑷
𝑽𝒓𝒅

Equation 3-3

Where: YBAP is the yield coefficient for BAP (mg BAP/mg COD),
Q is the flow rate (L/d),
CBAP is the concentration of BAP (mg/L),
V is the volume of SBR (L).
𝒀𝑼𝑨𝑷 =

𝑸𝑪𝑼𝑨𝑷
𝑽𝒓𝒔𝒖

Equation 3-4

Where: YUAP is the yield coefficient for UAP (mg UAP/mg COD),
CUAP is the concentration of UAP (mg/L).
3.3.4 Application of SMP production models
The validity of the wastewater fractionation and the analytical modelling exercises was initially
assessed by comparing the observed and modelled MLVSS concentrations in the SBRs as an overall
indication of the growth and solids accumulation processes (Figure 3-4). As illustrated a close
correspondence between the observed and modelled values were observed over the range of operating
temperatures. Hence, it was concluded that the modelling exercise was able to adequately simulate
the growth and decay processes that were occurring in the SBRs.
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Figure 3-4. Observed and modeled MLVSS concentration and COD removal (mean ± standard
deviation, N = 8).

The proposed approach was further validated by comparing the observed and modelled COD
removal as a second indicator of the fit of the model to the data. The modelled effluent COD was
determined as the sum of non-biodegradable soluble COD in the effluent and modelled residual
biodegradable COD in the effluent with non-biodegradable particulate COD contributing to sludge
production. It can be observed from Figure 3-4 that the difference between observed and modelled
COD removals was less than 2% over the range of operating temperatures. Hence, model and
experimental data agree well suggesting the validity of this approach for effluent quality
determination under different temperatures.
The viable biomass concentrations and the rates of biomass growth and endogenous decay were
extracted from the activated sludge process model to obtain insight into how temperature impacted
growth and decay processes (Figure 3-5). From Figure 3-5 it can be observed that a decrease in
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temperature from 20 ℃ to 14 ℃ led to a 39% increase in the viable biomass concentration and an
additional 21% increase was observed when the temperature decreased from 14 ℃ to 8 ℃. The
increase in viable biomass at lower temperatures was attributed to the differential impacts of
temperature on growth versus endogenous decay. At the extended SRT employed in the SBR, growth
was primarily limited by substrate availability and hence the reduced temperatures caused only a
modest reduction in the rate of growth. In contrast the rate of endogenous decay was more sensitive
to temperature and the substantial reduction in this rate at lower temperatures led to a net increase in
the biomass production. The bioprocess conditions that were established by the modelling established
the rates of substrate use and endogenous decay that were subsequently employed to estimate the
UAP and BAP yields.

Figure 3-5. Estimated biomass concentration and bioprocess rates.
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The concentrations of UAP and BAP and their protein and polysaccharide components that were
estimated from the LC-OCD data are presented as a function of operating temperature in Figure 3-6A.
The relative contributions of protein and polysaccharide in the two SMP fractions reflected the ratios
that were assumed from the literature and it can be observed that the UAP had relatively similar
contributions of the two fractions while the BAP composition was dominated by polysaccharides.
From Figure 3-6A it can be observed that the concentrations of UAP were consistently higher than
the BAP concentrations and both species increased substantially in concentration as temperature
decreased. Further, the concentrations of BAP were considerably more temperature dependent when
compared to the UAP concentrations.

Figure 3-6. (A) Estimated UAP and BAP concentrations (mean ± standard deviation), (B) UAP
yield coefficients and substrate utilization rate versus operating temperature, and (C) BAP
yield coefficients and biomass decay rate versus operating temperature.
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Aquino & Stuckey (2008) demonstrated that UAP and BAP production are proportional to
substrate utilization and endogenous decay respectively. Hence, yield coefficients were calculated as
the ratio of the observed production of these species to their associated bioprocesses as described in
Equations (3-3) and (3-4). Figure 3-6 B and C present the calculated yield coefficients and the
bioprocess rates versus operating temperature. It can be observed that both the rate of substrate
utilization and the rate of endogenous decay increased with temperature. By contrast both YUAP and
YBAP values declined substantially as temperature increased. The results clearly indicate that the
biomass generated more of the SMP products per unit of biomass activity as temperature declined
suggesting a shift of the underlying metabolic processes as temperature decreased.
Linear regression was employed to quantify the dependence of the Yield coefficients on
temperature (Figure 3-6 B and C). It can be observed that the r2 values were quite high and there was
only a modest deviation of the data points from the regression line indicating that the linear
relationship could adequately fit the data. The slopes of the regressions were 0.0002 and 0.001
mg/(mg·℃) for the UAP and BAP yields, respectively. Hence, the results suggest that the generation
of BAP was more temperature sensitive than UAP.
The UAP yields in present study estimated ranged from 0.001-0.003 mg UAP/mg COD. Jiang et al.
(2008) reported UAP yields of 0.09 mg COD/mg COD using activated sludge model No. 2d-SMP
when acetate was employed as a carbon source at 15 ℃. To facilitate a comparison of the values
obtained in the present study with that of Jiang et al. (2008), conversion factors of 1.5 and 1.07 g
COD/g substrate were used to convert polysaccharide and protein concentration to their COD
equivalents (Jiang et al., 2008). On this basis the UAP yields ranged between 0.001-0.006 mg
COD/mg COD in the present study and hence were considerably lower than that of Jiang et al.
(2008). UAP production is known to be substrate specific and hence, the difference in values was
likely due to the different substrate properties employed in the two studies. In addition, UAP
production has been reported to depend upon the Food/Microorganism (F/M) ratio with higher F/M
leading to increased UAP production (Ferrer-Polonio et al., 2018). The F/M ratio of 0.07 g
bCOD/VSS·d employed in this study was somewhat lower than the value of 0.097 g bCOD/VSS·d
reported by Jiang et al. (2008) and may also have contributed to the different yields.
The BAP yields in the present study were compared with that reported by Jiang et al. (2008)
(0.0215 mg COD/mg COD) which was obtained at 15 ℃. After conversion to a COD basis using a
similar approach to that employed for UAP, the BAP yields in the current study range between 0.00134

0.02 mg COD/mg COD. Hence, the values estimated in the current study were similar to that of Jiang
et al. (2008). The similarity in BAP yields between the two studies suggests that the products of
biomass decay were similar and hence the approach employed in the current study could be
generalized to estimate BAP production in other applications.
The observed temperature impacts in the current study were consistent with those of Wang &
Zhang (2010) that demonstrated both low and high extremes in temperature impacted the production
of UAP and BAP. It was suggested that the observed generation of UAP in bioreactor reflects the net
of UAP production and consumption within the reactor (Jiang et al., 2008). The greater UAP yields
observed at lower temperatures suggest that the rates of consumption in the reactor are slowed to a
greater extent than the production process as temperature is reduced.
The generation of BAP has been attributed to both decay of bacterial cells and hydrolysis of bound
EPS (Menniti & Morgenroth, 2010). In the present study the contributions of the two pathways to
BAP production could not be distinguished. However, Watanabe et al. (2017) observed increased
EPS hydrolysis products at 10 ℃ than 25 ℃ suggesting that this pathway may be more significant at
low temperature. This trend was consistent with the higher yields observed in the current study.
The results of the present study provide valuable insights into the impact of temperature on the
generation of soluble microbial products in activated sludge processes that are known to be important
membrane foulants. A significant contribution of the study is the development of SMP yields in real
municipal wastewater treatment as a function of temperature. It is apparent that changes in microbial
metabolic processes at low temperatures result in increases in SMP generation. Further, the
methodology employed to link conventional wastewater process treatment modelling to SMP
generation can be employed to assess the impact of activated sludge design and operating conditions
on foulant generation. Such process modelling can be employed to assist with the optimization of the
design and operation of membrane processes when treating wastewaters under challenging conditions
like low temperature.

3.4 Conclusions
The present study characterized SMP generation during the treatment of real municipal wastewater
and fills a knowledge gap since previous studies of SMP generation were conducted with synthetic
wastewater. This was achieved by linking process engineering analysis to direct measurements of
SMP production. Further, the impact of low operating temperatures on SMP production which has
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received relatively little attention was studied in detail. The use of LC-OCD analysis revealed that
temperature significantly affected the SMP composition with much higher concentrations of
polysaccharides and proteins as temperature decreased. Low temperatures led to greater UAP and
BAP concentrations and yields with a greater impact on BAP values. The estimated yield coefficients
can be employed to estimate the impact of wastewater quality and process operating conditions on the
generation of membrane foulants.
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Chapter 4
Assessing the role of cold temperatures on irreversible membrane
permeability of tertiary ultrafiltration treating municipal wastewater

GRAPHICAL ABSTRACT

4.1 Introduction
Ultrafiltration (UF) is gaining increasing acceptance for tertiary treatment of wastewaters as it is able
to effectively and efficiently produce high quality treated water (Qu et al., 2021). However,
membrane fouling, especially hydraulically irreversible fouling, has impeded widespread adoption of
this technology for tertiary filtration with effluent organic matter being major foulants (Alresheedi &
Basu, 2019). The loss in permeability resulting from hydraulically irreversible fouling increases
energy consumption even when reversible fouling is managed (Zhan et al., 2020). The control of
hydraulically irreversible fouling remains a key concern for tertiary membrane operations.
Cold water temperatures (≤20 ℃), typical of Northern regions (Canada, Russia, Northern Europe
and Northern China), can result in greater costs for membrane maintenance and replacement (Ozgun
et al., 2015). Previous studies of membrane bioreactors (MBRs) for secondary treatment of
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wastewaters have examined hydraulically irreversible fouling behavior in response to operating
temperature (Krzeminski et al., 2012). Low temperature operation has been reported to impact the
nature of dissolved organic matter leading to severe hydraulically irreversible fouling in MBRs (Ma
et al., 2013; Zhao et al., 2015). In addition, the particle size distribution in MBRs was observed to
shift from larger particles (average particle size 190 nm) towards smaller particles (average particle
size 130 nm) at low temperatures and this led to rapid pore narrowing or blocking (van den Brink et
al., 2011).
Less information on low temperature hydraulically irreversible fouling of tertiary membranes is
available. (Abu-Obaid et al., 2020) reported increased irreversible fouling of tertiary membranes at
full-scale during periods of low temperatures and elevated flows, but the underlying mechanisms of
the elevated irreversible fouling were not investigated. Further, the impact of elevated wastewater
flows during cold temperature periods could not be separated from that of low temperature itself.
Therefore, while MBR-focused research has suggested adverse effects of low temperature on
hydraulically irreversible fouling, the factors influencing this response, and the magnitude of the
fouling in tertiary applications, have not been directly assessed.
Reductions in tertiary membrane permeability at low temperatures may be attributed to increased
concentrations of foulants in secondary treatment effluents. However, low temperature will also
reduce membrane permeability by directly impacting viscosity (Chu et al., 2016) and intrinsic
membrane resistance by causing a shrinkage in pore sizes (Cui et al., 2017). Further, it is
hypothesized that an interaction between changes in membrane properties and foulant properties may
exist. In this regard changes in pore size with temperature may modify the nature of the interactions
with foulants that lead to hydraulically irreversible fouling. There is limited knowledge on the extent
to which temperature influences the relative contribution of these factors to hydraulically irreversible
fouling in tertiary applications.
The development of a detailed understanding of the factors leading to reduced permeabilities at low
temperatures will be of interest to designers and operators of these systems. In this regard it will
facilitate an assessment of the extent to which fouling mitigation measures can enhance
permeabilities. Changes in viscosity and intrinsic membrane resistance with temperature are not
controllable and need to be factored into membrane sizing. The development of increased
hydraulically irreversible fouling at low temperatures might be reduced by pretreatments (Chen et al.,
2020; He et al., 2021) or through membrane cleaning practices (Rabuni et al., 2015; Yu et al., 2017).
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The objective of the present study was to identify and quantify the contributors to hydraulically
irreversible fouling of tertiary membranes at cold temperatures. A comprehensive test plan that
allowed for separate assessment of the impacts of temperature on the secondary and tertiary systems
was developed. Bench scale SBRs provided secondary treatment of real municipal wastewater over a
range of temperatures to generate feed water for filtration tests. Filtration tests were then conducted at
bench scale over a range of temperatures to investigate how temperature-dependent secondary
effluent characteristics, water rheological properties, and membrane properties affect the development
of hydraulically irreversible fouling. Combined fouling models, fitted to the data, were used to
facilitate comparisons between operating conditions and to gain insights into mechanisms leading to
hydraulically irreversible fouling. The methodology and outcomes of the present study provide
insights that can be employed to assist in the design and operation of tertiary membrane systems.

4.2 Experimental Methods
4.2.1 Apparatus
(a) SBR: Bench scale SBRs were operated for extended periods (ranging from October 2018 to
March 2020) of time at one of the three temperatures (8, 14 and 20 ℃). The temperatures were
selected to be representative of summer and winter operating conditions in Ontario, Canada. Briefly,
the SBRs were fed with real municipal wastewater collected from the City of Waterloo sewer system
and sieved with a 2 mm mesh to remove large particles. The hydraulic retention time (HRT) of the
SBRs was 20 h, and the solids retention time (SRT) was maintained at 25 days. A detailed description
of the design and operation of the SBRs has been provided by Tao et al. (2021).
(b) Filtration system: The SBR effluents were employed as feed water for the filtration tests. The
filtration tests were conducted using bench scale membrane modules immersed in a filtration tank
with a volume of 2 L. In the present study, three ZeeWeed-1000 hollow-fibres were used in the bench
scale membrane tests. The nominal pore size of the membrane was 0.02 μm. The length of each
hollow-fibre was 500 mm and the total membrane surface area of each module was 4,475 mm2. A
programmable peristaltic pump (OF-07582-00, Cole-Parmer, USA) was used to control the timing of
permeation and back pulsing as described in Section 2.2. The permeate was continuously returned to
the filtration tank to maintain a consistent water level and feed composition. An air diffuser (coupled
with an air flow meter), located at the bottom of tank, provided aeration for mixing and membrane
scouring. The aeration flow was set to 0.75 L/min as optimized by Akhondi et al. (2014). A water
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jacket was used to control the water temperature in the filtration tank. During filtration tests the
transmembrane pressure (TMP) was measured every 30 s using a pressure transducer (PX209,
Omega, Canada) that was coupled to a data acquisition module (37 NI USB-6001, National
Instruments Corporation, USA).

4.2.2 Filtration tests
Filtration tests were conducted with either clean water or the effluents from the SBRs (Figure 4-1).
Tests with clean water were conducted with virgin membranes to establish the intrinsic membrane
resistance as a function of temperature. Filtration tests of the SBR effluents were conducted at room
temperature (~20 ℃) and at the corresponding temperature of the source SBR. For example, filtration
tests with the effluent from the SBR operated at 8 ℃ were conducted at 20 ℃ and 8 ℃, respectively.
This enabled the impact of temperature on the characteristics of the SBR effluent, the rheological
properties of the water, and membrane properties to be considered independently.
Each filtration test was operated in dead-end mode and consisted of 30 permeation cycles that
included filtration for 30 min and a combination of back pulsing and air scouring for 120 s. Back
pulsing and air scouring were employed to remove hydraulically reversible fouling from the
membrane surface and/or in the pores of the membrane. The filtration and back pulsing fluxes were
24 and 48 LMH, respectively. All filtration tests were conducted in triplicate. After each test, the
fouled membranes were chemically cleaned using a 250 mg/L NaOCl solution for 2 h and then rinsed
by soaking in DI water for 2 h.
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Figure 4-1. Schematic diagram of experimental plan for (A) filtration tests with clean water, (B)
filtration tests at 20 ℃ and (C) filtration tests at source SBR operating temperature.

4.2.3 Membrane performance indices
The present study focused on the hydraulically irreversible permeability that was observed at the
beginning of each permeation cycle after back pulsing and air scouring had been completed.
The observed permeability (K) was calculated using Equation 4-1 (Sharma et al., 2003), and the
values incorporated the influence of temperature on viscosity and intrinsic membrane resistance.
𝑱

𝑲 = 𝑻𝑴𝑷

Equation 4-1

where J is measured flux (LMH) and TMP is measured transmembrane pressure (bar).
To assess the effects of viscosity, the K values that were observed in filtration tests conducted at
temperatures other than 20 ℃ were corrected for viscosity to 20 ℃ (K20) as presented in Equation 4-2
(Robles et al., 2013).

𝑲𝟐𝟎 =

𝝁𝑻

𝝁𝟐𝟎

× 𝑲

Equation 4-2

where μT is viscosity of water at temperature T (Pa·s), μ20 is viscosity of water at 20 ℃ (Pa·s) and
viscosity values were calculated using Equation 4-3 (van den Brink et al., 2011).
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𝝁𝑻 = 𝟎. 𝟒𝟗𝟕 (𝑻 + 𝟒𝟐. 𝟓)−𝟏.𝟓

Equation 4-3

To assess the effect of temperature on intrinsic membrane resistance, K20 values were corrected for
the intrinsic membrane resistance at the filtration temperature (Km-20). This was achieved by replacing
the intrinsic resistance at the filtration temperature with that observed at 20 ℃ (Equation 4-4).
𝟏
𝑲𝒎−𝟐𝟎

𝟏

= 𝝁𝟐𝟎 × (𝑹𝒕 − 𝑹𝑻𝒎 + 𝑹𝟐𝟎
𝒎 ) = 𝑲 − 𝝁𝟐𝟎 × ∆𝑹𝒎
𝟐𝟎

Equation 4-4

where Rt is total resistance at the filtration temperature and △Rm is calculated with data gathered from
clean water tests as outlined in Equation 4-5.

∆𝑹𝒎 = 𝑹𝑻𝒎 − 𝑹𝟐𝟎
𝒎

Equation 4-5

-1
where RTm and R20
m are the intrinsic membrane resistances at temperature T and 20 ℃ (m ),

respectively.
The hydraulically irreversible fouling rate (Firr) was calculated from the initial permeability of each
filtration cycle as presented in Equation 4-6. The linear relationship between the initial permeability
values and filtration time was verified by linear fit models with P <0.05.

𝑭𝒊𝒓𝒓 =

𝑲𝒏+𝟏 −𝑲𝒏

Equation 4-6

∆𝑻

where Kn+1 and Kn are initial permeabilities in the (n+1)th and nth cycle, △T is the cycle duration.

4.2.4 Modelling analysis
Combined fouling models established by Bolton et al. (2006) were fitted to observed irreversible
TMP data to gain insight into the mechanism governing hydraulically irreversible permeability. The
combined fouling models include cake-complete, cake-intermediate, complete-standard, intermediatestandard and cake-standard models with Kc, Kb, Ki and Ks as fitted parameters to quantify cake
fouling, complete blocking, intermediate blocking and standard blocking, respectively (Table 4-1).
The observed irreversible TMP data consisted of initial TMP in each cycle during the whole filtration
test. The best fit was determined by minimizing the sum of squared residuals (SSR) where the
residual was equal to the difference between measured data and model prediction.
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Table 4-1. Summary of the five constant flow combined fouling models (Bolton et al. 2006).
Model

Equation

Fitted parameters

Cake-complete

𝑃
1
𝐾𝑐 𝐽02
=
(1 −
ln (1 − 𝐾𝑏 𝑡)
𝑃0 (1 − 𝐾𝑏 𝑡)
𝐾𝑏

Kc (s/m2), Kb (s-1)

Cake-intermediate

𝑃
𝐾𝑐 𝐽0
(exp(𝐾𝑖 𝐽0 𝑡) − 1))
= exp (𝐾𝑖 𝐽0 𝑡)(1 +
𝑃0
𝐾𝑖

Kc (s/m2), Ki (m-1)

Complete-standard

𝑃
1
=
𝐾
𝑃0 (1 − 𝐾 𝑡)(1 + 𝑠 𝐽0 ln(1 − 𝐾 𝑡)2
𝑏
𝑏
2𝐾

Kb (s-1), Ks (m-1)

Intermediate-standard

𝑃
exp(𝐾𝑖 𝐽0 𝑡)
=
𝑃0 (1 − 𝐾𝑠 (exp(𝐾 𝐽 𝑡) − 1)2
𝑖 0
2𝐾

Ki (m-1), Ks (m-1)

Cake-standard

𝑃
𝐾𝑠 𝐽0 𝑡 −2
= (1 −
) + 𝐾𝑐 𝐽02 𝑡
𝑃0
2

Kc (s/m2), Ks (m-1)

𝑏

𝑖

4.2.5 Liquid chromatography–organic carbon detection (LC-OCD) analysis
LC-OCD analysis was used to provide insights into potential foulants in the SBR effluents. The
samples were filtered with 0.45 μm nylon filters before analysis. The LC-OCD system was equipped
with an HPLC pump (S-100, Knauer, Germany) that was operated at a flow rate of 1.1 mL/min to an
autosampler and a chromatographic cation exchange column . The LC-OCD employed three detectors
including fixed wavelength UV (UVD), organic carbon (OCD) and organic nitrogen (OND) detection
in series. The UVD measured the spectral absorption coefficient at 254 nm. The OCD oxidized
organic matter in a UV reactor and the organic carbon was quantified from the produced CO2. The
OND oxidized organic nitrogen and measured the produced nitrate using a UVD operated at 220 nm.
Based upon the multiple signals, the LC-OCD analysis reports dissolved organic matter as
biopolymers, humic-like substances, building blocks, low molecular weight (LMW) acids and LMW
neutrals (Huber et al., 2011).
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4.2.6 Data Analysis
When fitting models to data, OriginPro 2020 software was used. One-way ANOVA tests were used to
determine if there was a significant difference between parameters. Values were considered
statistically different at a 95% confidence interval (P < 0.05). Linear regression analysis was used to
assess the relationship between hydraulically irreversible fouling rate and water quality
characteristics.

4.3 Results
The present study sought to comprehensively investigate the impact of temperature on the
hydraulically irreversible permeability in tertiary membrane systems. The analysis involved
characterization of SBR effluents and permeability reductions calculated from observed filtration data
and considered the influence of temperature-dependent changes in viscosity and intrinsic membrane
resistance. Combined fouling models were then used to facilitate comparisons between operating
conditions and to gain insights into mechanisms leading to hydraulically irreversible fouling.
4.3.1 Hydraulically irreversible permeability evolution
The effects of SBR operating temperature on hydraulically irreversible permeability was initially
assessed by conducting all filtration tests at 20 ℃. With this experimental design, differences in
hydraulically irreversible permeability associated with the different SBR operating temperatures
could be quantified. Examples of the observed permeability profiles that developed during filtration
tests, which were typical of the triplicate tests that were conducted, are illustrated in Figure 4-2 (A1A3). In the subsequent analysis of this data it was assumed that the back pulsing and air scouring
between cycles removed all the fractions responsible for the hydraulically reversible fouling (Peiris et
al., 2013). Thus, the development of hydraulically irreversible fouling was estimated from the
permeability measurements obtained immediately after back pulsing and air scouring. The
hydraulically irreversible permeability is highlighted in the permeability decline responses.
The permeabilities observed at the beginning of the filtration tests conducted at 20 ℃ were
compared to verify that the filtration of effluents from the SBRs operated at different temperatures
had similar initial conditions. As illustrated in Figure 4-2 (A1-A3), the initial permeability in the first
cycle was approximately 650 ± 10 LMH/bar for all SBR effluents indicating that the initial membrane
permeabilities were similar. Hence, subsequent declines in permeability were attributed to SBR
effluent properties and not initial membrane conditions.
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Figure 4-2. Typical permeability profiles during ultrafiltration when (A) filtered at 20 ℃; (B)
filtered at SBR operating temperature; and (C) the difference in hydraulically irreversible
permeability for each SBR effluents filtered at 20 ℃ and corresponding SBR operating
temperature; N.A, no difference for the effluent from SBR operated at 20 ℃.

The decreases in hydraulically irreversible permeability with time during filtration tests conducted
at 20 ℃ were compared to assess the impact of the effluents from SBRs operated at different
temperatures. From Figure 4-2 (A1-A3) it can be observed that the development of irreversible
permeability was similar for the three SBR operating temperatures for the first 10 cycles. However,
after 10 cycles, the trends in irreversible permeability were distinct for the SBRs operated at different
temperatures. After 30 cycles, the irreversible permeability values decreased to 536, 506 and 403
LMH/bar for the effluents from the SBRs operated at 20, 14 and 8 ℃, respectively. Overall, the
irreversible permeability decreased by 17, 22 and 38% during the filtration tests as SBR operating
temperature decreased from 20 to 14, and 8 ℃, respectively. The reduction of irreversible
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permeability increased as SBR operating temperature decreased, suggesting a change in EfOM
concentration and/or fraction in SBR effluents.
The filtration tests at 20 ℃ revealed that SBR effluent properties led to a decreased propensity for
irreversible permeability at low SBR operating temperatures; however, they did not provide insight
into the extent of permeability that could be expected when filtration tests are conducted at the SBR
temperature. Therefore, additional filtration tests were conducted where the effluents from SBRs
operated at 8 ℃ and 14 ℃ were filtered at the corresponding SBR temperatures (Figure 4-2 (B1-B2)).
Unlike the similar initial permeability that were observed in the filtration tests conducted at 20 ℃
(Figure 4-2 (A1-A3)), the initial permeability values were distinct at the different filtration
temperatures (650 ± 10, 523 ± 17 and 411 ± 11 LMH/bar at filtration temperature of 20, 14 and 8 ℃,
respectively). The different initial permeability values at different filtration temperatures were
expected and attributed to changes in the membrane intrinsic resistance and water viscosity with
temperature.
Intrinsic membrane resistance values were estimated from the filtration tests conducted with clean
water at 8, 14 and 20 ℃. The average intrinsic membrane resistance was observed to increase by 5%
and 14% as filtration temperature decreased from 20 to 14 and 8 ℃, respectively. The measured
intrinsic resistances were subsequently employed to correct the irreversible permeabilities from
filtration tests using the effluent from the SBRs operated at different temperatures.
The impact of filtration temperature on observed irreversible permeability decline was initially
assessed by calculating the difference in permeabilities between the filtration tests conducted at 20 ℃
and filtration tests conducted at the corresponding SBR operating temperatures (Figure 4-2 (C1-C2)).
From Figure 4-2 (C1-C2) it can be observed that the differences in irreversible permeability for the
filtration tests at 8 ℃ were approximately 250 LMH/bar, and greater than those of the filtration tests
at 14 ℃. Moreover, the differences in irreversible permeability for the filtration tests at 8 ℃ were
more constant over the cycles implying a consistent decline with time at both filtration temperatures.
However, the differences in irreversible permeability for the filtration tests at 14 ℃ increased with
time suggesting a diverging trend in declines.
The observed differences in irreversible permeabilities when filtration tests were conducted at 20
℃ and filtration tests conducted at the corresponding SBR operating temperatures (Figure 4-2 (C1C2)) indicated a clear impact of filtration temperature on irreversible permeability development. The
results from clean water filtration tests demonstrated that this was partially due to changes in viscosity
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and intrinsic membrane resistance. To quantify the contribution of viscosity and intrinsic membrane
resistance, the observed irreversible permeabilities from the filtration tests conducted at 8 ℃ and 14
℃ were adjusted to 20 ℃. The adjusted irreversible permeabilities are presented in Figure 4-3. Also
presented in Figure 4-3 are the observed irreversible permeabilities at 20 ℃. The difference between
the temperature adjusted irreversible permeabilities and the observed irreversible permeabilities at 20
℃ corresponded to the irreversible fouling that could not be explained simply by changes in viscosity
and intrinsic membrane resistance with filtration temperature.
The contributions of viscosity and intrinsic membrane resistance to the differences between the
temperature corrected irreversible permeabilities and those observed at 20 ℃ are of practical interest
as they cannot be controlled through fouling mitigation practices. From Figure 4-3 it can be observed
that at the end of the filtration test, the viscosity and increased intrinsic membrane resistance
contributed to 20% of the difference in permeabilities between filtration tests conducted at 20 ℃ and
14 ℃ while at 8 ℃ the contribution increased to 29%. The results demonstrate that the effects of
filtration temperature on viscosity and intrinsic membrane resistance on permeability decline cannot
be neglected. The influence of viscosity and intrinsic membrane resistance were observed to be
substantial and characterize the upper boundary to which fouling mitigation strategies can reduce
irreversible permeability declines at low filtration temperatures.
The results also demonstrate that low filtration temperatures changed the interaction between the
membrane and foulants leading to increased development of irreversible fouling. From Figure 4-3 it
can be observed that there was a substantial difference between viscosity and intrinsic membrane
resistance adjusted irreversible permeabilities and the irreversible permeabilities observed at 20 ℃ for
both effluents from the SBRs operated at 8 ℃ and 14 ℃. As illustrated, the difference between the
irreversible permeability at 20 ℃ and that at 14 ℃, adjusted to 20℃, progressively increased. At the
end of the filtration test, the difference between the irreversible permeability at 20 ℃ and that at 14
℃, adjusted to 20℃, accounted for 80% of the total difference. The difference between the
irreversible permeability at 20 ℃ and that at 8 ℃, adjusted to 20℃, rapidly increased over the first
few hundred minutes of operation, but then remained relatively constant. At the end of the filtration
test, the difference between the irreversible permeability at 20 ℃ and that at 8 ℃, adjusted to 20 ℃,
accounted for 71% of the total difference. At lower filtration temperatures, the pores of membranes
are expected to be smaller and therefore more foulants are likely to be retained (Cui et al., 2017). The
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foulants retained by the membranes under different filtration temperatures and fouling mechanisms
are further discussed.

Figure 4-3. Observed and corrected hydraulically irreversible permeability for the effluents
from SBRs operated at (A) 8 ℃ and (B) 14 ℃.

4.3.2 Foulant identification and quantification
The operating temperature of the SBRs was observed to result in distinct trends in the hydraulically
irreversible permeability indicating that the foulants present in the effluents were affected by
temperature. The concentrations of the DOC fractions reported by LC-OCD analysis in the SBR
effluents and UF permeates were examined to obtain insights into the foulants.
Concentrations of different DOC fractions in the SBR effluents are presented in Figure 4-4A. The
concentrations of high MW organics (polysaccharides and proteins) in the SBR effluents increased as
SBR operating temperature decreased. The average concentrations of polysaccharides in the effluents
from the SBR operated at 8 ℃ were 62% and 402% higher than those in the effluents from the SBRs
operated at 14 ℃ and 20 ℃, respectively. Similarly, proteins in the effluents from the SBR operated
at 8 ℃ were 13% and 170% higher than those operated at 14 ℃ and 20 ℃, respectively. The increase
in polysaccharides was more impacted by temperature than that of proteins, which is consistent with
previous research on MBRs for secondary treatment of wastewater (Ma et al., 2013; van den Brink et
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al., 2011). The great influence on polysaccharide and protein concentrations may have been because
they were highly associated with UAP/BAP generation which was substantially affected by low SBR
operating temperatures (Tao et al., 2021). The concentrations of low MW organics (building blocks,
LMW neutrals and LMW acids) also increased as SBR temperature decreased with total
concentrations of 2673, 2910 and 4392 μg/L for the effluents from SBRs operated at 20, 14 and 8 ℃,
respectively. In contrast, no obvious trend between SBR operating temperature and the concentration
of intermediate MW humic-like substances was detectable. The relatively constant concentration of
humic-like substances is consistent with prior reports of their biological recalcitrance (Tao et al.,
2021). It is likely that the greater decline in hydraulically irreversible permeability observed when the
SBRs were operated at low temperatures was due to the higher concentrations of high and low MW
organic matter.
As previously discussed, the intrinsic membrane resistance increased at lower filtration
temperatures suggesting that the pore size decreased with temperature, and therefore greater removal
of organic materials could potentially be achieved at lower filtration temperatures. To test this
hypothesis, the DOC removal efficiencies for the effluent from the SBR operated at 8 ℃ and filtered
at both 8 ℃ and 20 ℃ were compared (Figure 4-4A). The total DOC removal efficiency of the
filtration test conducted at 8 ℃ increased by 14% as compared to that conducted at 20 ℃, confirming
that at low filtration temperatures more organic material can be retained. The removal efficiencies of
high MW and low MW organics also significantly increased by 10% and 78%, respectively, at 8 ℃
compared to removal at 20 ℃ (Figure 4-4B). The removal of intermediate MW organics was not
impacted by filtration temperature. These results suggest that the removal of organic material during
tertiary filtration is not only related to membrane pore size but also the hydrophobicity of the foulants
with hydrophobic humic-like substances less trapped on/in the membranes (Bessiere et al., 2009).
To investigate the correlation between the specific organic fractions and hydraulically irreversible
fouling, linear regression analyses of the DOC fractions in effluents from SBRs operated at different
temperatures and hydraulically irreversible fouling rates from filtration tests conducted at 20 ℃ were
analysed (Figure 4-5) (see Supplementary materials). The regression analysis revealed that the
relationships between irreversible fouling rates and polysaccharides, proteins and LMW matter were
statistically significant (P<0.05). The good correlation between hydraulically irreversible fouling rates
and polysaccharides (r2 = 0.89) is consistent with prior studies which reported that hydraulically
irreversible fouling is mainly due to polysaccharide in MBRs treating municipal wastewater (Paul,
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2011). A strong correlation was also observed between hydraulically irreversible fouling rate and
LMW matter (r2 = 0.89) suggesting a significant role of LMW matter in hydraulically irreversible
fouling. However, a poor correlation (r2 = 0.52) was observed between protein concentrations and
hydraulically irreversible fouling rates. This indicates that protein as a single fraction was not
sufficient to explain hydraulically irreversible fouling and may impact fouling combined with other
fractions. However, prior studies have demonstrated that microbially-derived effluent organics,
especially proteins, were the key EfOM foulants that were responsible for irreversible fouling in UF
membranes (Henderson et al., 2011; Jutaporn et al., 2021; Poojamnong et al., 2020). The difference in
the role of protein between the present study and prior studies might be due to the different
membranes (ZeeWeed-500, pore size 0.04 μm) used by Jutaporn et al. (2021) and Poojamnong et al.
(2020). Furthermore, the different characteristics of the protein generated in various secondary
systems with specific influent properties could be another factor for the different correlation.
Prior studies have reported that each organic fraction plays a different role in the development of
fouling (Henderson et al., 2011). Polysaccharides have been demonstrated to affect membrane fouling
through forming cake/gel layers while protein and LMW organic matter contribute more to pore
blocking (Sun et al., 2014). On the basis of linear regression results it was anticipated that cake
fouling and pore blocking were potentially responsible for the observed hydraulically irreversible
fouling.
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Figure 4-4. (A) DOC concentrations (μg/L) (mean ± standard deviation) of the effluents from
SBRs operated at different temperatures and (B) DOC removal efficiencies (mean ± standard
deviation) with the effluent from SBR operated at 8 ℃ and filtered at 8 ℃ and 20 ℃.
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Figure 4-5. Hydraulically irreversible fouling rate versus (A) polysaccharide; (B) humic-like
substance; (C) protein; and (D) LMW organic concentrations.

4.3.3 Mechanism in hydraulically irreversible permeability development
The observed irreversible permeabilities were derived from irreversible TMP data. In order to gain
insight into the mechanism governing hydraulically irreversible permeability, established fouling
models (Bolton et al., 2006) were fitted to observed irreversible TMP data for the filtration tests with
the effluents from SBRs operated at different temperatures and filtered at different temperatures. It
was observed that a combined cake-intermediate pore blocking model could best fit all data sets,
suggesting the significant roles of cake fouling and pore blocking on hydraulically irreversible
permeability decline observed in section 4.3.1.
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Kimura et al. (2015) suggested a two-step mechanism in the evolution of hydraulically irreversible
fouling in MBRs when treating municipal wastewater. In this evolution, initial adsorption of low MW
organics is followed by a gradual accumulation of large polysaccharides and proteins which leads to
pore blocking and subsequent cake fouling. The two-step mechanism proposed by Kimura et al.
(2015) for MBRs is consistent with the results observed in the current study that indicated low MW
organics, polysaccharides and proteins contributed to hydraulically irreversible permeability
reduction and that combined cake-intermediate pore blocking was the dominant permeability
reduction mechanism.
The model coefficients for the combined cake-intermediate pore blocking model were examined to
quantify the impact of cake fouling (Kc) (Figure 4-6A), intermediate pore blocking (Ki) (Figure
4-6B), and their relative contribution (Kc*J0/Ki) (Figure 4-6C), on hydraulically irreversible fouling.
The effect of SBR operating temperature on hydraulically irreversible permeability through changes
in the effluent quality was assessed by examining the coefficients derived from the filtration tests
conducted at 20 ℃. From Figure 4-6A it can be observed that Kc values increased by 85% as SBR
operating temperature decreased from 20 ℃ to 8 ℃ indicating an increased role of cake fouling. The
increased cake fouling might have been due to increased high MW polysaccharide concentrations in
the effluents from SBRs operated at lower temperatures. Similarly, the values of Ki also increased by
66% as SBR operating temperature decreased from 20 ℃ to 8 ℃ whereas the increased extent was
lower than that of polysaccharide (Figure 4-6B). The increased Ki could be attributed to greater low
MW organics generated at low SBR operating temperatures.
The relative contributions of cake fouling and pore blocking indicated by Kc*J0/Ki were then
evaluated with the effects of SBR operating temperature (Figure 4-6C). From Figure 4-6C it can be
observed that the values of Kc*J0 were always greater than Ki for all SBR operating temperatures,
indicating a greater contribution of cake fouling than intermediate pore blocking. However, the
magnitude of the ratio was substantially greater when SBR was operated at 8 ℃ suggesting the
dominant impact of the elevated polysaccharide concentrations at 8 ℃.
The fouling model was also fit to the observed irreversible TMP data from filtration tests carried
out at the source SBR operating temperature to investigate how filtration temperature affected
hydraulically irreversible permeability development. It can be observed that Kc (Figure 4-6A) and Ki
(Figure 4-6B) values both increased when filtered at the source SBR operating temperature as
compared to filtered at 20 ℃ for both effluents from SBRs operated at 14 ℃ and 8 ℃. In addition,
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the increase was greater for the effluents from SBR operated at 8 ℃ than 14 ℃. The results were
consistent with those of Shang et al. (2015). They reported that the extent of pore blocking increased
as membrane pore size decreased. Hence, the increased Ki values could be attributed to decreased
pore sizes as a result of low filtration temperature. This would then further lead to increased cake
fouling (Kc) as a result of the initial pore blocking (Guo et al., 2012). The trends of the model
coefficients (Kc and Ki) were consistent with the previously discussed results that showed fewer
polysaccharides and low MW organics passed through the membrane pores when filtered at the
source SBR operating temperature.
From Figure 4-6C it can be observed that for the effluent from SBR operated at 8 ℃, the value of
Kc*J0/Ki filtered at 8 ℃ was significantly greater than that of corresponding filtration at 20 ℃. By
contrast there was no significant difference in the ratio between the filtration temperature of 14 ℃
and 20 ℃ for the effluent from SBR operated at 14 ℃. The increased relative contribution of cake
fouling can be associated with the changes of DOC fraction retained by membrane due to smaller
pore size at lower filtration temperature. In the present study, for the filtration test with the effluent
from the SBR operated at 8 ℃ the concentrations of polysaccharide and low MW organics in the
permeates decreased by 55% and 25% respectively when filtration temperature decreased from 20 ℃
to 8 ℃. The greater concentration of polysaccharides retained at 8 ℃ than low MW organics may
result in a subsequent larger contribution of cake filtration then pore blocking.
Upon the above fouling model fitting, the degree of cake fouling and intermediate pore blocking
was significantly affected under cold temperature operations of SBRs and filtration due to changed
effluent organics and membrane pore size. For a practical point of view, the heating of wastewater
would be cost prohibitive to mitigate fouling in cold climates due to high specific heat capacity of
water. Therefore, improved cleaning strategies to remove mainly high and low MW foulants should
be considered for cold weather conditions, and pretreatment of effluents prior to filtration such as precoagulation would be another strategy to mitigate hydraulically irreversible fouling by converting
charge and changing size of the foulants.
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Figure 4-6. Modelling coefficients of (A) cake fouling constant, Kc; (B) intermediate pore
blocking constant, Ki; and (C) the contributions of cake fouling and intermediate pore blocking
to the combined model, Kc*J0/Ki.

4.4 Conclusions
The effect of upstream biological treatment temperature and filtration temperature on hydraulically
irreversible permeability of tertiary ultrafiltration membranes was quantified in the present study.
Reduced SBR operating and filtration temperatures impacted hydraulically irreversible permeability
by changing EfOM characteristics, water viscosity, membrane intrinsic resistance, and membranefoulants interactions. Increased generation of EfOM induced more rapid decline of hydraulically
irreversible permeability at low SBR operating temperatures with high and low MW matter playing
significant roles. Higher viscosity and intrinsic membrane resistance at low filtration temperatures
further deteriorated hydraulically irreversible permeability, which cannot be neglected. Moreover,
narrowed membrane pore size retained more organic matter and further decreased hydraulically
irreversible permeability. The results suggest that cake formation and pore blocking were the major
fouling mechanisms for hydraulically irreversible fouling. These results provide insights that can be
employed as a basis to optimize filtration operation by mitigating hydraulically irreversible fouling.
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Chapter 5
Evaluation of the impact of SBR temperature and filtration
temperature on fouling of tertiary membranes

GRAPHICAL ABSTRACT

5.1 Introduction
As water resources become increasingly strained, the need for production of high quality treated
municipal wastewaters continues to grow. Membrane technologies, which can effectively remove
particulate/colloidal matter, macromolecules, and pathogens, have gained increasing acceptance in
tertiary treatment of wastewater (Krzeminski et al., 2017). However, although there has been rapid
development of tertiary filtration, the application of this technology is significantly hindered by
membrane fouling caused by effluent organic matter (EfOM) (Qu et al., 2021). Moreover, fouling of
tertiary membranes can be intensified due to the impacts of temperature on EfOM generation and
membrane properties in cold climates resulting in greater need for fouling control and membrane
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replacement (Ozgun et al., 2015; Cui et al., 2017). Abu-Obaid et al. (2020) reported increased fouling
of tertiary membranes at full-scale during periods of low temperatures and elevated flows but the
underlying causes of the elevated fouling were not conclusively identified. An improved
understanding of the fouling mechanisms of tertiary membranes in cold climates will support the
development of fouling control strategies.
Previous studies of fouling behavior in membrane bioreactors (MBRs) have demonstrated that cold
temperatures (7 to 12.7 ℃) caused rapid membrane fouling by inducing changes to biomass
concentration and biodegradation of wastewater in the mixed liquor (Kakuda et al., 2020; Krzeminski
et al., 2012; Miyoshi et al., 2009; Drews, 2010). In a pilot-scale MBR treating real municipal
wastewater in Mikkeli Finland (7 to 20 ℃) it was reported that membrane fouling accelerated during
low temperature periods with a 75% decrease in membrane permeability (Gurung et al., 2017).
Reduced particle back transport velocity and elevated hydrophobicity of the mixed liquor were
demonstrated to be responsible for the severe fouling. In other studies of MBRs, fouling has been
observed to correspond to elevated mixed liquor concentrations of organics (humic-like substances,
polysaccharides and proteins) when operated under cold temperatures (Ma et al., 2013). In addition,
the particle size distribution in MBRs was reported to shift towards smaller particles when
temperature was lower than 15 ℃ leading to rapid pore narrowing or blocking (van den Brink et al.,
2011). Furthermore, the alteration of membrane structure and properties under cold temperatures has
been demonstrated to intensify membrane fouling (Cui et al., 2017). Viewed collectively, the MBRfocused research has suggested several potential mechanisms for increased fouling under low
temperatures, however, the extrapolation of these results to tertiary treatment is challenging due to
differences in the exposure of the membranes to the various foulants.
Tertiary membranes are less exposed to settleable components (Sánchez et al., 2011). It is
anticipated that there will be less cake formation on tertiary membranes than that which would be
expected with MBR membranes. Therefore, the fouling mechanisms in MBRs and tertiary membrane
treatments could be fundamentally different. In tertiary configurations, the extent of membrane
fouling has been attributed to the chemical composition and concentration of EfOM in the secondary
effluents (Ly et al., 2018). Soluble microbial products (SMPs) have been reported to constitute a
dominant part of EfOM in secondary effluents and are biologically derived from substrate metabolism
(utilization-associated products, UAP) and biomass decay (biomass-associated products, BAP)
(Barker & Stuckey, 1999). The generation of SMPs has been demonstrated to be temperature
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dependent since substrate utilization and biomass decay, that lead to UAP and BAP generation,
depend on operating temperatures (Hu et al., 2019). Tao et al. (2021) observed a strong correlation
between temperature and BAP/UAP yields from treating real wastewater with the generation of BAP
more temperature sensitive than UAP. However, a comprehensive evaluation of the effect of
temperature on UAP and BAP generation with a linkage to fouling of tertiary membranes has not
been reported.
In this context, the objectives of the present study were to investigate the effects of temperature,
including secondary treatment operating temperature and filtration temperature, on fouling of tertiary
membranes. Bench scale sequencing batch reactors (SBRs) were employed to treat real municipal
wastewater over a range of temperatures (8, 14 and 20 ℃) to generate feed water for filtration tests.
Bench scale filtration tests were conducted at 20 ℃ to investigate the impact of SBR temperature on
fouling of tertiary membranes and at the source SBR temperatures (i.e. 8 and 14 ℃) to characterize
the effect of filtration temperature on fouling of tertiary membranes. The relationships between
membrane fouling indices and DOC fractions were investigated by correlation analysis. The
outcomes of the present study provide insights into the combined effects of temperature on biological
and filtration processes that influence fouling behavior of tertiary membranes and can be employed to
assist with the design of fouling mitigation measures in cold climates.

5.2 Materials and methods
5.2.1 Apparatus
Bench scale SBRs were operated on real municipal wastewater for extended periods (October 2018 to
March 2020) at temperatures of 8, 14 and 20 ℃ to provide feed water for filtration tests. The
temperatures were selected to span summer and winter operating conditions in a northern climate
(e.g. Ontario, Canada). The hydraulic retention time (HRT) of the SBRs was 20 h, and the solids
retention time (SRT) was maintained at 25 days. A detailed description of the design and operation of
the SBRs has been provided by Tao et al. (2021).
Bench scale membrane modules were employed to assess membrane performance in a batch
configuration. Each membrane module consisted of three ZeeWeed-1000 hollow-fibres (Suez,
Canada). The nominal pore size of the ZeeWeed-1000 membrane is 0.02 μm. The length of each
hollow-fibre was 500 mm. A programmable peristaltic pump (OF-07582-00, Cole-Parmer, USA) was
used to control the timing of permeation and back pulsing as described in Section 5.2.2. An air
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diffuser (coupled with an air flow meter), located at the bottom of tank, provided aeration for mixing
and membrane scouring. A detailed description of the design and operation of the filtration systems
has been provided by Tao et al. (2022).
5.2.2 Filtration tests
Filtration tests were conducted with either clean water or the effluents from the SBRs as illustrated in
Figure 5-1. Tests with clean water were initially conducted with virgin membranes to establish the
intrinsic membrane resistance as a function of filtration temperature. Subsequent filtration tests were
conducted with SBR effluent at both room temperature (approx. 20 ℃) and at the source SBR
temperature (Figure 5-1). This enabled independent evaluations of the impact of SBR temperature
and filtration temperature on fouling of tertiary membranes.

Figure 5-1. Schematic diagram of filtration test plan.
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The filtration tests were operated in dead-end mode and consisted of 30 cycles that each included
permeation for 30 min and fouling mitigation for 2 min. The permeate was continuously returned to
the filtration tank to maintain a consistent feed composition. A combination of back pulsing and air
scouring was employed for fouling mitigation. Parallel filtration tests with only flux interruption (FI)
were conducted to provide a reference condition which allowed for an assessment of the effectiveness
of the back pulsing and air scouring. The permeation flux was 24 LMH and was established on the
basis of flux step tests that were conducted as described by Vera et al. (2015) (see Supplementary
materials). The back-pulsing flux was twice the permeation flux. All filtration tests were conducted in
triplicate. Prior to conducting the filtration tests, the virgin membranes were cleaned by soaking in a
250 mg/L NaOCl solution overnight and then DI water for 2 h. After each test, the fouled membranes
were chemically cleaned using a 250 mg/L NaOCl solution for 2 h and then rinsed by soaking in DI
water for 2 h.
5.2.3 Membrane performance indices
Four resistance-based fouling indices were employed to quantify the evolution of fouling of the
membranes and enable a quantitative comparison of the various filtration conditions.
Total resistance (Rt,i) quantified the sum of intrinsic membrane (Rm), hydraulically reversible (Rrev,i)
and irreversible (Rirr,i) resistances at the end of cycle i, and was calculated from the test data using
Equation 5-1:
𝑹𝒕,𝒊 =

𝑻𝑴𝑷
𝑱

Equation 5-1

where TMP was the measured transmembrane pressure (Pa),  was the permeate viscosity (Pas), and
J was the measured flux (m3m-2s-1). Permeate viscosity was calculated according to Equation 5-2 (van
den Brink et al., 2011):
 = 𝟎. 𝟒𝟗𝟕 (𝑻 + 𝟒𝟐. 𝟓)−𝟏.𝟓

Equation 5-2

with temperature (T) in degrees Celsius.
The fouling rate (Fi) in cycle i was examined as it can provide insight into the possible mechanisms
responsible for fouling (Meng et al., 2017), and was calculated as per Equation 5-3.
𝒇

Fi =

𝑹𝒕𝒊 −𝑹𝒕𝒊𝒊

Equation 5-3

∆𝒕
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𝑓

where 𝑅𝑡𝑖 and 𝑅𝑡𝑖𝑖 were the final and initial membrane resistances (m-1) of cycle i, and ∆𝑡 was the
duration of the cycles (min).
The values of Rm, Rrev,i and Rirr,i were assessed to determine how SBR temperature influenced the
contribution of each resistance to Rt. Rm values were determined from the filtration tests conducted
with clean water. Rrev,i quantified the resistance that accumulated in one cycle and was recovered
during physical cleaning between cycles and was calculated for each cycle as per Equation 5-4.
𝒇

𝑹𝒓𝒆𝒗,𝒊 = 𝑹𝒕𝒊 − 𝑹𝒕𝒊𝒊+𝟏

Equation 5-4

𝑓

𝑖
where 𝑅𝑡𝑖 was the final membrane resistance of cycle i, and 𝑅𝑡𝑖+1
was the initial membrane

resistance of filtration cycle i+1.
Rirr,i was defined as the resistance that accumulated during a cycle and that was not removed by
physical cleaning and was calculated for each cycle as per Equation 5-5.
𝑹𝒊𝒓𝒓,𝒊 = 𝑹𝒕,𝒊 − 𝑹𝒓𝒆𝒗,𝒊 − 𝑹𝒎

Equation 5-5

5.2.4 SBR effluent characterization
5.2.4.1 Conventional parameters
Soluble COD (sCOD) was analyzed according to Standard Methods 5220 (APHA, 2005) using a
spectrophotometer (DR2600, HACH, USA). DOC was measured using a Shimadzu DOC analyzer
(Japan). UV absorbance at 254 nm (UV254) was determined by a SHARP spectrophotometer (Japan).
5.2.4.2 DOC fractionation
Liquid chromatography with organic carbon detection (LC-OCD) (Model 8, DOC-LABOR,
Germany) was used to provide insight into the composition of dissolved organic matter in the SBR
effluents. The LC-OCD analysis classifies dissolved organic matter as biopolymers, humic
substances, building blocks, low molecular weight (LMW) acids and LMW neutrals (Huber et al.,
2011). The concentration of biopolymers reported by the LC-OCD analysis were then divided into
polysaccharide and protein assuming all of the DON in the biopolymers was bound in proteinaceous
matter and employing a typical C:N mass ratio of 3 for proteins (Huber et al., 2011).

61

5.2.4.3 BAP and UAP
BAP and UAP have been reported to consist of mixtures of polysaccharides and proteins (Tian et al.,
2011). The concentrations of UAP and BAP and the contributions of proteins and polysaccharides to
these concentrations were estimated by solving mass balances on polysaccharides and proteins. The
detailed approach was described in our previous study (Tao et al., 2021).
5.2.5 Statistical analysis for tertiary membrane fouling
Correlation analysis was used to assess the relationships between the fouling indices (Fi, Rt,i, Rrev,i and
Rirr,i) and SBR effluent characteristics (sCOD, DOC, UV254, polysaccharide, protein, humic
substances, building blocks, LMW organics, UAP and BAP). The fouling indices at the end of each
filtration test were used in the correlation analysis. The correlation coefficients range between -1 and
+1 and quantifies the direction and strength of the linear association between the two variables. The
correlation analysis was conducted using OriginLab 2020 (USA).
Five combined fouling models as proposed by Bolton et al. (2006) were fit to the experimental
data. The combined fouling models included cake-complete, cake-intermediate, complete-standard,
intermediate-standard and cake-standard models with Kc, Kb, Ki and Ks as fitted parameters to
quantify cake fouling, complete blocking, intermediate blocking and standard blocking, respectively.
The normalized TMP values (P/P0) over time from the triplicate runs were simultaneously used in the
model fitting. The best fit was determined by minimizing the sum of squared residuals (SSR) where
the residuals were equal to the difference between measured data and model prediction. One-way
ANOVA was used to determine if there was a statistically significant different between the fitted
parameters.
Linear regression was subsequently conducted (OriginLab 2020, USA) to determine the
relationship between the concentrations of selected DOC fractions and the fitted parameters of the
fouling models. The relationships were considered statistically significant at a 95% confidence
interval (P<0.05).

5.3 Results and discussion
The present study sought to comprehensively investigate the impact of SBR temperature and filtration
temperature on fouling of tertiary membranes. The experimental design for the filtration tests allowed
for separate assessment of the impact of SBR and filtration temperature on the fouling indices.
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Correlation analyses were employed to provide insight into the foulants responsible for the
development of total, hydraulically reversible and irreversible membrane resistances from the
perspective of molecular weight and biological origin. Combined fouling models were then used to
facilitate comparisons between operating conditions.
5.3.1 Effect of SBR temperature on fouling indices
Tao et al. (2021) demonstrated that the concentrations of soluble microbial products, which are
potential membrane foulants in secondary treated effluents, were impacted by SBR temperature. The
current study sought to assess if the generated soluble microbial products would also impact fouling
of tertiary membranes. Hence, the effluents from the SBRs operated at different temperatures were all
filtered at a reference temperature of 20 ℃ to assess whether there was a corresponding impact on the
fouling of tertiary membranes. The mean and standard deviations of the four fouling indices over the
triplicate filtration tests were computed for the different conditions. In all cases, the standard
deviations were consistently less than 20% of the corresponding means indicating good
reproducibility of the filtration tests.
Values of Rt,i were initially examined to assess the impact of SBR temperature on the trends in the
combined resistances over the multiple filtration cycles (Figure 5-2). It can be observed that the
increase in values of Rt,i in the initial cycles of the filtration tests was strongly influenced by SBR
temperature. For the effluent from the SBR operated at 20 ℃, the Rt,i value estimated for the first
cycle was 5.8 × 1011 m-1 and the corresponding values for the effluents from the SBRs operated at 8
and 14 ℃ increased by 50% and 23% . Subsequent values of Rt,i were consistently higher for the
effluents from the SBRs operated at lower temperatures over the multiple filtration cycles. At the end
of the filtration tests, the value of Rt,i for the effluent from the SBR operated at 20 ℃ increased by
27% relative to the first cycle while the corresponding increases for the effluents from the SBRs
operated at 8 and 14 ℃ were 82% and 45%, respectively. The results demonstrate that low SBR
temperature resulted in a substantial increase in the total membrane resistance (Rt,i).
The values of Rm were compared to obtain insight into its contribution to Rt,i over the multiple
filtration cycles. Rm had an average value of 4.2×1011 ± 0.9 ×1010 m-1 and was similar for all the
filtration tests conducted at 20 ℃. Hence, differences in Rt values as a function of SBR temperature
were attributed to differences in Rrev,i and Rirr,i values that are subsequently discussed in detail.
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The trends in values of Rrev,i and Rirr,i over the multiple filtration cycles for the effluent from the SBR
operated at 20 ℃ were assessed as a reference condition for fouling development. It can be observed
from Figure 5-2 that for this condition the values of Rrev,i were relatively constant while values of
Rirr,i increased by 43% over the multiple filtration cycles. Although the values of Rirr,i increased, the
total contribution of Rrev,i and Rirr,i accounted for a relatively small portion (8-28%) of the Rt,i values.
Hence, for the effluent from the SBR operated at 20 ℃, Rrev,i and Rirr,i were relatively well controlled
by the back pulsing and air scouring employed in the filtration tests. The results indicate that the
effluent from the SBR operated at 20 ℃ had a relatively low fouling propensity although there was a
modest increase in hydraulically irreversible fouling over the multiple filtration cycles.
The values of Rrev,i and Rirr,i for the effluents from the SBRs operated at 8 and 14 ℃ were compared
to that of 20 ℃ to obtain insight into the effect of SBR temperature on fouling reversibility. Similar to
those observed at 20 ℃, the values of Rrev,i were relatively constant over the multiple filtration cycles
for the lower SBR temperatures. However, the values of Rrev,i for the effluents from the SBR operated
at 8 ℃ and 14 ℃ were approximately 7 and 2 times higher respectively than those of the effluent
from the SBR operated at 20 ℃. In contrast, the values of Rirr,i for the lower SBR temperatures
increased over the multiple filtration cycles, with the extent of the increase greater as the SBR
temperature decreased. At the end of the filtration tests, the values of Rirr,i for the effluents from the
SBRs operated at 8 and 14 ℃ were 255% and 84% higher than those of effluents from 20 ℃ SBR.
Hence, the lower SBR temperatures induced greater hydraulically reversible and irreversible
membrane fouling which collectively contributed to the previously described increases in Rt,i.

64

Filtration temperature
20 oC

4E+12

Rirr,i

Rrev,i

Rirr,i

Rrev,i

1E+12

8 oC

Resistance (m-1)

2E+12

2E+12

1E+12

0E+0

0E+0
5

10

15

20

25

0

30

5

10

15

Cycle number
Rirr,i

Rrev,i

25

30

25

30

4E+12

Rm

Rirr,i

Resistance (m-1)

3E+12

2E+12

1E+12

0E+0

Rrev,i

Rm

3E+12

14 oC

4E+12

20

Cycle number

2E+12

1E+12

0E+0
0

5

10

15

20

25

30

Cycle number

0

5

10

15

20

Cycle number

4E+12

Rrev,i

Rm

3E+12

2E+12

N.A.

20 oC

Resistance (m-1)

Rirr,i

1E+12

0E+0
0

5

10

15

20

25

30

Cycle number

Figure 5-2. Membrane resistances (mean ± standard deviation) observed at different SBR and
filtration temperatures. (Rt,i values are indicated by the total height of the column in each
cycle.)
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The trends in fouling rate (Fi) were examined to obtain insight into possible fouling mechanisms
(Figure 5-3). The slopes from linear regression of the Fi values versus cycle number were used to
assess the different stages of fouling development. The regression equations where the slopes were
significantly different from 0 are presented in Figure 5-3. It was observed the values of Fi with the
effluent from the SBR operated at 20 ℃ increased only slightly with a slope of 3.5×107 m-1/cycle. The
relatively constant and small values of Fi reflected slight membrane fouling and a singular fouling
mechanism when the SBR was operated at 20 ℃.
The values of Fi for the effluents from the SBRs operated at low temperatures were similarly
analyzed to assess how the temperature of the biological treatment impacted the rate of fouling. In
general, the values of Fi were higher for the SBRs operated at low temperatures than that of the 20 ℃
effluent. As illustrated in Figure 5-3, a two-stage pattern of Fi development was observed over the
multiple filtration cycles for the lower temperatures. Hence, the Fi values were regressed separately
for the different stages. For the effluent from the SBR operated at 8 ℃, the slope of the regression
was 8.9×107 m-1/cycle for the first ten cycles and then it increased to 2.4×108 m-1/cycle over the rest of
the cycles, indicating accelerated fouling development. In contrast the slopes of the two stages
observed with the effluent from the SBR operated at 14 ℃ (not significant; 8.0×107 m-1/cycle) were
lower than that of the SBR operated at 8 ℃ and the duration of the first stage was longer (14 cycles),
The two-stage development in Fi values at the lower temperatures suggests an alteration of fouling
mechanism as the filtration tests proceeded. This was consistent with a two-step fouling mechanism
that has been reported for MBRs treating municipal wastewater (Kimura et al., 2015). Kimura et al.
(2015) indicated that initial membrane fouling was due to pore blocking by low molecular weight
(MW) organics and this was followed by cake fouling with relatively high MW organics. Hence, it
was concluded that the SBR temperature impacted the effluent properties in a manner that influenced
the rate and type of fouling mechanisms of tertiary membranes.
The trends in fouling indices indicated that as SBR temperature decreased, the fouling of tertiary
membranes increased significantly. Further, the trend in the increase in Rrev,i and Rirr,i values differed
between SBR temperatures. As the SBR temperature was the only experimental variable that differed
between the filtration tests, the observed difference in fouling of tertiary membranes was attributed to
differences in the effluent composition. The characteristics of the DOC and DOC fractions generated
in the SBRs operated at the different temperatures and their correlation with fouling indices are
subsequently discussed in Section 5.3.3.
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Figure 5-3. Fi values (mean ± standard deviation) versus cycle number (i) observed at different
SBR and filtration temperatures. (NS*: slope is not significantly different from 0).
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5.3.2 Effect of filtration temperature on fouling indices
As previously demonstrated, low SBR temperatures resulted in increased membrane fouling when the
filtration tests were all conducted at 20 ℃. However, low filtration temperatures have also been
reported to cause changes in water viscosity and membrane pore size, both of which can affect
membrane fouling (Cui et al., 2017). To quantify the contribution of the effect of viscosity and the
membrane pore size with filtration temperature to membrane fouling, additional filtration tests were
conducted at the source SBR temperature.
Values of Rt,i were compared at the different filtration temperatures as an indicator of the overall
effect on total membrane fouling (Figure 5-2). It was observed that the values of Rt,i for the effluent
from the SBR operated at 8 ℃ were significantly higher (97-122%) when the filtration temperature
was 8 ℃ as compared to filtration at 20 ℃. The corresponding increase in values of Rt,i for the
effluent from the SBR operated at 14 ℃ ranged from 34-55%. The increase in values of Rt,i for the
tests conducted under low filtration temperatures indicates the cumulative impacts of filtration
temperature are substantial and should not be ignored in cold climates .
It was expected that intrinsic membrane resistance would be impacted by filtration temperature
(Cui et al., 2017) and therefore values of Rm and their contribution to Rt,i were estimated from the
filtration tests conducted with clean water. It can be observed from Figure 5-2, when the filtration
temperature reduced from 20 to 8 ℃, the value of Rm increased by 80% and the percentage of Rm to
Rt,i increased from 35% to 72%. Similarly, the value of Rm increased by 35% as filtration temperature
decreased from 20 to 14 ℃ and accounted for 52% of Rt,i. Hence, reducing filtration temperature
resulted in a significant increase in Rm that cannot be controlled through fouling mitigation measures.
The values of Rrev,i were investigated to examine how filtration temperature affected the
accumulation of hydraulically reversible fouling over the multiple filtration cycles. Since the values
of Rrev,i remained relatively constant in all cases, the average values over the multiple filtration cycles
were compared between the two filtration temperatures. For the effluent from the SBR operated at 8
℃, the average value of Rrev,i increased 128% as the filtration temperature decreased from 20 to 8 ℃.
Similarly, an increase of 107% in average Rrev,i was observed for the effluent from the SBR operated
at 14 ℃. The increase in Rrev,i values as filtration temperature decreased indicates increased
accumulation of hydraulically reversible foulants at the reduced filtration temperatures.
The response of Rirr,i to filtration temperature was assessed in terms of the increase in these values
over the multiple filtration cycles as this was considered to be indicative of the foulant-membrane
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interaction (Liu et al., 2020). For the effluent from the SBR operated at 8 ℃, the values of Rirr,i
increased by 170‒650% times when filtration temperature reduced from 20 to 8 ℃. The
corresponding values for the effluent from the SBR operated at 14 ℃ were 110‒260% times as
filtration temperature decreased from 20 to 14 ℃. The increases in accumulation of Rirr,i as filtration
temperature decreased suggests a change in foulant-membrane interaction with more foulants
attaching and blocking membrane pores that could not be recovered by back pulsing and air scouring.
The trends in Fi values with cycle number were evaluated for the tests with low filtration
temperatures and compared with those that were conducted at 20 ℃. As illustrated in Figure 5-3 for
both effluents from the SBRs operated at 8 and 14 ℃, the values of Fi were substantially higher at the
lower filtration temperature when compared to 20 ℃. A two-stage development of Fi values was also
observed at the lower filtration temperatures, with the duration of the stages the same (6 and 24
cycles) for both temperatures but the slopes were different. For the effluent from the SBR operated at
8 ℃, the first and second stage slopes were 3.8×108 and 5.7×108 m-1/cycle, respectively. The
corresponding values for the effluent from the SBR operated at 14 ℃ were 0 and 1.3×108 m-1/cycle.
The results indicate accelerated initial pore blocking and subsequent cake formation at the lower
filtration temperatures which might be attributed to changes in membrane properties at the reduced
filtration temperatures.
Tao et al. (2022) demonstrated that an increase in hydraulically irreversible membrane permeability
at lower filtration temperatures was attributed to reduced membrane pore size. Increased retention of
high and low molecular weight effluent organics was also observed at low filtration temperatures.
Therefore, the increased Rrev,i and Rirr,i at low filtration temperatures were attributed to smaller
membrane pore sizes and that led to more effluent organic matter being retained as hydraulically
reversible and irreversible foulants in the cake layer/pores.
5.3.3 Investigation of foulants
Low temperature operation of SBRs has been reported to generate elevated effluent concentrations of
high and low MW organics that were attributed to the generation of BAP and UAP (Tao et al., 2021).
Hence, a correlation analysis was conducted between the fouling indices (Fi, Rt,i, Rrev,i, Rirr,i) and the
concentration of the DOC fractions (polysaccharides, proteins, humic substances, LMW organics)
and UAP and BAP to identify those most associated with membrane fouling. In this analysis the
concentration of LMW organics represented the sum of the concentrations of building blocks, LMW
neutrals and acids. The values of the fouling indices used in the correlations were from the last cycle
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of each filtration test and hence represent the cumulative fouling over all of the cycles. For
comparison, the conventional bulk parameters of effluent quality, including DOC, sCOD and UV254,
were also included in the correlation analysis. Only the fouling indices obtained from the filtration
tests conducted at 20 ℃ were included in the correlation analysis to exclude the additional impacts of
filtration temperature on fouling.
The results of the correlation analysis (Figure 5-4) summarized the extent to which the variability
in the fouling indices could be explained by the various water quality parameters. The correlation
between the fouling indices and the conventional water quality parameters was assessed firstly to
provide a point of comparison for the analysis of the DOC fractions. The fouling indices were not
correlated with either sCOD or UV254 as their concentrations were not significantly different at the
three tested SBR temperatures (Tao et al., 2021). As illustrated in Figure 5-4, it was found that the
only conventional parameter to which the fouling indices were correlated with was DOC. The
correlation coefficients between the three membrane resistances and DOC concentrations were all
over 0.85 indicating strong correlations. However, fouling rates were not correlated with DOC
concentrations which might be because fouling rates presented patterns with multiple stages and
could not be simply explained by single DOC concentrations. The significant correlations between
membrane resistances and DOC concentrations were consistent with that reported by Abu-Obaid et
al. (2020) for full-scale tertiary membranes.
The correlations between the fouling indices and DOC fractions (Figure 5-4) were then assessed to
obtain insights whether DOC fractions could be better indicators of membrane fouling. The
correlation between Rt,i and Fi and DOC fractions can reflect the responsible fractions for the total
membrane fouling. Generally, Rt,i and Fi values were not correlated with humic-like substances
concentrations, which was due to their relative constant concentration at different SBR temperatures
(Tao et al., 2021). It was observed that Rt,i values were positively correlated with the total DOC (r =
0.98), polysaccharide (r = 0.97), protein (r = 0.83), and LMW organic concentrations (r = 0.88). The
strong correlations between Rt,i values and both high and low MW organics were consistent with cake
fouling and intermediate pore blocking as the dominant fouling mechanisms (Liu et al., 2018). This is
further addressed through modelling in a subsequent section. In contrast, Fi values were only
correlated with LMW organic concentrations with a relatively low correlation coefficient (r = 0.73),
which was attributed to the use of only the end-of-test values.
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The correlations were then assessed to obtain insights into responsible foulants for Rrev,i and Rirr,i.
Rrev,i and Rirr,i values were also not correlated with humic-like substances concentration. Rrev,i
presented the highest correlation with polyscchardie (r = 0.98), which was consistent with the
generally larger molecular weight and higher tendency of polysaccharides to contribute to
hydraulically reversible fouling (Zhao et al., 2017). Moreover, Rirr,i was observed to correlate with
polysaccharides (r = 0.95) and LMW organics (r = 0.87). It is generally accepted that LMW organics
contribute to hydraulically irreversible fouling due to their ready absorbance on membranes through
hydrophobic and electrostatic interactions (Liu et al., 2020). However, a portion of biopolymers, with
sizes close to the pore size of membranes, have also been reported to be responsible for hydraulically
irreversible fouling (Kimura & Kume, 2020), and the observations in the present study are consistent
with this phenomena. Hence, the results indicate that hydraulically reversible resistance was mainly
contributed by polysaccharides while hydraulically irreversible resistance was associated with both
polysaccharides and LMW organics.
The previous correlation analysis examined the relationship between fouling indices and DOC
fractions with the focus on the molecular weight. However, the foulants are of biological origin and in
order to better link membrane fouling with the biological processes responsible for foulant generation,
additional correlational analyses were conducted. In this regard correlations between the fouling
indices and BAP/UAP which describe the mixtures of effluent organics generated during biomass
decay and substrate utilization were evaluated (Kunacheva & Stuckey, 2014). The methodology for
estimating the BAP and UAP concentrations and the data employed in the analyses were previously
reported (Tao et al., 2021).
The impacts of BAP and UAP on total membrane fouling was assessed by their correlation with Rt,i
and Fi. It was observed that Rt,i values were highly correlated with BAP (r = 0.99) and UAP (r = 0.92)
concentrations. BAP and UAP are mixtures of polysaccharides and proteins which represent the high
MW organics. Hence, the strong correlation between Rt,i and BAP/UAP was consistent with the
previous correlation between Rt,i and polysaccharides(r = 0.97) and proteins (r = 0.83). By comparing
the correlation coefficients, it was found that the BAP/UAP responses were similar to polysaccharides
and proteins as predictors of Rt,i. In contrast, Fi values were only correlated with BAP concentrations
(r = 0.71), which was also because only the end values included in the analysis. Hence, the high MW
organics can explain the total membrane fouling from both classifications of molecular weight and
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biological origin, while they are less effective to predict fouling rates when multiple stages of fouling
occur.
The correlations between Rrev,i and Rirr,i with BAP and UAP were examined to assess the impact of
the biological origin of effluent organics on fouling reversibility. It was observed that Rrev,i and Rirr,i
values were correlated with both BAP (r = 0.99 and 0.97) and UAP (r = 0.94 and 0.89) concentrations
which was consistent with the previous observation that polysaccharides (r = 0.98 and 0.95) and
proteins (r = 0.86 and 0.79) contributed to both reversible and irreversible fouling. BAP and UAP
have been previously reported to contribute with cake fouling and complete pore blocking in MBRs
(Tian et al., 2011). The correlations developed between BAP/UAP and fouling indices can contribute
a better understanding of the linkage between factors that impact secondary biological processes rates
(i.e. wastewater properties, temperature and operating conditions) and fouling potentials of the SMPs
in tertiary membranes.
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Figure 5-4. Correlation between fouling indices and water quality parameters.
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5.3.4 Impact of SBR and filtration temperature on fouling development
The filtration tests generated transient data on TMP development over multiple filtration cycles. The
combined fouling models described by Bolton et al. (2006) were therefore employed to translate the
transient data into the values of a fixed number of fitted model parameters that could be compared
between tests. The fitted model parameters were compared to better understand the impact of SBR
and filtration temperatures on fouling development. In the model fitting exercise, the combined cakeintermediate pore blocking model was found to provide the best fit of the data with the lowest value
of SSE, indicating the component models (cake and intermediate blocking) were the major
contributors to membrane fouling. Hence, only the parameters estimated for the combined cakeintermediate pore blocking model are presented and discussed.
The impact of SBR temperature on the extent of cake fouling and intermediate pore blocking was
evaluated by comparing the fitted Kc and Ki values respectively for the filtration tests conducted at 20 ℃
(Table 5-1). The changes in Kc and Ki were statistically tested. It was observed that the values of Kc
consistently increased by 140% as SBR temperature decreased from 20 to 8 ℃ (P<0.05). In contrast
the values of Ki for the effluents from the SBRs operated at 20 and 14 ℃ were similar (P>0.05)
whereas they increased by over 150% when the SBR temperature decreased to 8 ℃. The increased Kc
and Ki values indicate that low SBR temperatures led to both greater cake fouling and intermediate
pore blocking while their response to filtration temperature was different.
The effect of filtration temperature on the fouling mechanisms was evaluated by comparing Kc and
Ki values obtained at a filtration temperature of 20 ℃ with those obtained when filtration was
conducted at SBR temperatures. For the effluent from the SBRs operated at 8 and 14 ℃, the values of
Kc significantly increased by over 10 % when the filtration tests were conducted at their
corresponding SBR temperatures as compared to 20 ℃. In comparison, the increase of Ki for the
effluent from the SBRs operated at 14 and 8 ℃ were both over 11%. The results revealed that
reducing the filtration temperature resulted in increases in both cake fouling and intermediate pore
blocking.
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Table 5-1. Fitted model parameters under different SBR and filtration temperatures.
SBR

Filtration temperature (℃)

temperature (℃)

(mean ± standard error)
20 ℃

8

14

20

Same as SBR temperature

Kc = 5.7 × 106 ± 1.4 × 105

Kc = 6.3 × 106 ± 2.0 × 105

Ki = 9.6 ± 0.8

Ki = 3.8 ± 0.1

Kc = 4.0 × 106 ± 1.1 × 105

Kc = 4.8 × 106 ± 1.2 × 105

Ki = 3.4 ± 0.4

Ki = 10.8 ± 0.7

Kc = 2.4 × 106 ± 1.2 × 105
Ki = 3.1 ± 0.4

N.A.

Linear regression analysis was conducted between the fitted model parameters and the major
foulants identified in Section 5.3.3 to further identify the fractions most impacting the fouling model
parameters (Figure 5-5). From Figure 5-5 it was observed that the values of Kc were significantly
associated with the concentrations of polysaccharides and LMW organics (P<0.05), and the
regression coefficient was much higher for polysaccharide (r2 = 0.89) than LMW organics (r2 = 0.52).
The results indicate that polysaccharides were the dominant contributor to cake fouling and LMW
organics has less contribution in this regard.
Similarly, the relationship between Ki and major foulants was studied to identify foulants
associated with intermediate pore blocking. The regression analysis revealed that the values of Ki
were significantly associated with LMW organics, indicating their dominant role in intermediate pore
blocking. This was consistent with a prior study that reported the significant role of LMW fractions in
pore blocking when treating secondary municipal wastewater effluent (Gupta & Chellam, 2020).
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Figure 5-5. Regression between fitted model parameters (Kc and Ki) and concentrations of (A)
polysaccharides, and (B) LMW organics.
5.3.5 Effectiveness of back pulsing and air scouring on mitigation of tertiary fouling
In order to provide a point of comparison for assessing the effectiveness of BP/AS for fouling
mitigation, additional tests were conducted with flux interruption (FI) alone as a reference condition.
The results obtained with FI also provided a qualitative indication of the strength of the attachment of
foulants to the membrane for the various effluents. The membrane resistances including Rt,i, Rrev,i and
Rirr,i that developed in the filtration tests were compared in this regard.
Values of Rt,i were compared to evaluate the overall effectiveness of the BP/AS strategy. As
illustrated in Figure 5-6, for the effluent from the SBR operated at 8 ℃, the values of Rt,i obtained
with BP/AS increased less rapidly than those of FI. The vales of Rt,i with FI reached a value of 4.7×
1012 m-1 at the 10th cycle at which point the TMP exceeded the range of the pressure transducer.
Similarly, the Rt,i values for the effluent from the SBR operated at 14 ℃ also developed at a slower
rate with BP/AS than FI. In contrast, the values of Rt,i for the effluent from the SBR operated at 20 ℃
were similar with BP/AS and FI. The different responses for the three effluents demonstrates that
BP/AS presented substantially higher efficiency than FI to control Rt,i for low temperature SBR
effluents and hence was able to substantially able to remove potential foulants. Since BP/AS provided
few additional benefits to reduce Rt due to low level of foulants in the effluent from SBR operated at
20 ℃, the following discussion focused on low SBR temperatures.
The Rrev,i and Rirr,i were then compared to provide additional insight into the strength of attachment
of foulants. It was observed that for the effluent from the SBR operated at 8 ℃ the values of Rrev,i
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were similar for BP/AS and FI. For the effluent from the SBR operated at 14 ℃ the values of Rrev,i
with FI were lower than those of BP/AS in the first 15 cycles and then reached similar levels as
BP/AS after that. Hence the results indicate a weak attachment between hydraulically reversible
foulants and membranes, especially for the SBR operated at 8 ℃. In contrast, the values of Rirr,i
significantly increased when employing FI as compared to BP/AS for both effluents, which suggests a
high removal efficiency of irreversible foulants by BP/AS. Hence the test conditions in the present
study provided a reasonable delineation of hydraulically reversible and irreversible fouling.
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Figure 5-6. Membrane resistances (mean ± standard deviation) with BP/AS and FI.
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5.4 Conclusions
The present study for the first time evaluated the impact of secondary operating temperature and
filtration temperature on fouling of tertiary membranes. At SBR temperature of 20, 14 and 8 ℃, the
increase in total membrane resistances was 27%, 45% and 82% over the multiple filtration cycles,
respectively. The increased total membrane resistances accumulated at low SBR temperatures were
contributed by both hydraulically reversible and irreversible resistances. Reduction in filtration
temperature further induced 122% and 55% increases in total membrane resistances when compared
to the filtration temperature of 20 ℃ with the effluents from the SBRs operated at 8 and 14 ℃,
respectively. The additional increase in total membrane resistance was attributed to increased intrinsic
resistance (35-80%) and viscosity which further induced changed interaction between foulants and
membranes. Correlation analyses suggest that total membrane resistance correlated well with DOC (r
= 0.98) and DOC fractions including polysaccharides, proteins and low MW organics (r = 0.97, 0.88
and 0.83). Hydraulically reversible resistance was mainly contributed by polysaccharides (r = 0.98)
while hydraulically irreversible resistance was explained by both polysaccharides (r = 0.95) and
LMW organics (r = 0.87). Membrane resistances were also strongly correlated to BAP and UAP
concentrations that represented mixtures of polysaccharides and proteins. Cake fouling and
intermediate pore blocking were dominant fouling mechanisms and they were intensified as SBR
temperature decreased from 20 to 8 ℃. The outcomes of the present study provide insights into the
combined effects of temperature on biological and filtration processes that influence the fouling
behavior of tertiary membranes and can be employed to assist with the design of fouling mitigation
measures in cold climates.
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Chapter 6
The effect of secondary treatment HRT on SMP production and
fouling of tertiary membranes at different temperatures

GRAPHICAL ABSTRACT

6.1 Introduction
Ultrafiltration (UF) has been considered a promising process for wastewater reuse (Sánchez et al.,
2011) due to its efficient removal of particulate/colloidal matter, macromolecules, and pathogens. The
application of UF membranes for wastewater treatment and water reclamation is increasing in North
America (Yang et al., 2006), Europe (Krzeminski et al., 2017) and China (Yu et al., 2020). Despite
the large-scale applications, a major limitation that constrains implementation of UF membrane
filtration is membrane fouling. When employed downstream of biological processes (tertiary UF), the
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presence of soluble microbial products (SMP) can result in significant fouling leading to increases in
transmembrane pressure (TMP) and operating costs (Liu et al., 2019).
The operating conditions of full scale water resource recovery facilities (WRRF) often vary with
time of year. In temperate regions WRRFs often need to operate during periods of elevated flow and
low temperature that results from processes like snow melt. It is anticipated that climate change will
increase the frequency of extreme weather events and cause earlier snowmelts that may accentuate
the periods of low temperature and high flow. These challenging operating conditions can be
expected to impact on both secondary biological and tertiary UF processes in WRRFs (Holloway et
al., 2021).
The impacts of temperature and flow on the production of SMPs in biological processes have been
attributed to their influences on substrate utilization, biomass growth and cell decay (Ferrer-Polonio
et al., 2018; Soh et al., 2020). Increases in SMP production have been observed in a secondary system
when operated at low temperature (Tao et al., 2021). Further, a reduction in HRT was found to
enhance growth of biomass and accumulation of SMPs (Tian, et al., 2011; Khan et al., 2013). Low
HRTs have also been found to result in increased growth of filamentous bacteria with associated SMP
production (Meng et al., 2007). However, the impacts of the interaction between these factors, that
may be exacerbated by climate change, on membrane fouling has received little attention.
The performance of tertiary UF membranes can also be directly affected by temperature due to
changes in water viscosity and membrane properties. Even without changes in SMP production in the
upstream biological process, low temperatures can enhance membrane fouling due to increased
viscosity, decreased membrane pore size and reduced shear stress from aeration (van den Brink et al.,
2011; Ma et al., 2013). Tao et al. (2022) demonstrated that changes in water viscosity and intrinsic
membrane resistance, when the temperature was reduced from 20 to 8 ℃, were responsible for
20‒29% of the total decrease in hydraulically irreversible permeability. Despite some studies that
have showed the effect of low temperature on physical membrane process, little attention has been
paid to the superimposed influence of high flows that often occur simultaneously. In a full-scale
tertiary membrane treatment plant in Canada, it was found the fouling rate substantially increased
during the period from March to May when seasonally low temperatures and elevated flows were
present (Abu-Obaid et al., 2020). It was however not possible to isolate the factors responsible for the
elevated fouling in this study.
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The primary objective of the present study was to evaluate the impact of secondary system HRT on
fouling of tertiary UF membranes over a range of temperatures. This was achieved by using bench
scale sequencing batch reactors (SBRs) and filtration tests. The SBRs treated real municipal
wastewater over a range of temperatures and HRTs to generate feed water for the tertiary filtration
tests. Filtration tests were conducted at 20 ℃ to investigate the effect of secondary system HRT and
temperature on tertiary membrane fouling. Subsequent filtration tests were conducted at the source
SBR operating temperatures to characterize the effect of filtration temperature on tertiary fouling. The
results from LC-OCD and conventional wastewater quality characterization were coupled with
activated sludge modelling to interpret the generation of SMP fractions that are relevant to membrane
fouling. Fouling models were employed to facilitate data analysis such that the results from the
filtration tests could be compared between tests. Correlation analyses were conducted to assist with
foulant identification. The outcomes of the present study provide insights into the interaction between
HRT and temperature on tertiary membrane fouling which can be employed when designing
mitigation strategies.

6.2 Materials and methods
6.2.1 Experimental set-up and operation
Bench-scale SBRs: Two parallel bench-scale SBRs were operated on real municipal wastewater for
extended periods (October 2020 to April 2021) at temperatures of 20 ℃ and 8 ℃, respectively. The
temperatures are representative of summer and winter operating conditions in a northern climate (e.g.
Ontario, Canada). Over the course of the study the HRTs of the SBRs were reduced from 20 h to 15 h
and then to 10 h. In each HRT condition, both SBRs reached pseudo steady state before sampling for
effluent characterization. The effluents from the two SBRs were collected and analyzed once per
week. A detailed description of the design and operation of the SBRs has been provided by Tao et al.
(2021).
Membrane modules: Bench scale membrane modules were employed to assess membrane
performance in a batch configuration. Each membrane module consisted of three ZeeWeed-1000
hollow-fibres (Suez, Canada). The nominal pore size of the ZeeWeed-1000 membrane is 0.02 μm.
The length of each hollow-fibre was 500 mm. The permeate was continuously returned to the
filtration tank to maintain a consistent water level and feed composition. A programmable peristaltic
pump (OF-07582-00, Cole-Parmer, USA) was used to control the timing of permeation and back
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pulsing. An air diffuser was employed to provide aeration for mixing and membrane scouring. A
detailed description of the design and operation of the membrane modules has been provided by Tao
et al. (2022).
Experimental design: The experimental design employed in this study is illustrated in Figure 6-1.
The effluents from the 8 ℃ SBR and 20 ℃ SBR at the three different HRT were employed as feed to
the membrane filtration tests. Filtration tests were then conducted at room temperature (~20 ℃) and
at the corresponding temperature of the source SBR. This enabled the impacts of temperature on the
characteristics of the SBR effluents, the rheological properties of the water, and the membrane
properties to be considered independently. Each filtration test was operated in dead-end mode and
consisted of 30 permeation cycles that included filtration for 30 min and a combination of back
pulsing and air scouring for 120 s. Back pulsing and air scouring were employed to remove
hydraulically reversible fouling from the membrane surface and/or in the pores of the membrane. The
filtration and back pulsing fluxes were 24 and 48 LMH, respectively. All filtration tests were
conducted in triplicate. After each test, the fouled membranes were chemically cleaned using a 250
mg/L NaOCl solution for 2 h and then rinsed by soaking in DI water for 2 h.

Figure 6-1. Schematic diagram of experiment design.
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6.2.2 Membrane fouling analysis
Fouling indices: Four resistance-based fouling indices, based on the resistance-in-series model
(Nguyen et al., 2011) were employed to quantify the evolution of fouling in the filtration tests and
thereby support a comparison of the various filtration conditions. The total resistance values (Rt,i)
reflected the sum of intrinsic membrane, hydraulically reversible and irreversible resistances in cycle
i. Fouling rate values (Fi) quantified the change in total resistance over the multiple filtration cycles.
Hydraulically reversible resistance values (Rrev,i) quantified the resistance that accumulated during a
cycle and which was recovered during physical cleaning between cycles. Hydraulically irreversible
resistance values (Rirr,i) were determined as the resistance that accumulated during a cycle which was
not removed by physical cleaning. A detailed description of the calculations employed was provided
in Chapter 6.
Fouling modelling: Five combined fouling models as proposed by Bolton et al. (2006) were fit to the
experimental data. The combined fouling models included cake-complete, cake-intermediate,
complete-standard, intermediate-standard and cake-standard models with Kc, Kb, Ki and Ks as fitted
parameters to quantify cake fouling, complete blocking, intermediate blocking and standard blocking,
respectively. The normalized TMP values (P/P0) over time from the triplicate runs were
simultaneously used in the model fitting. The best fit was determined by minimizing the sum of
squared residuals (SSR) where the residual was equal to the difference between measured data and
model prediction.
6.2.3 Water quality analysis
Conventional characteristics: Mixed liquor volatile suspended solids (MLVSS) and mixed liquor
suspended solids (MLSS) of the SBRs were analyzed in accordance with Standard Methods (APHA,
2005). Total COD (tCOD), soluble COD (sCOD), dissolved organic carbon (DOC), UV254 and
turbidity of raw wastewater and SBR effluents were measured as indicators of organic matter. Soluble
components were obtained by filtering through 0.45 μm nylon filters. tCOD and sCOD were analyzed
according to Standard Methods 5220 (APHA, 2005). Filtered samples were analyzed for DOC using a
Shimadzu analyzer (TOC-L, Shimadzu, Japan) and for UV absorbance at 254 nm by a
spectrophotometer (8453, Agilent, USA). The turbidity of samples was analyzed with a HACH
2100N Turbidimeter. Nitrogen species concentrations were analyzed to indicate the state of
nitrification in the SBRs. The filtered samples were analyzed color metrically for Total Kjeldahl
nitrogen (TKN), ammonia (NH4+-N), nitrate (NO3--N) and nitrite (NO2--N) (APHA, 2005).
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LC-OCD: LC-OCD analysis was used to provide insight into DOC fractions in the raw wastewater
and SBR effluents. The samples were filtered with 0.45 μm nylon filters before analysis. The LCOCD employed three detectors including fixed wavelength UV (UVD), organic carbon (OCD) and
organic nitrogen (OND) detection in series. The UVD measured the spectral absorption coefficient at
254 nm. The OCD oxidized organic matter in a UV reactor and the organic carbon was quantified
from the produced CO2. The OND oxidized organic nitrogen and measured the produced nitrate using
a UVD operated at 220 nm. Based upon the multiple signals, the LC-OCD analysis reports dissolved
organic matter as biopolymers, humic substances, building blocks, low molecular weight (LMW)
acids and LMW neutrals (Huber et al., 2011). The biopolymer concentrations reported were then
divided into polysaccharide and protein components assuming all of the DON in the biopolymers was
bound in proteinaceous matter and employing a typical C:N mass ratio of 3 for proteins (Huber et al.,
2011).
6.2.4 SMP modelling
A modified conceptual model describing SMP production (Tao et al., 2021) was employed to explore
the effects of SBR HRT and temperature on SMP related biological processes. In the model, BAP
originates from active biomass decay while UAP is generated as a product of biodegradable organic
matter utilization. The concentrations of BAP and UAP were calculated based on mass balances on
polysaccharides and proteins and assuming average values from the literature for the
polysaccharide/protein ratios of BAP and UAP (Jiang et al., 2010; Tian et al., 2011). An activated
sludge (AS) process model was used to quantify the rates of substrate utilization and endogenous
decay processes under the different operating conditions. The modelling was verified by comparing
modelled and observed biomass concentrations and total COD treatment performance. Based upon
the observed BAP and UAP concentrations and the calculated bioprocess rates, the yields of BAP and
UAP were determined for each condition.
6.2.5 Statistical analysis
ANOVA: One-way ANOVA tests were used to determine if there was a statistically significant
difference in raw wastewater and SBR effluent characteristics that were generated at the different
HRTs. Where appropriate the mean values observed at each operating condition were compared via
Tukey tests. Data sets were considered statistically different at a 95% confidence interval (P<0.05).
The software OriginPro 2020b (OriginLab Inc., USA) was employed to process the ANOVA.
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Correlation analysis: Correlation analyses were conducted to assess the relationships between SBR
HRT, temperature and conventional effluent quality parameters (turbidity, sCOD, tCOD, DOC,
nitrate-N, nitrite-N and ammonia-N). The correlation coefficients ranged between -1 and +1 and
quantified the direction and strength of the linear association between the two variables. The software
OriginPro 2020b (OriginLab Inc., USA) was employed to process the correlation analysis.
Multiple linear regression: Multiple regression analysis was adopted to describe the relationship
between SBR HRT, temperature and filtration temperature and values of total, hydraulically
reversible and irreversible membrane resistance determined from the filtration tests. The software
SPSS (IBM, USA) was used to process the multiple linear regression.

6.3 Results and discussion
The present study sought to comprehensively investigate the impact of HRT on SMP production and
subsequent fouling of tertiary membranes under two secondary and filtration temperature conditions.
The analysis involved characterization of SBR performance and conventional effluent qualities,
effluent DOC fractions by LC-OCD, and fouling evolution as described by four fouling indices. For
the SBR operated at 8 ℃, the additional influence of filtration temperature on water viscosity,
membrane property and fouling indices was considered. Combined fouling models were then used to
facilitate comparisons between operating conditions. Multiple linear regression analysis was
employed to determine the relationships between operating parameters (SBR HRT, temperature and
filtration temperature) and membrane resistances (Rt,i, Rrev,i and Rirr,i), and the relative contribution of
each operating parameter was compared.
6.3.1 SBR performance and conventional effluent quality
The steady state secondary effluent quality of the SBRs was assessed at each operating HRT by
examining a range of conventional wastewater parameters, including turbidity, sCOD, tCOD, DOC,
nitrate-N, nitrite-N and ammonia-N. Since a real wastewater was employed, the characteristics of the
raw wastewater observed in this period were initially compared between the three phases of SBR
operation using one-way ANOVA to assess the influent stability over long-term operation. The
results demonstrated that all of the measured parameters were not significantly different between the
phases. Therefore, any difference in SBR effluent quality were attributed to changes in operating
parameters rather than raw wastewater properties.
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The quantitative correlation between operating parameters of SBRs (HRT and temperature) and
conventional effluent quality was elucidated by correlation analysis (Figure 6-2). A P-value below
0.05 was employed to delineate whether the correlations were statistically significant. The overall
performance of the biological treatment with respect to carbon removal was assessed by examining
effluent tCOD concentrations. Correlation analysis revealed that the tCOD concentrations in the SBR
effluents were not significantly correlated with either SBR HRT or temperature (P>0.05). This
indicates little impact of the two operating parameters on overall biological treatment performance
demonstrating the robustness of the SBRs over the range of operating conditions.
The correlation between soluble carbon related metrics (DOC and sCOD) and SBR HRT and
temperature was assessed since soluble components have been demonstrated to be major foulants in
tertiary fouling (Yang et al., 2021). It was observed that both of the metrics were not significantly
correlated with SBR HRT. In contrast, the DOC concentration was negatively correlated with SBR
temperature (P<0.05) with a correlation coefficient of -0.95. The increased DOC concentrations as
SBR temperature decreased were attributed to reduced biological growth and decay at lower
temperatures (Lishman et al., 2000). The results indicate that the total soluble carbon concentrations
were significantly affected by the operating temperature of the SBRs.
The turbidity, an indicator of the presence of particulate matter, was examined as an indirect
measure of the performance of the activated sludge processes. As illustrated in Figure 6-2, effluent
turbidity presented no correlation with SBR HRT. However, a strong correlation between effluent
turbidity and SBR temperature (r = -0.93) was identified. With the decrease in SBR temperature,
effluent turbidity significantly increased which suggested a reduction in the capture of particulate
matter into the activated sludge floc under low temperature conditions. Hence, it was anticipated that
the effluents from the SBR operated at the lower temperature would have a greater fouling potential
of the tertiary UF membranes.
The impact of the SBR operating conditions on nitrogen related metrics, and hence associated
biological process activities, was examined through correlation analysis. Nitrate-N presented a
relatively strong correlation with SBR HRT (r = 0.81); however, the removal of ammonia was not
correlated with either SBR HRT or temperature (data not shown). Besides nitrification, nitrate-N can
also be generated from endogenous decay. It has been demonstrated by Corsino et al. (2020) that the
endogenous decay coefficient increased by 85% when HRT was extended from 6 h to 10 h to reach a
substrate-limitation condition. In contrast, the nitrogen related metrics were not correlated with SBR
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temperature. Hence, the observed increased concentrations of nitrate-N at higher HRTs was attributed
to the increased endogenous decay of biomass at the high HRT conditions. The contribution of
substrate utilization and endogenous decay to generation of UAP and BAP will be discussed
subsequently.

Figure 6-2. Correlations between conventional effluent parameter concentrations and

SBR operating conditions.

6.3.2 Dissolved organic matter speciation
Fouling of tertiary membranes has been demonstrated to be associated with specific DOC fractions in
secondary effluents (Ferrer-Polonio et al., 2018). Therefore, the effect of SBR HRT on the DOC
fractions under the two SBR temperatures was assessed from the perspective of molecular weight and
composition as reported by LC-OCD (Figure 6-3).
The polysaccharide and protein fractions are classified as high molecular weight (MW) organics
(>10 kDa) and have been reported to cause more severe membrane fouling than the other fractions
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(Chen et al., 2021; Huber et al., 2011). The effect of HRT on the concentrations of the high MW
organics for the effluent from the SBR operated at 20 ℃ was initially evaluated as a reference
condition. It was found the concentrations of high MW organics in the effluent from the SBR
operated at 8 ℃ were consistently higher than those of 20 ℃. As illustrated in Figure 6-3A, the
concentrations of high MW organics increased 141% for the effluent from the SBR operated at 20 ℃
as HRT decreased from 20 to 10 h. The corresponding increase for the effluent from the SBR
operated at 8 ℃ was only 60%. Hence, as HRT decreased the concentrations of high MW organics
increased and the increase percentage was greater for the effluent from the SBR operated at 20 ℃.
Polysaccharides and proteins were demonstrated to present different fouling potentials (Tao et al.,
2022) and therefore their concentrations were analyzed separately. The concentrations of
polysaccharides and proteins were higher in the effluent from the SBR operated at 8 ℃ than that of
20 ℃ regardless of HRT. For the effluent from the SBR operated at 20 ℃, the concentrations of
polysaccharides and proteins increased by 201% and 64% respectively as HRT decreased from 20 to
10 h. Similarly, the increases were 77% and 29% respectively for the effluent from the SBR operated
at 8 ℃. It was noted that the higher increased percentages for the SBR operated at 20 ℃ were
because of their lower initial values; however, the values of polysaccharides and proteins in the
effluent from the SBR operated at 8 ℃ were much higher than those of 20 ℃.
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Figure 6-3. Concentrations (mean ± standard deviation) of DOC fractions by LC-OCD for the
effluent from the SBR operated at (A) 8 ℃ and (B) 20 ℃.
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LMW organics have been reported to adsorb to membranes and result in hydraulically irreversible
fouling (Ayache et al., 2013) and therefore they were compared under the different conditions. The
concentrations of LMW organics were consistently higher in the effluent from the SBR operated at 8
℃ than those of 20 ℃. For the LMW organics from the SBR operated at 20 ℃, the concentration
increased by 7% as HRT decreased from 20 to 10 h. The corresponding increased percentage for the
effluent from the SBR operated at 8 ℃ was 20%. Hence, reduced HRT led to greater generation of
LMW organics with the extent of the impact higher for the low temperature SBR.
The remaining DOC fraction reported by the LC-OCD analysis consisted of humic-like substances,
that have been reported to make minimal contributions to fouling of membranes in wastewater
treatment (Deng et al., 2019; Yu et al., 2016). From Figure 6-3, it was observed there was no
particular trend in the concentrations of humic-like substances with either SBR HRT or temperature.
The results were consistent with those of Tao et al. (2022) that found their presence in secondary
effluents could be attributed to raw wastewater properties with no impact of secondary operating
conditions. Hence, humic-like substances were not considered in the subsequent analysis of the
impacts of operating conditions on fouling of tertiary membranes.
6.3.3 SMP modelling
The DOC fraction data indicated that the impact of HRT on generation of SMPs was influenced by
SBR temperature. Hence, the relationship between SMP generation and the corresponding biomass
growth and decay rates were analyzed to obtain insights into the mechanisms of SMP generation. The
wastewater was initially fractionated into biodegradable soluble organic matter (OM), biodegradable
particulate OM, non-biodegradable soluble OM and non-biodegradable particulate OM as per the
protocols described by Melcer et al. (2003). A steady state analytical process model of the SBRs was
then implemented using the fractionated wastewater components to allow for estimation of growth
and decay rates (Tao et al., 2021).
The wastewater fractionation and activated sludge modelling were verified by comparing the
observed and modelled MLVSS concentrations and COD removal as indictors of the fit of the model
to the data (Figure 6-4). It was observed that there was a close correspondence between the observed
and modelled MLVSS and COD removals over the range of operating HRT for the SBRs operated at
20 and 8 ℃. The differences between observed and modelled MLVSS and COD removal were less
than 9% and 3% respectively for both SBRs. Hence, the model predictions and experimental data
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agreed well suggesting the validity of this approach for estimating effluent quality and process rates
determination under different operating conditions.
In order to obtain insight into how HRT impacted biomass growth and decay processes, the
estimated viable biomass concentrations were compared under tested conditions. The viable biomass
concentrations were observed to be consistently higher in the SBR operated at 8 ℃ than those of 20
℃. For the SBR operated at 20 ℃, the decrease in HRT from 20 to 10 h resulted in 146% increase
(1,660 mg COD/L) in the viable biomass concentration. In the SBR operated at 8 ℃, the viable
biomass concentration presented a similar percentage increase (145%) however, the magnitude of the
increase (2,929 mg COD/L) was much higher than that of 20 ℃. Hence the impact of HRT on viable
biomass concentrations was greater at low SBR temperature.
The biomass growth and decay rates were then assessed to gain insights into the biological
processes that led to the observed impacts of HRT and temperature on the biomass concentrations.
For the effluent from the SBR operated at 20 ℃, the biomass growth rates were consistently higher
than those of biomass decay rates resulting in a net accumulation of biomass concentration.
Furthermore, the difference in biomass growth rates and decay rates increased as HRT decreased for
the SBR operated at 20 ℃ and therefore this led to increased viable biomass concentrations. The
biomass growth and decay rates for the SBR operated at 8 ℃ presented similar trends to those of 20
℃, however, the differences between biomass growth and decay rates were higher and also increased
to a greater extent as HRT decreased than those of 20 ℃ . Therefore, reducing HRT resulted in
increased biomass concentrations, and these concentrations were higher for the SBR operated at 8 ℃
than that of 20 ℃ at each HRT.
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Figure 6-4. (A) Observed and modelled MLSS and COD removal (Error band presents the
standard deviation of observed MLVSS and COD removal) and (B) Estimated biomass
concentration and bioprocess rates.

The established rates of substrate use and endogenous decay were subsequently employed to
estimate the BAP/UAP yields as a function of HRT. UAP yield coefficients were calculated as the
ratio of the observed UAP production to substrate utilization (Tao et al., 2021). Figure 6-5 presents
the calculated yield coefficients versus HRT at the two SBR temperatures. It can be observed that the
UAP yield coefficients substantially decreased as HRT decreased with the data from the SBR
operated at 8 ℃ being higher and more sensitive than those of 20 ℃. Despite the UAP yield decrease,
total production of UAP which is composed of polysaccharides and proteins increased (data not
shown) when HRT decreased, which can be attributed to increased concentration of biomass induced
by low HRT.
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The BAP yields coefficients were calculated as the ratio of observed BAP production to
endogenous decay rates. From Figure 6-5, it was observed that BAP yields were relative stable over
the range of HRTs examined. However, the BAP yields coefficients were greater for the SBR
operated at 8 ℃ than that of 20 ℃, which indicated SBR temperature presented higher influence on
BAP yields than HRT. This might have been due to the more significant role of temperature on
biomass decay kinetics (Ni et al., 2011). It has been demonstrated in Chapter 5 that BAP and UAP
can provide similar insights with polysaccharides and proteins into total fouling and fouling
reversibility of tertiary membranes. The determination of BAP/UAP yields and rates of biomass
growth and decay can serve as a guidance for the optimization of secondary operation and fouling
mitigation of tertiary membranes (Tian et al., 2011).

Figure 6-5. BAP/UAP yields coefficients versus HRT.

6.3.4 Tertiary fouling evolution
The effects of SBR HRT and temperature on fouling evolution were evaluated by examining fouling
indices that were developed from the filtration tests. The data from the filtration tests that were
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conducted at 20 ℃ was initially assessed to obtain insights into the effects of SBR HRT and
temperature. Then the results from the filtration tests that were conducted with the effluent from the
SBR operated at 8 ℃ and a filtration temperature of 8 ℃ were analyzed to assess the interacted
influence of filtration temperature and SBR HRT.
Rt,i values (Figure 6-6) were examined to assess the trends in the combined Rm, Rrev,i and Rirr,i
values over the multiple filtration cycles. In general, the Rt,i values for the effluent from the SBR
operated at 20 ℃ were substantially lower than those of 8 ℃. As the HRT of the SBR that was
operated at 20 ℃ was reduced from 20 to 10 h, the final Rt,i value increased by 3.6 × 1011 m-1 with a
percentage increase of 38%. For the effluent from the SBR operated at 8 ℃, the corresponding
increase was 4.3 × 1011 m-1 (26%). Hence, reducing the HRT induced a moderate increase in the
overall Rt values and the increase was similar for SBRs operated at the two tested temperatures.
The values of Rm, Rrev,i and Rirr,i were then assessed separately to determine how SBR HRT and
temperature influenced the contribution of each resistance to Rt,i. The values of Rm of the used
membranes were initially evaluated at 20 ℃ and found to be similar for all the tests (4.4 × 1011 ±
5.0×109 m-1). Hence, for the filtration tests that were conducted at 20 ℃ the changes of Rrev,i and Rirr,i
values were deemed to be responsible for the changes in Rt,i values.
The values of Rrev,i were assessed to obtain insights into the reversibility of fouling with effluents
generated at the different HRTs (Figure 6-6). The values of Rrev,i for the SBR operated at 8 ℃ were
consistently higher than those of 20 ℃. Moreover, Rrev,i values were observed to be relatively constant
over the multiple filtration cycles indicating stable attachment and detachment processes for
reversible foulants and hence the average Rrev,i over the multiple filtration cycles were compared at
different HRT. For the effluent from the SBR operated at 20 ℃, the average Rrev,i increased by
1.6×1011 m-1 (454%) as HRT decreased from 20 to 10 h. The corresponding increase for the effluent
from the SBR operated at 8 ℃ was 1.5×1011 m-1 (52%). The results indicate that reduction in HRT
induced more hydraulically reversible fouling and the increase in reversible fouling was greater for
the SBR operated at 20 ℃. It has been demonstrated in Chapter 5 that hydraulically reversible
resistances were highly contributed by polysaccharides concentrations. Hence the lower increase in
Rrev,i with HRT for the SBR operated at 8 ℃ was consistent with the reduced increase in high MW
organics concentration as reported in section 6.3.2.
The effects of HRT on Rirr,i values were assessed as irreversible fouling can significantly impact
long-term membrane performance. Rirr,i values consistently increased over the multiple filtration
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cycle. Hence the increase in Rt,i values over the multiple filtration cycles was mostly attributed to the
increase in Rirr,i values. The values of Rirr,i were also consistently higher for the effluent from the SBR
operated at 8 ℃ than 20 ℃. As HRT decreased from 20 to 10 h, the final value of Rirr increased by
1.3×1011 m-1 (104%) for the effluent from the SBR operated at 20 ℃. The corresponding increase for
the effluent from the SBR operated at 8 ℃ was 2.0×1011 m-1 (47%). The greater increase in Rirr,i
values for the SBR operated at 8 ℃ was likely due to the greater production of LWM organics at 8 ℃
(Liu et al., 2020) as presented in section 3.2.
Fi values that reflected the rate of development of Rt,i over the multiple filtration cycles were
calculated to provide preliminary evidence of fouling mechanisms (Figure 6-7). The slopes from
linear regression of the Fi values versus cycle number were used to assess the different stages of
fouling development. The regression equations for which the slopes were significantly different from
0 are presented in Figure 6-7. A one stage development of Fi was observed for the effluent from the
SBR operated at 20 ℃ with slopes of 3.5 × 107 and 7.6 × 107 m-1/cycle when the HRT was 20 and 15
h, respectively. At an HRT 10 h, the Fi values followed a two stage pattern with slopes of 7.8 × 107
and 1.3 × 108 m-1/cycle for the first and second stages. The different trends in fouling rate
development suggest that fouling mechanism changed with the HRT of the SBR.
Fi values with the effluent from the SBR operated at 8 ℃ were then compared with that of 20 ℃
effluent. It was observed that at HRTs of 20 and 15 h, Fi values followed a two-stage pattern with the
slopes of the second stage higher than that of the first stage. However, this pattern changed when the
HRT further decreased to 10 h. At the lowest HRT of 10 h, the fouling development was faster in the
initial cycles and the first phase slope was not observed. Moreover, it was found the slopes of the
regression for the SBR operated at 8 ℃ were consistently higher that those observed for 20 ℃.
Kimura et al. (2015) indicated that initial membrane fouling was due to pore blocking by low MW
organics and this was followed by cake fouling with relatively high MW organics. Hence the
increased slope of the first stage might be due to accelerated pore blocking by low MW organics
generated at low HRT. The changed pattern of fouling rates also indicate fouling mechanism might
change with the HRT for the SBR operated at low temperature.
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Figure 6-6. Membrane resistances (mean ± standard deviation) observed at different HRT. (Rt,i
values are indicated by the total height of the column in each cycle.)
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Figure 6-7. Fouling rates (mean ± standard deviation) observed at different HRT. (NS*: slope is
not significantly different from 0).
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A previous study demonstrated that reducing the filtration temperature can result in increased
membrane fouling for tertiary treatment due to increased viscosity and intrinsic membrane resistance
and a change in the interaction between the membrane and foulants (Tao et al., 2022). In order to
investigate whether this influence would vary under different HRTs, additional filtration tests were
conducted at 8 ℃ with the effluents from the SBR operated at 8 ℃.
The values of Rt,i for the filtration tests conducted at 20 and 8 ℃ with the effluent from the SBR
operated at 8 ℃ were compared to get insights into the influence of filtration temperature on total
membrane fouling as a function of HRT (Figure 6-8). It was observed the values of Rt,i for the
filtration temperature of 8 ℃ were substantially higher than those observed at 20 ℃. At an HRT of 20
h, the difference in Rt,i values between filtration temperature of 20 and 8 ℃ at the end of the filtration
was 1.2×1012 m-1, whereas this value significantly increased to 1.7×1012 m-1 (P<0.05) as HRT reduced
to 10 h. Hence the impacts of filtration temperature on total membrane fouling were magnified at low
HRT condition.
It has been demonstrated in our previous research that reducing filtration temperature from 20 to 8
℃ resulted in a 43% increase in Rm (Tao et al., 2022). Therefore, the difference in Rm values (Rm,8℃ Rm,20℃) were deducted from the Rt,i values at the filtration temperature of 8 ℃ to exclude the
influence on Rm and assess if there were differences in the residual differences as a function of HRT.
Figure 6-8 presents the Rm corrected Rt,i for the tests at the filtration temperature of 8 ℃. It was
observed from Figure 6-8 that after the correction, there was still a substantial difference between the
two filtration temperatures, and the difference consistently increased over the multiple filtration
cycles. The difference demonstrates that beyond the impact on Rm the low filtration temperatures also
changed the interaction between the membrane and foulants leading to increased development of Rt,i.
At lower filtration temperatures, the pores of membranes are expected to be smaller and therefore
more foulants are likely to be retained by membranes (Cui et al., 2017). Moreover, it was found the
difference at the end of the filtration increased by 64% as HRT decreased from 20 to 10 h. The
greater impacts of filtration temperature at low HRT can be attributed to higher concentrations of high
and low MW organics generated at low HRT. To sum up, in practice the effect of filtration
temperature on membrane fouling cannot be neglected and this effect would result in greater increase
in membrane fouling at low HRT conditions.
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Figure 6-8. Observed and corrected Rt,i for the effluents from the SBR operated at 8 ℃.
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6.3.5 Modelling of membrane filtration process
Combined fouling models were used to facilitate comparisons between operating conditions. It was
found that the cake-intermediate blocking model best fit the experimental data. The mean values of
SSE for all the filtration tests were less than 2 and r2 values were greater than 0.87, indicating good fit
of the model.
The impact of HRT on the extent of cake fouling was evaluated by comparing the fitted Kc for the
filtration tests (Figure 6-9). It was observed that the Kc values presented similar increasing trends with
HRT, however, the magnitude of the increases for the SBR operated at 8 ℃ were substantially higher
than that of 20 ℃. The higher magnitude of Kc values for the SBR operated at 8 ℃ was likely be due
to the higher concentrations of high MW organics in the effluents.
Similarly, the values of Ki were compared to obtain insights into the effect on intermediate pore
blocking. At the HRT of 20 h, the value of Ki was higher for the SBR operated at 8 ℃. With the
decrease in HRT, the values of Ki significantly increased and the increases for the SBR operated at 20
℃ were greater than that of 8 ℃. The increased Ki values at reduced HRTs could be attributed to
both increased generation of low MW organics and changes in floc formation at short HRTs. Kimura
& Kume (2020) has demonstrated that the flocs concentration can reduce pore-blocking in UF by
sorption of low MW organics onto the surface of the flocs. It was previously demonstrated in Section
6.3.1 that the flocs concentration was higher in the effluent from the SBR operated at 8 ℃. Hence,
despite the concentration of low MW organics increased as HRT decreased for both SBRs, the higher
concentration of flocs led to less increase in pore blocking in the effluent from the SBR operated at
low temperature.
The relative contribution of the cake layer and pore blocking to overall TMP development was
evaluated on the basis of the values of the ratio Kc*J0/Ki (Figure 6-9) (Bolton et al., 2006). The
average values of Kc*J0/Ki were greater than 2.5 for all SBR temperature and HRT combinations,
indicating that cake fouling played a more important role during the filtration. It was also observed
that with the decrease in HRT from 20 to 10 h, the contribution of cake fouling increased as indicated
by increased values of Kc*J0/Ki. This change was attributed to different combinations of high and low
MW organics at different HRTs. As previously demonstrated, when the HRT was reduced from 20 to
10 h, the ratio of the concentrations of high to low MW organics increased from 14 to 32% for the
SBR operated at 20 ℃ and from 44 to 59% for the SBR operated at 8 ℃. Hence the increased ratio of
high to low MW organics, as HRT decreased, likely resulted in a greater contribution of cake fouling.
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Figure 6-9. Fouling model fitting parameters (A) Kc, (B) Ki and (C)Kc*J0/Ki as a function of
HRT for SBRs operated at 8 and 20 ℃.

6.3.6 Combined factors affecting membrane resistances
The relationship between the operating variables (SBR HRT, temperature, filtration temperature) and
fouling indices (Rt,i, Rrev,i and Rirr,i in the final cycle of filtration test) were examined using multiple
linear regression analysis to obtain insight into the contribution of each operating parameter to
fouling. The values of variance inflation factors of independent variables were less than 2 in the
present study, indicating no multicollinearity for each of the independent variables (Wang et al.,
2018). The regression models were all statistically significant (P<0.05), and the values of r2 were all
above 0.95 indicating strong linear relationships. The contribution of SBR HRT, temperature and
filtration temperature to membrane resistance was determined by comparing absolute values of
standardized coefficients of each operating condition, where the greater the absolute value of
standardized coefficients, the greater influence of corresponding variables (Wang et al., 2018).
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The contribution to total fouling was initially analyzed and the multiple linear regression results of
Rt,i are listed in Table 6-1. Generally, Rt,i values were negatively related to SBR HRT, temperature
and filtration temperature which indicates that increasing the values of these factors would be
beneficial to mitigate total membrane resistance. Moreover, it was found filtration temperature was
the most important factor influencing Rt,i followed by SBR temperature and HRT according to the
comparison of standardized coefficients. The substantial influence of filtration temperature on Rt,i can
be attributed to the significant change in Rm which was previously demonstrated. In addition,
reducing filtration temperature resulted in greater retainment of effluent organics due to smaller
membrane pore size, which also contributed greatly to Rt,i. The higher contribution of SBR
temperature than HRT indicates that SBR temperature induced higher change in effluent organics
concentration and composition, and therefore led to higher impacts on Rt,i.
The influence and contribution of SBR HRT, temperature and filtration temperature on
hydraulically reversible resistances were next assessed by the regression models (see Supplemental
materials). From Table 6-1, Rrev,i negatively related to SBR HRT, temperature, and filtration
temperature. It was observed that the contribution of filtration temperature was the highest (-0.58)
which indicates that a great portion of effluent organics contributed to reversible foulants due to
reduced pore size. Moreover, the contribution of SBR temperature (-0.48) was higher than HRT (0.33) which can be due to greater influence of SBR temperature on high MW organics generation.
The effects on hydraulically irreversible resistances were analyzed. Similarly, negative correlation
and similar order of contributions were observed for Rirr,i and SBR HRT, temperature and filtration
temperature. However, it was found the difference in the contributions of SBR HRT (-0.11),
temperature (-0.35) and filtration temperature (-0.76) were higher for Rirr,i than those of Rrev,i indicated
by the greater difference among standardized coefficients. The contribution of filtration temperature
in Rirr,i was more dominant compared to that of SBR operating parameters, which indicates the role of
membrane property on irreversible fouling accumulation was greater than the change in DOC
concentration and composition caused by SBR HRT and temperature tested in the present study.
In practice, HRT and temperature are conditions that cannot be controlled during periods of low
temperature and high flow. The results suggest that designing systems with extended HRTs may
result in reduced fouling of the tertiary filters however the costs of the larger tankage would need to
be considered. The use of physical-chemical pretreatment of secondary effluents during periods of
low temperature or high flow may be a viable alternative to either reduce organic concentrations
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(Feng et al., 2015) or modify the composition of high and low MW organics (Liu et al., 2019) to
reduce fouling .

Table 6-1. Multiple linear regression analysis between operating parameters and membrane
resistances.
Membrane

Regression equation

resistances

Standardized
coefficient

r2

Sig.

0.99

<0.001

0.95

<0.001

0.98

<0.001

a = -0.17
Rt,i

Rt,i = 5.0×1012 -3.9×1010 a-5.7×1010 b-1.3×1011 c

b = -0.34
c = -0.76
a = -0.33

Rrev,i

Rrev,i = 1.7×1012 -2.5×1010 a-2.6×1010 b-3.2×1011 c

b = -0.48
c = -0.58
a = -0.11

Rirr,i

Rirr,i = 2.3×1012 -1.4×1010 a-3.1×1010 b-6.7×1011 c

b = -0.35
c = -0.76

a: SBR HRT; b: SBR temperature; and c: filtration temperature

6.4 Conclusions
This study demonstrated for the first time the interacting impacts of secondary HRT and temperature
and filtration temperature on fouling of tertiary membranes. Reducing HRT from 20 to 10 h resulted
in a substantial increase in high and low MW organics for both SBR effluents. The results of SMP
modelling revealed that UAP yields decreased with HRT whereas BAP yields kept constant with all
the yields for the SBR operated at 8 ℃ higher than those of 20 ℃. Reducing HRT from 20 to 10 h
induced moderate increase in total membrane resistance (26‒38%) for SBRs operated at both
temperatures. The increase in hydraulically reversible resistance was greater for SBR operated at 20
℃ (454%) than 8 ℃ (52%) due to the higher increase in high MW organics. In contrast, the greater
increase in hydraulically irreversible fouling was observed for the SBR operated at 8 ℃ with the
greater increase in low MW organics. Further reducing the filtration temperature resulted in
significant increase in total membrane resistance even with the correction on intrinsic membrane
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resistances, and the impacts of filtration temperature were magnified as HRT decreased. The
relationship between membrane resistances and SBR HRT, temperature and filtration temperature
were determined by multiple linear regression with the contribution of filtration temperature > SBR
temperature > SBR HRT for all cases. The pretreatment of secondary effluents would be a possible
strategy to reduce fouling under the low HRT and temperature operating conditions.
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Chapter 7
The impact of pre-coagulation on fouling of tertiary membranes at
low temperatures

GRAPHICAL ABSTRACT
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7.1 Introduction
Water reuse and wastewater reclamation are becoming increasingly important due to the growing
demands for clean water that are spurred by economic growth, urbanization, and population growth
(Wang et al., 2017). Membrane technologies have become key elements of the treatment systems that
are being employed for this purpose. However, membrane fouling remains a major challenge that
limits the wide application of these technologies (Meng et al., 2017).
The occurrence of extreme weather events and earlier snowmelts can increase the risk for the
control of biological treatment process and subsequent tertiary membranes (Holloway et al., 2021).
Several studies have indicated that the combination of low temperatures and high flows can
negatively impact the performance of ultrafiltration (UF) membranes when employed for tertiary
treatment. Abu-Obaid et al. (2020) reported that in a full-scale tertiary membrane treatment process
seasonal variations of low temperature and high flow resulted in increased release of soluble
microbial products (SMPs) from biomass and this subsequently led to higher membrane fouling and
worsened dewaterability of the activated sludge. High influent flows have also been demonstrated to
cause adverse effects on membrane fouling with a decrease in foulant size and increase in specific
cake resistance when a synthetic municipal wastewater was treated (Salazar-Peláez et al., 2011). In
the face of these challenges to fouling of tertiary membranes, it is hypothesized that pretreatment of
the UF influent may be an effective strategy to mitigate tertiary fouling during seasons with high
fouling potential.
Pore blocking and cake layer formation by SMPs have been reported to be the dominant
mechanisms of membrane fouling in tertiary treatment when operated at low temperatures and high
flows. Tao et al. (2021) observed that polysaccharides and low molecular weight (MW) organics were
the major foulants responsible for cake fouling and pore blocking. Hence the primary foulants during
these challenging conditions are associated with biomass metabolism in the upstream secondary
treatment. Coagulants have been widely used as a pretreatment prior to membrane filtration to
mitigate fouling by removing SMPs or changing their physical-chemical characteristics (Chen et al.,
2020; Peleato et al., 2017). In these prior studies the DOC concentration of the UF influent ranged
from 4.5‒8 mg/L (Chen et al., 2021; Liu et al., 2019). However, it has been reported in Chapter 6 that
low temperature operation (8 ℃) and high flows (HRT=10 h) of secondary treatment resulted in DOC
concentrations as high as 15 mg/L and the fraction of high and low MW organics substantially
increased. It is expected that the preferred dosage of coagulants and the mechanisms of membrane
fouling alleviation may change under low temperature and high flow condition however, there is little
information in this regard.
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In this study, the impact of pre-coagulation on tertiary fouling was assessed when applied to the
effluent of secondary systems that were operated at different temperatures. Alum was selected as
coagulant as it has been demonstrated to provide effective pretreatment prior to membranes in other
studies (Yu et al., 2013; Jutaporn et al., 2021). Bench-scale sequencing batch reactors (SBRs) treating
real municipal wastewater were operated at 20 and 8 ℃ to provide feed water to bench-scale
membrane tests that assessed fouling. The SBR effluents were coagulated with different dosages of
alum prior to the filtration tests to assess the impact of coagulant dose on fouling responses. LC-OCD
analysis was employed to quantify SMP concentrations of the SBR effluents and coagulated effluents
to provide insight into the types of potential foulants that were impacted by coagulation. Fouling
models were employed to facilitate data analysis such that the results from the filtration tests could be
compared between tests with different coagulant dosages. The outcomes of the present study provide
insights into how coagulant dosing should be modified to mitigate fouling of tertiary membranes
during periods of low temperature operation.

7.2 Materials and methods
7.2.1 Secondary treatment operation
The secondary effluents used in the present study were obtained from SBRs that were treating real
municipal wastewater at an HRT of 10 hours and an SRT of 25 days and different temperatures. A
control SBR was operated at 20 ℃ that was considered to represent regular temperature and high
flow operating condition of secondary treatment. A test SBR was operated at 8 ℃ to reflect stressed
operating conditions that have been reported in Ontario, Canada (Abu-Obaid et al., 2020). A detailed
description of SBR operation has been previously described (Tao et al., 2021).
7.2.2 Coagulation and filtration tests
The coagulation tests were conducted in 1 L beakers using a programmable jar test apparatus (PB700, PHIPPS&BIRD, USA). The effluents from the SBRs were heated to 20 ℃ prior to coagulation
tests to exclude the influence of water temperature variation. Alum powder (Sigma-Aldrich, USA)
was added into the beakers to achieve a range of dosages (0, 0.05, 0.1, 0.2,0.5, 1.0 mM). The dosed
water samples were mixed rapidly at 200 rpm for 1 min and then at 35 rpm for 20 min. After
coagulation, the water samples were transferred to the membrane setup for filtration tests. The
experiments were designed to be representative of an in-line coagulation immediately prior to UF
filtration without sedimentation. Dosages were selected based on previous research on in-line
coagulation with alum (Peleato et al., 2017). All coagulation tests were conducted in duplicate.
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The membrane filtration set-up employed in this study has been described by Tao et al. (2022). The
filtration tests were conducted in dead-end mode where each test consisted of 30 permeation cycles
that included 30 min of filtration and 2 min of back pulsing and air scouring. Back pulsing and air
scouring were employed to remove hydraulically reversible fouling from the membrane. The filtration
and back pulsing fluxes were 24 and 48 LMH, respectively. All filtration tests were conducted in
duplicate.
7.2.3 Water quality analysis
Samples of the SBR effluents and coagulated effluents were filtered through 0.45 μm nylon filters
prior to analysis of soluble components. Soluble chemical oxygen demand (sCOD) dissolved organic
carbon (DOC) and UV254 were measured as indicators of dissolved organic matter using Standard
Methods 5220 (APHA, 2005), a total organic carbon analyzer (TOC-L, Shimadzu, Japan) and a
spectrophotometer (8453, Agilent, USA), respectively. pH was measured using a portable pH meter
(SP80PD, VWR, USA). Suspended solids (SS) and turbidity were analyzed as indicators of
particulate matter using Standard Method 2540D (APHA, 2005) and a turbidity meter (2100N, Hach,
USA) respectively. Total phosphorus (TP) was measured according to Standard Methods (APHA,
2005) to indicate the P removal performance achieved with the coagulation.
LC-OCD analysis was used to provide insight into the DOC composition of the SBR effluents,
coagulated effluents and membrane permeates. Based upon multiple signals, the LC-OCD analysis
reports dissolved organic carbon in terms of biopolymers, humic substances, building blocks, LMW
acids and LMW neutrals (Huber et al., 2011) The biopolymer concentrations reported by the LCOCD analysis were then divided into polysaccharide and protein components assuming all of the
DON in the biopolymers was bound in proteinaceous matter and employing a typical C:N mass ratio
of 3 for proteins (Huber et al., 2011).
7.2.4 Membrane fouling analysis
Three resistance-based fouling indices, based on the resistance-in-series model (Nguyen et al., 2011)
were employed to quantify the evolution of fouling in the filtration tests and thereby support a
comparison of the various filtration conditions. The total resistance values (Rt,i) reflected the sum of
intrinsic membrane, hydraulically reversible and irreversible resistances in cycle i. Hydraulically
reversible resistance values (Rrev,i) quantified the resistance that accumulated during a cycle and
which was recovered during physical cleaning between cycles. Hydraulically irreversible resistance
values (Rirr,i) were determined as the resistance that accumulated during a cycle which was not
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removed by physical cleaning. A detailed description of the calculations employed can be found in
Chapter 5.
The combined fouling models established by Bolton et al. (2006) were fit to the experimental data
to transform the transient responses of TMP observed in the filtration tests into a fixed number of
fouling rate parameters that could be compared between tests conditions. The combined fouling
models included cake-complete, cake-intermediate, complete-standard, intermediate-standard and
cake-standard models with Kc, Kb, Ki and Ks as the fitted parameters to quantify cake fouling,
complete blocking, intermediate blocking and standard blocking, respectively. The normalized TMP
values (P/P0) over time from the duplicate runs were simultaneously used in the model fitting. The
best fit was determined by minimizing the sum of squared residuals (SSR) where the residual was
equal to the difference between measured data and model prediction.

7.3 Results and discussion
This study sought to evaluate the performance of pre-coagulation and ultrafiltration when treating the
effluents from SBRs operated at different temperatures. The performance of the pre-coagulation with
respect to conventional water quality parameters was initially assessed to evaluate the efficiency of
coagulation for the various coagulant doses and the different effluents. The DOC fractions, as
determined by LC-OCD, were then examined to characterize how the combination of SBR operating
condition and coagulant dosage impacted DOC fractions that are associated with membrane fouling.
The quantitative relationship between fouling and DOC fractions removal was studied by linear
regression. The results from the ultrafiltration tests were employed to estimate fouling indices that
provided insights into the effect of pre-coagulation on fouling of tertiary membranes.
7.3.1 Effect of alum on water quality
Pre-coagulation was conducted over a range of alum dosages (0, 0.05, 0.1, 0.2, 0.5 and 1.0 mM) to
the SBR effluents to assist with identifying the preferred dosage for each effluent. Since a real
wastewater was employed, the characteristics of the raw wastewater were assessed at the time each
alum dosage was evaluated, and it was found the raw wastewater properties were consistent over the
tested period. Therefore, the influence of changes in raw wastewater properties on SBR effluent and
coagulated effluent were deemed to be minimal and did not influence the findings of the study. The
mean and standard deviations of the water qualities in duplicated pre-coagulation tests were employed
for comparison. In all cases, the standard deviations were consistently less than 17% of the
corresponding means indicating good reproducibility of the tests.
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The conventional water quality measures in the raw and coagulated secondary effluents are
illustrated in Figure 7-1 as a function of alum dose. Effluent pH is typically regulated and it can
impact the solubility of precipitates, hence the pH of the effluents before and after coagulation was
compared. It was observed that before coagulation the pH of the effluents from the two SBRs ranged
from 7 to 7.5. With increasing alum dose, the pH decreased to values as low as 6 with an alum dosage
of 1 mM. The acceptable pH range indicated by the membrane provider is 5‒10. Therefore, within the
tested dosages the drop in pH values was not expected to affect their operating performance although
a pH of 6 is typically considered low for discharge to receiving waters.
The soluble carbon-related metrics including sCOD and UV254 were evaluated since soluble
components have been demonstrated to be major foulants in tertiary fouling (Yang et al., 2021). For
the effluent from the SBR operated at 20 ℃, the removal of sCOD increased from 1 to 30% as alum
dosage increased from 0.05 to 1 mM with maximal removal achieved at a dosage of 1 mM. The
corresponding removals of sCOD for the effluent from the SBR operated at 8 ℃ ranged from 1 to
40%. In comparison, the removal of the UV254 response was also similar for the effluents from both
SBR temperatures and reached 40% when the alum dosage was 1.0 mM. Although the removal
efficiencies were similar for both effluents, the concentrations of sCOD and UV254 after coagulation
(Figure 7-1) were higher for the effluent from the SBR operated at 8 ℃ as the initial concentrations
before coagulation were higher. Hence, with same dosage of alum the removal of sCOD and UV254
were similar while the remained sCOD and UV254 were greater for the SBR operated low temperature
and it was anticipated that this may induce higher fouling in subsequent membrane treatment.
The particulate metrics including turbidity and SS were examined as they could also be indicative
of fouling of the membranes in the subsequent filtration tests. The turbidity in coagulated effluents
increased with alum dose with increases of 441% and 771% observed at the highest dosage for the
effluents from the SBRs operated at 20 ℃ and 8 ℃ respectively (Figure 7-1). Increases in alum
addition also resulted in substantial concentrations of SS with 612% and 400% increases for the
effluents from SBRs operated at 20 and 8 ℃, respectively. The trends of turbidity and SS were in
alignment with the observations when ferrate (0‒0.2 mM) was used as coagulant for membrane
fouling mitigation in reclaimed water treatment (Liu et al., 2018). The formation of aluminum
hydroxide precipitate, and the incorporation of organics into the precipitate flocs has been reported to
contribute to solids generation (Gao et al., 2011; Yu et al., 2013). Hence increasing alum doses
resulted in higher loading of particulates to the membranes which might affect the fouling potential.
The removal of TP by coagulation was assessed since alum is often used for phosphorus control in
addition to fouling mitigation. UF membranes typically only remove a small amount of phosphorus
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(Rosenberger et al., 2006), therefore the permeate concentration of TP was anticipated to largely
depend on alum dosage. It was observed that the concentration of TP before coagulation ranged from
2‒3 mg/L for the effluents from the two SBRs with the higher concentrations in the 8 ℃ effluent. It
was found that an alum dosage of 0.2 and 0.5 mM was required for the effluents from SBRs operated
at 8 and 20 ℃ to achieve a permeate TP value of 0.1 mg/L which is a typical design objective in a
water resource recovery facility in Ontario, Canada (Abu-Obaid et al., 2020). This dosage will be
compared with the dosage that required for the fouling mitigation in section 7.3.3.
It was anticipated that the response of conventional water quality measures could provide insight
into how pre-coagulation would affect the filtration test outcomes. The values of sCOD and UV254
consistently decreased (>35%) (Figure 7-1) as the dosage increased. The fouling of tertiary
membranes has been reported to be associated with soluble foulants (Chen et al., 2020) and therefore
it was expected that the removal of these soluble component removal would result in a reduction in
membrane fouling. However, prior studies (Abu-Obaid et al., 2020) have indicated that that the
presence of specific DOC fractions are better indicators of fouling. Hence, the DOC fractions
reported by LC-OCD in the SBR effluents and coagulated effluents were also examined for the
various combinations of SBR temperature and coagulant dose.
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Figure 7-1. Conventional characteristics (mean ± standard deviation) of SBR effluent and
coagulated effluent.
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7.3.2 Effect of alum dosage on removal of DOC and DOC fractions
The concentrations of DOC and DOC fractions present in the raw effluents from the SBRs operated at
8 and 20 ℃ were initially compared in Table 7-1 to assess the effluent properties before precoagulation. It was observed that the concentration of DOC was 42% higher in the effluent from the
SBR operated at 8 ℃ than that of 20 ℃. The higher DOC concentrations can be attributed to higher
high MW and low MW organics generated at low SBR temperatures. However, the concentrations of
intermediate MW organics were not significantly different at the two SBR temperatures and was
expected not to affect the coagulation efficiency (Tao et al., 2022). Hence, analysis of the
performance of pre-coagulation focused on the total DOC, high and low MW organics concentration
which were significantly different in the effluents from the SBR operated at 8 and 20 ℃. The means
and standard deviations of removal efficiencies of total DOC and the two DOC fractions by precoagulation are presented in Figure 2. The standard deviations were less than 20% of the
corresponding mean values indicating good reproducibility of the duplicated coagulation tests.

Table 7-1. Effluent concentrations of DOC and DOC fractions in the SBRs operated at 8 and 20
℃.
SBR
temperature
(℃)

DOC
(mg/L)

8
20

14.9±1
10.5±1

DOC fractions (mg/L)
High MW
Intermediate
polysaccharide
protein
MW
2.04±0.15
0.78±0.02
4.0±0.20
0.69±0.08
0.30±0.04
4.1±0.23

Low
MW
4.75±0.13
3.07±0.12

The effect of alum dosage on the removal of total organics was assessed by DOC removal. It was
observed that for the effluent from the SBR operated at 20 ℃ low-intermediate doses (0.05‒0.20
mM) resulted in DOC removal efficiencies that were less than 20%. As dosage increased to 0.5 mM,
the removal efficiency significantly increased and reached 37±2% with no significant improvement as
dosage further increased to 1.0 mM. The trend of removal efficiency for the effluent from the SBR
operated at 8 ℃ was similar to that of the 20 ℃ effluent with removals in the range of 6‒38% as the
dosage increased to 0.5 mM. Dosages higher than 0.5 mM did not appear to lead to any additional
benefit with respect to DOC. The DOC removal efficiencies by pre-coagulation were consistent with
a previous study treating algae-laden water in which 25.6% of DOC was removed by 0.5 mM of
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FeCl3 when the DOC content in raw water was around 15.5 mg/L (He et al., 2021). However, the
DOC concentrations remaining in the coagulated effluents were higher for the SBR operated at 8 ℃
due to higher initial concentrations in SBR effluent (Table 7-1), and it was anticipated that this might
result in differences in fouling evolution.
High MW organics, that consist of polysaccharides and proteins, have been reported to cause more
severe membrane fouling than other DOC fractions (Chen et al., 2021). The removal efficiency of
high MW organics through pre-coagulation is illustrated in Figure 2. It was observed that for the
effluent from the SBR operated at 20 ℃, the removal efficiency consistently increased to 90% at the
dosage of 1.0 mM. A similar trend was observed for the effluent from the SBR operated at 8 ℃,
however the removal efficiency only reached 80% at the dosage of 1.0 mM. The results indicate that
alum dosage achieved different removals of high MW organics for the two SBR temperatures with
lower efficiencies for the SBR operated at the low temperature. This was attributed to the increased
concentrations of high MW organics in the effluent from the SBR operated at low temperature which
required a higher dosage of coagulant to neutralize charges between particles (Lee et al., 2009).
Polysaccharides and proteins have been reported to impact membrane fouling differently (FerrerPolonio et al., 2018) and therefore their removals were assessed separately (Figure 7-2). From the
plots a three-step pattern in the removal efficiency of polysaccharides can be observed for the effluent
from the SBR operated at 20 ℃. When alum dosages were in the ranges of 0.05, 0.1‒0.2, and 0.5‒1.0
mM, the corresponding removal efficiencies were 2%, 34‒45%, and 80‒90%, respectively. For the
effluent from the SBR operated at 8 ℃, the removal efficiency of polysaccharides was 4±1% at the
dosage of 0.05 mM and then consistently increased to 84±3% at the dosage of 1.0 mM. This stepwise
response of the organic removal efficiencies by coagulation has been reported by Lee et al. (2009)
and Yu et al. (2013), and was attributed to changes in zeta potential with dosage. At low coagulant
dosages, the alum-flocs were negatively charged and the removal of organics increased significantly
as dosage increased; however when the charge of alum-flocs reversed the removals only slightly
increased with dosage (Yu et al., 2013).
The removal of proteins was assessed in Chapter 5 that despite the strength of the correlation
between membrane fouling and proteins has been reported to be less than that of polysaccharides.
Compared to polysaccharides, the removal efficiency of proteins increased proportionately to alum
dose for both SBRs effluents, and ultimately reached 90±5% and 78±5% for the SBRs operated at 20
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and 8 ℃, respectively. It was noted that even at the very low level of alum dosage the removal of
proteins reached approximate 20% for the effluents from both SBRs, which was much higher than
that of polysaccharides. This was likely due to the reactions between alum and amino acids functional
groups in the proteins (Arunkumar et al., 2019; Chen et al., 2021). The difference in fouling potential
of the residual polysaccharides and proteins will be subsequently compared.
Low MW organics have been reported to contribute to membrane pore blocking (Guo et al., 2014)
and hence the impact of pre-coagulation on their removal from the SBR effluents was analyzed
(Figure 7-2). No specific trend was observed for the low MW organics removal as dosage increased.
For the effluent from the SBR operated at 20 ℃, the average removal was 48%. The corresponding
value for the SBR operated at 8 ℃ was 30%. Hence it was expected that the mitigation by
coagulation on pore blocking might be less efficient due to the relatively low removal of low MW
organics.
The removals of high and low MW organics were compared for the two SBR temperature
conditions to obtain insights into the fouling mitigation mechanisms. It was found that the highest
removal of low MW organics was relatively lower (30‒48%) than that of the high MW organics
(80‒90%) regardless of SBR temperature. This was consistent with previous research which
demonstrated that higher MW fractions of DOC can be more effectively removed by coagulationflocculation process compared to lower MW organics (Wang et al., 2017; Yu et al., 2014). The
selective removal of high MW organics might have been due to their large amount of different
functional groups, allowing an enhanced interaction with metal hydroxide precipitates (Haberkamp et
al., 2007). In addition, less removal of LMW organics can be explained by their high charge densities
to be neutralized by coagulant. The greater removal of high MW organics might result in substantial
decrease in cake fouling which was subsequently discussed.

114

DOC removal

1.0
20 oC SBR
8 oC SR

0.8
0.6
0.4
0.2
0.0
0.05

0.1

0.2

0.5

1

Dosage (mM)
1.0
20 oC SBR
8 oC SR

0.8

LMW removal

High MW removal

1.0

0.6
0.4
0.2

20 oC SBR
8 oC SR

0.8
0.6
0.4
0.2

0.0

0.0
0.05

0.1

0.2

0.5

1

0.05

1.0

1.0

20 oC SBR
8 oC SR

0.8

0.2

0.5

1

Dosage (mM)

Protein removal

Polysaccharide removal

Dosage (mM)

0.1

0.6
0.4
0.2
0.0

20 oC SBR
8 oC SR

0.8
0.6
0.4
0.2
0.0

0.05

0.1

0.2

0.5

1

0.05

Dosage (mM)

0.1

0.2

0.5

1

Dosage (mM)

Figure 7-2. DOC and DOC fraction removals (mean ± standard deviation) at different alum
dosages.
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7.3.3 Impacts of pre-coagulation on membrane fouling
The impact of coagulation on fouling control was assessed by examining the responses of total,
hydraulically reversible and irreversible resistances (Rt,i, Rrev,i and Rirr,i). The mean and standard
deviations of the membrane resistances in duplicate tests were computed for the different conditions.
In all cases, the standard deviations were consistently less than 20% of the corresponding means
indicating good reproducibility of the filtration tests. The slopes of linear regressions of the
membrane resistances versus cycle number were used to facilitate an assessment of the impact of
coagulation on the development of each resistance in the filtrations. The regression equations where
the slopes were significantly different from 0 are presented in Figure 7-3. The initial values of
membrane resistances and the slopes of the regression affected by dosages were compared to access
the initial status as well as their change rates.
Values of Rt,i were initially examined to assess the effect of dosage on the trends in the combined
resistances over the multiple filtration cycles. The effluent from the SBR operated at 20 ℃ was
assessed as a reference condition. It was observed that the initial values of Rt,i decreased by 15% as
dosage increased to 1.0 mM indicating moderate mitigation on total fouling by pre-coagulation. In
addition to modest decrease in initial Rt,i values, the slopes of the regressions decreased by 47%
(P<0.05) as alum dosage increased from 0 to 0.05 mM. However, the slopes were not significantly
different from 0 for higher alum dosages, indicating no accumulation of Rt,i over the multiple
filtration cycles. The results indicate that pre-coagulation not only reduced the values of Rt,i but also
led to slower increase in Rt,i over the multiple filtration cycles.
The trends of Rt,i for the SBR operated at 8 ℃ were analyzed to assess if the effects of dosage was
different for the SBRs operated at low temperature. It was noted that without coagulation the values
of Rt,i were substantially higher for the SBR operated at 8 ℃ than that of 20 ℃. The greater Rt,i in the
effluent from the SBR operated at low temperature was due to a higher content of high and low MW
organics (Table 7-1) that were previously demonstrated in Chapter 5 to be responsible for total
membrane resistance. Similar to the observations for 20 ℃ SBR, the initial values of Rt,i also
decreased modestly (24%; P<0.05) when alum dosage increased from 0 to 1.0 mM. The slopes for the
SBR operated at 8 ℃ decreased by 85% as dosage increased to 0.10 mM and then the values of Rt,i
were relatively constant over the multiple filtration cycles for higher dosages. By comparing with the
data for the SBR operated at 20 ℃, the reduction in initial Rt,i values and slopes by pre-coagulation
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were both greater for the SBR operated at 8 ℃; however, the Rt,i values after coagulation were still
higher for low temperature SBR. Hence, it was concluded that while the efficiency of pre-coagulation
was higher for the low temperature SBR, the extent of fouling at the lower temperature was still
higher due to the higher organics remained after coagulation.
The response of Rrev,i were evaluated to obtain insights into the impact of alum coagulation on
hydraulically reversible fouling. For the SBR operated at 20 ℃, the slopes of the regressions were not
significantly different from 0 in all cases. This indicates a relatively stable process that a certain
amount of foulants attaching and detaching from membrane surfaces repeatedly over the multiple
filtration cycle. Hence the means of Rrev,i values were compared to assess the impact of dosage. It was
found that when alum dosage increased from 0 to 0.5 mM, the means of the Rrev,i values decreased by
90% and no additional benefit was observed at higher alum dosage. The results indicate that a dosage
of 0.5 mM achieved the maximum improvement for the SBR operated at 20 ℃ in terms of the control
of hydraulically reversible fouling.
The impact of dosage on hydraulically reversible fouling mitigation was then evaluated for the
effluent from the SBR operated at 8 ℃. With this effluent the slope of the regression for Rrev,i was
significantly from 0 without coagulation (2.8×109 m-1/cycle), which suggests that an increased
accumulation of organics attached on the membrane surfaces with time despite the use of back
pulsing and air scouring at the end of each cycle. The difference in this response when compared to
the 20 ℃ effluent was attributed to higher concentrations of high MW organics in the effluent from
the SBR operated at 8 ℃. The slopes of the regressions declined to 0 at a dosage of 0.10 mM
indicating a change in the interaction between the hydraulically reversible foulants and membranes
over this dose range. For the higher dosages the means over all of the cycles were computed and
found to decrease progressively to a value of 88% at a dosage of 1.0 mM. The results indicate that
pre-coagulation can efficiently reduce hydraulically reversible resistance with greater dosages
required to achieve equivalent reduction in Rrev,i values for low temperature SBR when compared to
the higher temperature effluent.
Values of Rirr,i were then assessed to study how pre-coagulation impacted the development of
hydraulically irreversible fouling (Figure 7-3). It was observed that the trend of Rirr,i over the multiple
filtration cycles were similar to that of Rt,i, which indicated that the increase in Rt,i was mainly
contributed by the increase in Rirr,i over the multiple filtration cycles. In addition, different from Rrev,i,
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initial values of Rirr,i did not significantly change with dosage. This was likely due to the low
efficiency of coagulation for removal of low MW organics. In contrast, the slopes of the regression
decreased as dosage increased. For the SBR operated at 20 ℃, the slopes of the regressions decreased
progressively with dosage until an 81% reduction in slope was attained at 0.2 mM after which the
slopes were not significantly different from zero. The decreased development rates of hydraulically
irreversible fouling may have been due to the increased formation of flocs at higher doses that led to a
thicker cake layer which would trap the low MW organics from directly blocking membrane pores. It
was concluded that a preferred dosage for hydraulically irreversible fouling control was 0.2 mM for
the effluent from SBR operated at 20 ℃ as higher doses did not result in lower Rirr,i values .
The response of Rirr,i at the SBR temperature of 8 ℃ was compared to that of 20 ℃. It was found
that the slopes progressively decreased to a reduction of 90% when the dosage increased to 0.2 mM
after which the slopes were zero. Moreover, despite the Rirr,i was constant, for dosage of 0.5 and 1.0
mM, the means of the Rirr,i values for the SBR operated at 8 ℃ were 40% higher than those of 20 ℃.
Hence, the hydraulically irreversible fouling could be held constant at a dosage of 0.2 mM for both
temperatures however, Rirr,i values remained higher for the SBR operated at low temperature.
Additional increments in dosage above 0.2 mM did not substantial reduce hydraulically irreversible
fouling and hence this dosage represented an upper limit on the extent to which this response could be
improved with alum for all temperatures.
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Figure 7-3. Membrane fouling indices (mean ± standard deviation) vs alum dose for effluents
from SBRs operated at (A) 8 ℃ and (B) 20 ℃.
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7.3.4 Fouling mitigation mechanisms
The filtration tests generated transient data on TMP development over multiple filtration cycles. The
combined fouling models described by Bolton et al. (2006) were therefore employed to translate the
transient data into a fixed number of fitted model parameters that could be compared with the effect
of coagulation dosage. In the model fitting exercise, the combined cake-intermediate pore blocking
model was found to provide the best fit of the data with the lowest value of SSE (<0.7) and r2 >0.8,
indicating cake and intermediate blocking were the major contributors to membrane fouling. Hence,
only the parameters (mean ± standard error) estimated for the combined cake-intermediate pore
blocking model are presented (Figure 7-4) and discussed.
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Figure 7-4. Fitted model parameters (mean ± standard error) (A) Kc and (B) Ki under different
dosages.

The impact of alum dosage on the extent of cake fouling was evaluated by comparing the fitted Kc
values. It was observed from Figure 7-4 that the values of Kc were consistently higher for the SBR
operated at 8 ℃ due to greater concentrations of high MW organics after pre-coagulation. For the
effluent from the SBR operated at 20 ℃, the values of Kc presented a two-stage development with
alum dosage. When alum dosage increased from 0 to 0.5 mM the values of Kc progressively
decreased to a value that was 75% less than the undosed case and then remained constant for higher
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doses. The trend of Kc values with dosage for the effluent from the SBR operated at 8 ℃ was similar
with a 56% decrease in Kc values over the same range of dosing. The increased concentration of SS
and the effective decrease of high MW organics after pre-coagulation has been reported to facilitate
the formation of a more porous cake layer which presented less fouling propensity (Liu et al., 2018).
Hence it was concluded that there is an alum dosage (0.5 mM) above which there is no further
improvement in Kc values irrespective of SBR temperature. The dosage of 0.5 mM can also meet
common requirements for TP control which that previously discussed in Section 7.3.1.
Linear regression was conducted between Kc values and removal efficiencies of high and low MW
organics to quantitatively assess their relationship using the data with different dosages (Figure 7-5).
The regression was conducted separately for the SBRs operated at 8 (Figure 7-5A) and 20 ℃ (Figure
7-5B) as the initial concentrations were different for the two cases. As illustrated, Kc values
negatively correlated with the removal efficiency of high MW organics for both SBRs operated at 8
(r2 = 0.94) and 20 ℃ (r2 = 0.85). However, no correlation was observed between Kc and the removal
of low MW organics regardless of SBR temperature (P>0.05). The results indicate that the reduction
in cake fouling as dosage increased was attributed to the removal of high MW organics. This was
consistent with the observations by Haberkamp et al. (2007). In addition, the linear regression
between Kc values and polysaccharides and proteins were also analyzed (data not shown) and it was
found the Kc values were best correlated with removal of polysaccharides. The results indicate that
polysaccharides removals have the greatest impact on the rate of cake fouling, and are consistent with
previous studies in MBRs operated at low temperature (van den Brink et al., 2011).
The impact of alum dosage on intermediate pore blocking was evaluated by examining the fitted Ki
values (Figure 7-4). When dosage increased to 0.5 mM, the values of Ki decreased by 39% for the
SBR operated at 20 ℃ and did not further decrease for higher doses. The trend for the SBR operated
at 8 ℃ was similar to 20 ℃ with a corresponding decrease of 33% at a dosage of 0.5 mM with no
further change for higher doses. The Ki values for the SBR operated at 8 ℃ were consistently higher
than those of 20 ℃ and there was no indication that increasing the alum dosage would reduce the Ki
values for the 8 ℃ effluent to match those of the 20 ℃ effluent.
The relationship between Ki values and the removal efficiencies of high and low MW organics was
analyzed separately for the two SBR temperatures. It was observed from Figure 7-5 the values of Ki
were only negatively correlated with the removal of high MW organics for both SBRs operated at 8
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(r2 = 0.97) and 20 ℃ (r2 = 0.96). The decrease in pore blocking may have been due to the decrease in
low MW organics but may also have resulted from the increased development of a cake layer from
the increased floc production that then entrapped the low MW organics and prevented them from
blocking the membrane pores (Naim et al., 2014). In the present study the latter case accounted more
for the reduction of Ki because only a small amount of low MW organics were removed by precoagulation. Moreover, it was observed that the decreases in Ki (33‒39%) by coagulation were much
lower than those of Kc (56‒75%). This was likely due to the lower removal of low MW organics by
coagulation. To sum up, the fouling mitigation by pre-coagulation with alum was mainly attributed to
the removal on high MW organic. The lower concentrations of high MW organics directly resulted in
less cake fouling and the formed flocs likely led to a greater cake layer that led to reduced pore
blocking.
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Figure 7-5. Linear regression between fitted parameters and DOC fractions removal for SBRs
operated at (A) 8 ℃ and (B) 20 ℃.
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7.4 Conclusions
Pre-coagulation with alum was employed prior to UF membranes to treat secondary effluents from
SBRs operated at low temperature (8 ℃) to investigate its efficiency on fouling mitigation when
compared against operation at 20 ℃ as a reference condition. Performance in DOC fractions removal
and fouling mitigation were compared over a dosage range of 0‒1.0 mM. The results showed that the
removal efficiency for high MW organics can reach 90% whereas for low MW organics the removal
efficiency was less than 60% as dosage increased to 1.0 mM. Dosages of 0.5 and 1.0 mM effectively
controlled the increase of hydraulically reversible resistance over the multiple filtration cycles for the
effluents from the SBR operated at 20 and 8 ℃, respectively. Moreover, the hydraulically irreversible
resistance was controlled at a dosage of 0.5 mM for the effluents from SBRs operated at 20 and 8 ℃.
However, the values of total, hydraulically reversible and irreversible resistance after coagulation
were consistently higher for the SBR operated at 8 ℃ and this was due to higher residual high and
low MW organics in the effluents. The addition of alum resulted in 56‒75% decrease in cake fouling
and 33‒39% decrease in intermediate blocking for the two SBRs, which was attributed to reduced
removal of low MW organics by coagulation. Such results provide a design reference when precoagulation is employed to mitigate fouling of tertiary membranes under low temperature conditions.
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Chapter 8
Conclusions and Recommendations
8.1 Conclusions
The major objective of this research was to investigate the effects of low temperature and high flow in
secondary treatment on fouling of tertiary membrane with the goal of supporting fouling mitigation
strategies.
The linkage between biological processes and SMP formation as a function of secondary
temperature was investigated through a combination of bioprocess modelling and SMP
characterization. The use of LC-OCD analysis revealed that temperature (8, 14 and 20 ℃)
significantly affected the SMP composition with much higher concentrations of polysaccharides and
proteins as temperature decreased. Lower temperatures led to greater UAP and BAP concentrations
and yields with a greater impact on BAP values. UAP and BAP yields were estimated as the ratios of
the observed generation rates to the rates of substrate utilization and endogenous decay respectively,
which both declined as temperature increased. A strong correlation was observed between
temperature and BAP/UAP yields whereas the generation of BAP was more temperature sensitive
than UAP. Such process modelling can be employed to assist with the optimization of the design and
operation of membrane processes when treating wastewaters under challenging conditions like low
temperature.
A comprehensive assessment of the effects of temperature on hydraulically irreversible membrane
permeability in tertiary ultrafiltration of municipal wastewater was conducted. Reduced SBR and
filtration temperatures impacted hydraulically irreversible permeability by changing SMP
characteristics, water viscosity, membrane intrinsic resistance, and membrane-foulants interactions.
The water viscosity and intrinsic membrane resistance were observed to be responsible for 20–29% of
the total decrease in hydraulically irreversible permeability. These declines established the upper limit
to which fouling mitigation strategies could enhance hydraulically irreversible permeabilities at low
temperature. Moreover, narrowed membrane pore size retained more organic matter and further
decreased hydraulically irreversible permeability. The approach in differentiating the effects of
temperature on secondary treatment and filtration processes provides insights into hydraulically
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irreversible fouling development and the results from the present study can be employed to
understand the limits of tertiary fouling control under challenging conditions.
The impact of SBR temperature and filtration temperature on general fouling of tertiary membranes
was also assessed. When SBR temperature decreased from 20 to 14 and 8 ℃, the increase in total
membrane resistances was 27%, 45% and 82% over the multiple filtration cycles, respectively.
Reduction in filtration temperature further induced 122% and 55% increases in total membrane
resistances compared to the filtration temperature of 20 ℃ with the effluents from the SBRs operated
at 8 and 14 ℃, respectively, which can be contributed by both increased hydraulically reversible and
irreversible resistances. Correlation analysis revealed that the fouling of tertiary membranes was
governed by high and low MW organics which were generated to a greater extent at lower SBR
temperatures. Moreover, the generation of BAP was more sensitive to SBR temperature and presented
higher fouling potential. Cake fouling and intermediate pore blocking were dominant fouling
mechanisms and they intensified as SBR temperature decreased from 20 to 8 ℃. The outcomes
provide insights into the combined effects of temperature on biological and filtration processes that
influence the fouling behavior of tertiary membranes and can be employed to assist with the design of
fouling mitigation measures in cold climates.
The effect of secondary treatment HRT (10, 15 and 20 h) on SMP generation and subsequent
fouling of tertiary membranes was assessed at two secondary operating and filtration temperatures (8
and 20 ℃). Reducing HRT from 20 to 10 h resulted in a substantial increase in high and low MW
organics for both SBR effluents. The results of SMP modelling demonstrated that a reduction in HRT
induced decreased UAP yields and the influence was greater at the low SBR temperature. However,
the BAP yields were relatively stable with HRT and the values were higher at the low SBR
temperature. Reducing HRT from 20 to 10 h induced a moderate increase in total membrane
resistance (26‒38%) for SBRs operated at both temperatures. The increase in hydraulically reversible
resistance was greater for the SBR operated at 20 ℃ (454%) than 8 ℃ (52%) due to the higher
increase in high MW organics. In contrast, the greater increase in hydraulically irreversible fouling
was observed for the SBR operated at 8 ℃ with the greater increase in low MW organics. A multiple
linear regression analyses indicated that the contribution of filtration temperature to membrane
resistances was dominant and this was followed in importance by SBR temperature and HRT. The
comprehensive analysis provides insights into the interaction effects of secondary and tertiary
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operations on fouling development and the results can be employed to understand the limits of tertiary
fouling control under challenging conditions.
The effect of coagulation with different doses of alum (0‒1.0 mM) on fouling of tertiary
membranes was studied at a secondary operating temperature of 8 and 20 ℃ to investigate its
efficiency in fouling mitigation. The removal efficiency for high MW organics reached as high as
90% whereas for low MW organics the removal efficiency was less than 60% when the dosage
increased to 1.0 mM. The preferred dosage to mitigate hydraulically reversible and irreversible
fouling was 1.0 and 0.2 mM for the SBR operated at 8 ℃ while the corresponding value for the SBR
operated at 20 ℃ was 0.5 and 0.2 mM, respectively. At the preferred dosage, the values of the three
membrane resistances were still higher for the SBR operated at 8 ℃ due to the higher concentrations
of DOC fractions remained in the coagulated effluent. The addition of alum resulted in 56‒75%
decrease in cake fouling and 33‒39% decrease in intermediate blocking for the two SBRs, which was
attributed to reduced removal of low MW organics by coagulation. The potential of pre-coagulation
in membrane fouling alleviation and effluent quality improvement can be limited at the low
temperature and high flow operating of secondary treatment.

8.2 Recommendations
Based on the findings from this research, several recommendations are made for future research
related to fouling of tertiary membranes under cold climates:

•

The concentrations and yields of BAP and UAP were determined by mass balance approach
and activated sludge modelling based on previous reported ratios of the components. An
experimental measurement of the BAP and UAP production with the effect of secondary
operating parameters would help to confirm the accuracy of the modelling approach.

•

The bench scale membrane set-up used in the present study was different from the membrane
cassette used in the real operation where the packing density is quite high and fibers are
packed horizontally. A test with full scale membrane modules would help to validate the
results generated from lab-scale membranes.
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•

The fouling indices results indicate that the increased total, hydraulically reversible and
irreversible resistances were contributed by increased concentrations of high and low MW
organics under low secondary operating temperature and short HRTs. Hence the fouling
mitigation approach can be designed to removal or modify high and low MW organics before
UF.

•

The filtration temperature of UF has been proved to significantly impact fouling degree and
the influence was even greater than those of secondary temperature and HRT. Considering it
would not be economically feasible to raise the effluent temperature, in cold filtration
operating conditions further strategies need to be explored to offset or mitigate the fouling
enhanced by filtration temperature.

•

The present study showed the limit of low temperature on pre-coagulation efficiency. The
performance of other pretreatment strategies needs to be further investigated under cold
temperature conditions.
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Appendix A
Supplementary Data for Chapter 3
Table A1. Wastewater fractionation.
Modelled parameter
Fraction of non-biodegradable
soluble COD
Fraction of non-biodegradable
particulate COD
Concentration of biodegradable
COD in influent

Symbol Equation*
𝒔𝑪𝑶𝑫𝑬𝑭𝑭

fsi

𝒇𝒔𝒊 =

fxi

𝑿𝑽𝑺𝑺 =

S0

𝑺𝟎 = (𝟏 − 𝒇𝒔𝒊 − 𝒇𝒙𝒊 )𝑪𝑶𝑫𝑻,𝑰𝑵𝑭

Xi,0

𝑿𝒊,𝟎 = 𝒇𝒙𝒊 𝑪𝑶𝑫𝑻,𝑰𝑵𝑭

𝑪𝑶𝑫𝑻,𝑰𝑵𝑭

𝑸𝑪𝑶𝑫𝑻,𝑰𝑵𝑭 Ɵ𝒄 (𝟏−𝒇𝒔𝒊 −𝒇𝒙𝒊 )𝒀𝑯𝑬𝑻
(𝟏
{
𝒇𝑪𝑽
𝟏+𝒃𝑯 Ɵ𝒄

+ 𝒇𝒃𝑯 Ɵ𝒄 ) + 𝒇𝒙𝒊 }

Concentration of nonbiodegradable particulate COD
in influent
*Where sCODEFF is effluent soluble COD concentration (mg/L), CODT,INF is influent total COD
concentration (mg/L), XVSS is mixed liquor VSS concentration (mg VSS/L), Q is influent flow rate
(L/d), ƟC is sludge age (d), V is reactor volume (L), YHET is heterotroph yield coefficient, bH is steady
state theory endogenous decay rate (1/d), f is steady state theory endogenous residue fraction and fCV
is mixed liquor solids COD/VSS ratio.
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Table A2. Activated sludge process model.
Modelled parameter
Effluent biodegradable soluble
COD
Biomass VSS
Biomass and endogenous
decay associated solids wastes
daily
Total solids wasted daily

Symbol Equation*
𝑲𝑺 (𝟏 + 𝒌𝒅 Ɵ𝒄 )
Ɵ𝒄 (𝒀𝒌 − 𝒌𝒅 ) − 𝟏

S

𝑺=

XVSS,bio

𝑿𝑽𝑺𝑺,𝒃𝒊𝒐 =

PX,VSS,
bio

𝒀(𝑺 − 𝑺𝟎 )
𝒌𝒅 𝒇𝒅 𝑸𝒀(𝑺𝟎 − 𝑺)Ɵ𝒄
𝑷𝒙,𝑽𝑺𝑺,𝒃𝒊𝒐 = 𝑸[
]+[
]
𝟏 + 𝒌𝒅 Ɵ𝒄
𝟏 + 𝒌𝒅 Ɵ𝒄

PX,VSS

𝒀(𝑺 − 𝑺𝟎 )
𝒌𝒅 𝒇𝒅 𝑸𝒀(𝑺𝟎 − 𝑺)Ɵ𝒄
𝑷𝒙,𝑽𝑺𝑺 = 𝑸[
]+[
]
𝟏 + 𝒌𝒅 Ɵ𝒄
𝟏 + 𝒌𝒅 Ɵ𝒄

Ɵ𝒄 𝒀(𝑺𝟎 − 𝑺)
[
]
Ɵ 𝟏 + 𝒌𝒅 Ɵ𝒄

+ 𝑸𝑿𝒊,𝟎

Mixed liquor VSS
concentration

XVSS

𝑿𝑽𝑺𝑺,𝒃𝒊𝒐 =

Ɵ𝒄 𝒀(𝑺𝟎 − 𝑺)
[
]
Ɵ 𝟏 + 𝒌𝒅 Ɵ𝒄

*Where KS is half-velocity constant (mg bCOD/L), kd is specific endogenous decay coefficient (d-1),
S0 is influent biodegradable COD (mg/L), Ɵ is hydraulic retention time (d), fd is fraction of biomass
that remains as cell debris and Xi,0 is influent non-biodegradable particulate COD (mg/L).
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Table A3. Biokinetic parameters for wastewater fractionation and activated
sludge process model.
Symbol Name

Value

Unit

YHET heterotroph yield coefficient

0.67

mg COD/mg COD

bH

steady state theory endogenous decay rate

0.24

1/d

f

steady state theory endogenous residue fraction

0.20

mg VSS/mg VSS

fCV

mixed liquor solids COD/VSS ratio

1.48

mg COD/mg VSS

k

maximum specific substrate utilization rate

4 (at 20℃)

1/d

Ks

half-velocity constant

60

mg bCOD/L

kd

specific endogenous decay coefficient

0.1(at 20℃)

1/d

fd

fraction of biomass that remains as cell debris

0.15

-

Table A4. Results of wastewater fractionation.
Temperature
(℃)
20
14
8

CODT,INF
(mg/L)
506
506
480

fsi

fxi

0.075
0.093
0.098

0.21
0.22
0.24

144

S0
(mg/L)
361
348
318

Xi,0
(mg/L)
106
111
115

Appendix B
Supplementary Data for Chapter 4
Figure B1. Statistics of linear fit (a. polysaccharide; b. protein; c. humic-like
substances; and d. LMW organics).
a.

\
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b.

146

c.
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d.
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Appendix C
Supplementary Data for Chapter 5
Figure C1. Results of flux step test.
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Appendix D
Supplementary Data for Chapter 6
Table D1. Statistics of multiple linear regression between Rt and operating
conditions.

Descriptive Statistics
Mean

Std. Deviation

N

Rt

1726192629629

960946241189

27

HRT

15.00

4.16

27

SBRT

12.00

5.76

27

FT

16.00

5.76

27

SBRT: SBR temperature; FT: filtration temperature

Model Summary
R
Model

R

1

.995

Adjusted

Square R Square
.990

.989

Std. Error of the
Estimate
102910735461
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Coefficients
Standardized
Unstandardized Coefficients
B

Model
1 (Constant)

Coefficients

Std. Error

Beta

t

Sig.

5036090388888

95325825486

HRT

-39303611111

4851258593

-.170

-8 .000

SBRT

-57004435185

4042715494

-.342

-14 .000

-127268148148

4042715494

-.763

-31 .000

FT

52 .000

Table D2. Statistics of multiple linear regression between Rrev and operating
conditions.

Descriptive Statistics
Mean

Std. Deviation

N

Rrev

480843185185

316593717663

27

HRT

15

4.16

27

SBRT

12

5.76

27

FT

16

5.76

27

Model Summary
Std. Error of the
Model
1

R

R Square
.977a

Adjusted R Square

.954

151

.948

Estimate
72006867911

Coefficients
Standardized
Unstandardized Coefficients
B

Model
1

(Constant)

Coefficients

Std. Error

Beta

t

Sig.

1685468870370

66699689722

25 .000

HRT

-25327744444

3394436306

-.333

-7 .000

SBRT

-26480027777

2828696921

-.482

-9 .000

FT

-31684324074

2828696921

-.577

-11 .000

Table D3. Statistics of multiple linear regression between Rirr and operating
conditions.

Descriptive Statistics
Mean
Rirr

Std. Deviation

N

697292618518

506354607299

27

HRT

15

4

27

SBRT

12

5

27

FT

16

5

27

Model Summary
Model
1

R
.992a

R Square
.984
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Adjusted R

Std. Error of the

Square

Estimate
.982

67489290511

Coefficients
Standardized
Unstandardized Coefficients
B

Model
1

Std. Error

Coefficients
Beta

(Constant) 2345978072222 62515074843

t

Sig.
37

.000

HRT

-13842136666

3181475665

-.114

-4

.000

SBRT

-30579660185

2651229721

-.348

-11

.000

FT

-67131092592

2651229721

-.764

-25

.000
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Appendix E
Supplementary Data for Chapter 7
Figure E1. Statistics of linear fit (a. 8 ℃ SBR and b. 20 ℃ SBR).
a.
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