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Abstract 

As the human population continues to grow, increasing stress is placed on the food-

energy-water nexus.  Wastewater is increasingly being viewed as a sustainable resource to close 

the loop in this nexus as it contains nutrients, latent chemical energy, and water that can be 

recovered for beneficial reuse. One technology that has shown promise in harnessing wastewater 

as a resource is the Anaerobic Membrane Bioreactor (AnMBR). AnMBRs combine anaerobic 

biological wastewater treatment with membrane filtration technology to achieve superior effluent 

quality, while generating energy in the form of methane and providing an opportunity to capture 

nutrients. In this study, a pilot scale gas-sparged AnMBR was operated in Ft. Riley for 472 days 

under ambient temperature conditions. The AnMBR achieved an average removal efficiency of 

88±7% and 88±6% for COD and BOD5, respectively, at temperatures ranging from 12.7°C to 

31.5°C, demonstrating its feasibility for ambient temperature operation. The AnMBR was also 

paired with downstream nutrient recovery using a coagulation-flocculation-sedimentation 

process, which removed 94±3% of phosphorus and over 99% of nitrogen, as well as both 

gaseous and dissolved methane capture, which could generate an estimated 72.8% of the power 

required for energy neutrality. The successful integration of AnMBRs in a treatment train that 

addressed the critical challenges of dissolved methane and nutrient capture demonstrates the 

viability of the technology in achieving holistic wastewater treatment. 

While the viability of the pilot scale AnMBR for municipal wastewater resource recovery 

was successfully demonstrated, membrane fouling was identified to be a major obstacle to the 

widespread adoption of the technology. In the pilot system, fouling management through gas 

sparging required 54% of the total energy demand, which could be reduced with improved 

targeted maintenance strategies that can be developed after a deeper understanding of the 



  

foulants. To better understand fouling behavior in AnMBRs, a suite of analyses was employed to 

dynamically monitor the initiation and proliferation of fouling to complement the traditional end-

of-life membrane autopsies in the pilot-scale AnMBR. Fluorometry and soluble chemical oxygen 

demand (sCOD) monitoring of the membrane permeate during steady state pilot AnMBR 

operation complemented end-of-life membrane and sludge cake analyses, such as Fourier 

Transform Infrared Spectroscopy (FTIR), to identify both organic and inorganic foulants that 

have been deposited on a membrane surface throughout the pilot operation. The fouling events 

coincided with spikes in the permeate sCOD, accompanied with an increase in tryptophan and 

tyrosine like compounds, as measured by the fluorometric excitation-emission (EEM) spectra. 

Scaling, albeit minor, was mainly accounted by calcium sulfate and calcium phosphate, as 

opposed to the typically expected calcium carbonate. These findings have implications for 

optimizing membrane maintenance strategies, informing solids wasting schedules as well as the 

selection of chemicals for backpulsing. 

 To further mechanistically understand membrane fouling, a novel lab scale AnMBR with 

a side tube membrane module was designed to characterize early membrane foulants. A main 

module was continuously operated to maintain system performance, averaging 83±7% COD 

removal during the startup period, while the side tube module was installed and operated in 

parallel to allow for sampling the membrane fibers without interrupting the main module. The 

lab scale system underwent extended critical flux testing while being fed with synthetic 

municipal wastewater only, followed by controlled spikes of tryptophan, tyrosine, and humic 

acid into the wastewater. The transmembrane pressure hysteresis was much more severe in the 

spiked test. Endpoint analysis after sub-critical flux operation revealed that cake formation was 

limited in the side tube samples suggesting that the hysteresis and initial fouling was due to pore 



  

constriction, which is a significantly less studied fouling mechanism compared to cake layer 

fouling. Cake layer formation in the main module was localized in the top third of the membrane 

fibers. Heat extraction temperature profiles that were optimized in a separate study were applied 

for soluble microbial product and extracellular polymeric substance characterization of the 

membrane extracts and cake foulants after each critical flux test. Humic and fulvic acids appear 

to be more associated with pore fouling, while proteins appear to be more associated with the 

cake layer.  Free amino acids were not detected in any sample suggesting that the amino acids 

likely underwent rapid anaerobic transformation. Tryptophan-like and tyrosine-like fluorescence 

was found in the EEMs of the side tube module extracts and were likely due to amino acid 

degradation products, such as indoles, due to having peaks in the EEM but the spiked test not 

increasing in protein concentration. In contrast, the foulant cake’s proteinaceous foulants were 

likely in the form of polypeptides, as confirmed through FTIR and colorimetry. Significant 

amounts of humic substances in the form of humic and fulvic acids were extracted from the 

membrane surface and pores and likely also contributed pore fouling, with significantly higher 

amounts being extracted from the side tube membrane module after the spiked test and the main 

membrane module at the end of operation.  These findings show great promise for guiding future 

research on early onset of membrane fouling and fouling management strategies to achieve 

energy positive operation using the AnMBR technology platform.  
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Abstract 

As the human population continues to grow, increasing stress is placed on the food-

energy-water nexus.  Wastewater is increasingly being viewed as a sustainable resource to close 

the loop in this nexus as it contains nutrients, latent chemical energy, and water that can be 

recovered for beneficial reuse. One technology that has shown promise in harnessing wastewater 

as a resource is the Anaerobic Membrane Bioreactor (AnMBR). AnMBRs combine anaerobic 

biological wastewater treatment with membrane filtration technology to achieve superior effluent 

quality, while generating energy in the form of methane and providing an opportunity to capture 

nutrients. In this study, a pilot scale gas-sparged AnMBR was operated in Ft. Riley for 472 days 

under ambient temperature conditions. The AnMBR achieved an average removal efficiency of 

88±7% and 88±6% for COD and BOD5, respectively, at temperatures ranging from 12.7°C to 

31.5°C, demonstrating its feasibility for ambient temperature operation. The AnMBR was also 

paired with downstream nutrient recovery using a coagulation-flocculation-sedimentation 

process, which removed 94±3% of phosphorus and over 99% of nitrogen, as well as both 

gaseous and dissolved methane capture, which could generate an estimated 72.8% of the power 

required for energy neutrality. The successful integration of AnMBRs in a treatment train that 

addressed the critical challenges of dissolved methane and nutrient capture demonstrates the 

viability of the technology in achieving holistic wastewater treatment. 

While the viability of the pilot scale AnMBR for municipal wastewater resource recovery 

was successfully demonstrated, membrane fouling was identified to be a major obstacle to the 

widespread adoption of the technology. In the pilot system, fouling management through gas 

sparging required 54% of the total energy demand, which could be reduced with improved 

targeted maintenance strategies that can be developed after a deeper understanding of the 



  

foulants. To better understand fouling behavior in AnMBRs, a suite of analyses was employed to 

dynamically monitor the initiation and proliferation of fouling to complement the traditional end-

of-life membrane autopsies in the pilot-scale AnMBR. Fluorometry and soluble chemical oxygen 

demand (sCOD) monitoring of the membrane permeate during steady state pilot AnMBR 

operation complemented end-of-life membrane and sludge cake analyses, such as Fourier 

Transform Infrared Spectroscopy (FTIR), to identify both organic and inorganic foulants that 

have been deposited on a membrane surface throughout the pilot operation. The fouling events 

coincided with spikes in the permeate sCOD, accompanied with an increase in tryptophan and 

tyrosine like compounds, as measured by the fluorometric excitation-emission (EEM) spectra. 

Scaling, albeit minor, was mainly accounted by calcium sulfate and calcium phosphate, as 

opposed to the typically expected calcium carbonate. These findings have implications for 

optimizing membrane maintenance strategies, informing solids wasting schedules as well as the 

selection of chemicals for backpulsing. 

 To further mechanistically understand membrane fouling, a novel lab scale 

AnMBR with a side tube membrane module was designed to characterize early membrane 

foulants. A main module was continuously operated to maintain system performance, averaging 

83±7% COD removal during the startup period, while the side tube module was installed and 

operated in parallel to allow for sampling the membrane fibers without interrupting the main 

module. The lab scale system underwent extended critical flux testing while being fed with 

synthetic municipal wastewater only, followed by controlled spikes of tryptophan, tyrosine, and 

humic acid into the wastewater. The transmembrane pressure hysteresis was much more severe 

in the spiked test. Endpoint analysis after sub-critical flux operation revealed that cake formation 

was limited in the side tube samples suggesting that the hysteresis and initial fouling was due to 



  

pore constriction, which is a significantly less studied fouling mechanism compared to cake layer 

fouling. Cake layer formation in the main module was localized in the top third of the membrane 

fibers. Heat extraction temperature profiles that were optimized in a separate study were applied 

for soluble microbial product and extracellular polymeric substance characterization of the 

membrane extracts and cake foulants after each critical flux test. Humic and fulvic acids appear 

to be more associated with pore fouling, while proteins appear to be more associated with the 

cake layer.  Free amino acids were not detected in any sample suggesting that the amino acids 

likely underwent rapid anaerobic transformation. Tryptophan-like and tyrosine-like fluorescence 

was found in the EEMs of the side tube module extracts and were likely due to amino acid 

degradation products, such as indoles, due to having peaks in the EEM but the spiked test not 

increasing in protein concentration. In contrast, the foulant cake’s proteinaceous foulants were 

likely in the form of polypeptides, as confirmed through FTIR and colorimetry. Significant 

amounts of humic substances in the form of humic and fulvic acids were extracted from the 

membrane surface and pores and likely also contributed pore fouling, with significantly higher 

amounts being extracted from the side tube membrane module after the spiked test and the main 

membrane module at the end of operation.  These findings show great promise for guiding future 

research on early onset of membrane fouling and fouling management strategies to achieve 

energy positive operation using the AnMBR technology platform. 
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Chapter 1 - Background and Literature Review 

 1.1 Introduction 

As the human population continues to grow, increasing stress is placed on the food-

energy-water nexus, as the effects of water scarcity, greenhouse gas emissions, and the threat of 

food shortages loom (Lu et al. 2015; Lundin et al. 2000; Mo and Zhang 2013).  Understanding 

the dire consequences if left unaddressed, the United Nations (UN), the National Academy of 

Engineering (NAE), and the American Society of Civil Engineers (ASCE) have each issued 

challenges for the 21st century to improve infrastructure to provide access to potable water, 

improve sanitation and public health, master the nitrogen cycle, increase the sustainability of 

energy production, and combat climate change (Becerik-Gerber et al. 2014; Lu et al. 2015; Malik 

et al. 2015; NAE 2017).  Wastewater treatment lies at the intersection of these goals. 

Wastewater has increasingly been viewed as a sustainable resource that is critical in 

closing the food-energy-water nexus loop and creating a circular economy (Mo and Zhang 2013; 

Molina-moreno et al. 2017; Nghiem et al. 2017; Nielsen 2017).  As climate change continues to 

exacerbate issues of water scarcity, wastewater reclamation and reuse unlocks a relatively 

untapped source of fresh water (Friedler 2001; Marlow et al. 2013; Tram et al. 2014).  In 

addition to helping meet water demands, wastewater contains other potentially valuable 

resources that can be recovered, such as nutrients and chemical energy stored in the carbon 

(Guest et al. 2009; McCarty et al. 2011; Rittmann et al. 2011; Shizas et al. 2004).  Efforts to 

capture the value latent in wastewater have spurred the development of technologies that embody 

the resource-from-waste paradigm shift. 

Aerobic processes are currently the predominant wastewater treatment platform 

worldwide, with most installations based on the conventional activated sludge process (Gouveia 
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et al. 2015; Silvestre et al. 2015).  While activated sludge has proven to be a robust process that 

can consistently meet discharge limits under a variety of environmental conditions, it is 

fundamentally designed for meeting end-of-pipe discharge limits, rather than resource recovery 

(Ahansazan et al. 2014; Nghiem et al. 2017).  The common biological nutrient removal (BNR) 

strategies that were developed from the activated sludge process, such as the Bardenpho or A2O 

processes, can achieve low nutrient concentrations in the effluent, but leave few opportunities for 

recovery; the nitrification-denitrification process results in inert N2 gas, and the phosphorus 

removal occurs when the phosphorus accumulating organisms leave the system as wasted sludge. 

(Metcalf et al. 2004; Wang and Chu 2016). Furthermore, aeration is an energy intensive process, 

consuming over 50% of the total energy required in a wastewater treatment plant using activated 

sludge to biologically oxidize pollutants (Liao et al. 2006; McCarty et al. 2011).  These 

characteristics suggest that aerobic technologies are not the ideal solution to the 21st century 

engineering challenges facing environmental engineers. 

As conventional aerobic technologies, such as activated sludge, are not suited to meet 

these objectives, significant research interest has been given to developing anaerobic 

technologies (Gerardo et al. 2013; Lin et al. 2013).  Anaerobic biological processes have 

multiple advantages over their aerobic counterparts because of their metabolic processes.  One of 

my main drivers behind anaerobic treatment is the possibility of energy neutral or energy 

positive operation (McCarty et al. 2011; Smith et al. 2014).  The energy footprint of anaerobic 

systems is more favorable not only because they can eliminate the energy-intensive aeration 

process, but also because anaerobic organisms can produce a methane-rich biogas that can be 

used in co-generation for energy production (Crone et al. 2016; McCarty et al. 2011). 
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The elimination of aeration also provides an opportunity to recover nutrients in useful 

forms, where typical biological nutrient removal focuses just on achieving low effluent 

concentrations (Ashley et al. 2011; El-Shafai et al. 2007). By eliminating aeration, the nutrients 

tend to remain in more reduced forms which can be better captured in recovered nutrient 

products for beneficial reuse, including for land application, such as with adsorbed ammonia on 

clinoptilolite or precipitated minerals such as struvite (NH4MgPO4·6H2O), which simultaneously 

recovers both ammonia and phosphate (De-Bashan and Bashan 2004; Du et al. 2005; Polat et al. 

2004; Ueno and Fujii 2001). 

Anaerobic processes have several drawbacks that have limited their implementation as 

the primary liquid stream treatment process.  Historically, purely anaerobic treatment systems 

have been relatively uncommon for municipal wastewater treatment due to their slower kinetics 

(Metcalf et al. 2004; Rittmann and McCarty 2001).  Slow growth rates are advantageous because 

they produce less sludge compared to activated sludge processes, but also pose a challenge due 

to longer startup times, biomass loss via washout, and difficulties meeting effluent discharge 

requirements at lower hydraulic retention times (HRT) (Chong et al. 2012; Galib 2014; Metcalf 

et al. 2004; Rittmann and McCarty 2001).  Additionally, the treatment performance of anaerobic 

systems’ susceptibility to lower temperatures has long been considered a challenge, as the 

metabolic activity of the anaerobes, particularly the methanogens, slows (Cavicchioli 2007; 

Ferry 2012).  This has implications not just on treatment efficiency, but also on the energy 

balance.  Typically, anaerobic processes require external heating to maintain mesophilic (25-

40°C) or thermophilic (45°C and above) temperatures, which are favorable for methanogens 

(Kocadagistan and Topcu 2007; Metcalf et al. 2004; Xie et al. 2010).  Additionally, as 

temperatures decrease, the fraction of methane that remains in the dissolved phase increases, and 



4 

requires further energy input to treat and recover (Crone et al. 2016; Lim et al. 2019).  The 

application of external heating can ameliorate some of these effects, but the additional energy 

cost may limit the ability to achieve energy neutral operation (McCarty et al. 2011; Smith et al. 

2013).  An ideal anaerobic wastewater treatment process would be one that can maintain 

treatment performance under a broad range of temperatures with little to no external heating 

costs.  

Another relatively recent advancement in the realm of wastewater treatment is the 

membrane bioreactor (MBR).  Membrane bioreactors combine biological wastewater treatment, 

either aerobic or anaerobic, with membrane filtration technology in order to achieve a higher 

quality of treatment in a compact building footprint (Judd 2008).  Where conventional biological 

wastewater treatment relies on large clarifiers and sedimentation to separate the sludge in the 

mixed liquor from the treated water, membrane filtration provides a physical screening 

mechanism that is notable for the virtually complete retention of biomass, resulting in a superior 

quality effluent with very low suspended solids, often fit for reuse purposes (Cheryan 1998; 

Hoinkis et al. 2012; Judd 2008).  Filtration using membranes involves the physical separation of 

particulate and colloidal materials, along with a fraction of dissolved constituents from a liquid 

(Cheryan 1998; Metcalf et al. 2004).  The membrane’s pore size determines the size of particles 

rejected; membrane processes are often classified by pore size and selected based on removal 

criteria, as shown in Table 1.1.  Typically, membranes are selected for the largest pore size that 

fits their operating objectives, as smaller pores are more prone to blockage.  For this reason, 

microfiltration (MF) ultrafiltration (UF) membranes have proven to be the most popular choice 

for MBR applications. 
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Table 1.1 A table showing the different pressure driven membrane processes and their general 

characteristics.  PE = Polyethylene, PP = polypropylene, PES = polyethersulfone, PTFE = 

polytetrafluoroethylene, PVDF = polyvinylidene difluoride, CA = cellulose acetate, TFC = thin-

film composite. Adapted from (Metcalf et al. 2004). 

Membrane 

Process 

Pore 

Structure 

and Pore size 

Typical 

operating 

range (µm) 

Typical constituents 

removed Materials 

Microfiltration 
Macropores 

> 50 nm 
0.08 - 2.0 

Suspended solids, 

turbidity, protozoan 

cysts and oocysts, some 

bacteria and viruses 

Acrylonitrile, 

ceramic, PE, PP, 

PES, PTFE, PVDF, 

Nylon 

Ultrafiltration 
Mesopores 

2 - 50 nm 
0.005 - 0.2 

Macromolecules, 

colloids, most bacteria, 

some viruses, proteins 

Aromatic 

polyamides, ceramic, 

CA, PE, PP, PS, 

PVDF, Teflon 

Nanofiltration 
Micropores 

< 2 nm 
0.001 - 0.01 

Viruses, small 

molecules, some 

hardness 

Aromatic polyamide, 

cellulosic, PE, PES, 

PVDF, TFC 

Reverse 

Osmosis 

Dense 

< 2 nm 
0.0001 - 0.001 

Very small molecules 

and ions (including 

sulfates, nitrate, 

sodium), color, 

hardness,  

Aromatic polyamide, 

cellulosic, PE, TFC 

 

While aerobic MBRs have gained significant popularity at various scales, being used to 

successfully treat a wide variety of waste streams and producing reuse quality effluent, anaerobic 

membrane bioreactor (AnMBR) technology still has yet to achieve widespread adoption (Hara et 

al. 2005; Liao et al. 2006).  Nevertheless, AnMBRs have generated significant research interest, 

due to the unique advantages for sustainability conferred by the anaerobic biological treatment 

paired with the physical treatment provided by membrane filtration, which has been shown to 

compensate for some of the traditional shortcomings of anaerobic treatment (Evans et al. 2018; 

Lim et al. 2019; Lin et al. 2013; Smith et al. 2013). 
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 1.2 Literature Review 

 1.2.1 Anaerobic Membrane Bioreactors 

Anaerobic membrane bioreactors (AnMBRs) are a treatment technology that pair 

anaerobic biological treatment with membrane filtration and gain the benefits of both for a 

unique combination of biological and physical treatment (Evans et al. 2018; Lin et al. 2013).  As 

an anaerobic technology, AnMBRs possess several potential advantages over aerobic treatment 

processes in terms of energy balance, nutrient recovery opportunities, and minimizing sludge 

production.  In addition to reducing the energy consumption by avoiding the need for aeration, 

anaerobic treatment can produce methane-rich biogas that can be combusted for energy recovery, 

which can push the system to energy neutrality or even energy positive operation (Batstone and 

Virdis 2014; Hagos et al. 2017; Smith et al. 2014). 

The use of membranes compensates for the slow growth rate typical of anaerobic 

treatment of wastewater.  The incorporation of membranes allows for the complete retention of 

biomass, producing an effluent virtually free of suspended solids, and allowing for the 

decoupling of HRT and solids retention time (SRT) (Liao et al. 2006; Skouteris et al. 2012).  

This allows the system to maintain high SRT while operating at low HRT, which helps AnMBRs 

achieve high rate treatment of chemical oxygen demand (COD) and 5-day biochemical oxygen 

demand (BOD5) (Lin et al. 2013; Smith et al. 2014).  These characteristics have led to their 

successful application in a variety of settings, from industrial treatment to domestic wastewater 

treatment (Chen et al. 2016; Liao et al. 2006; McCarty et al. 2011). The versatility and 

effectiveness of AnMBRs as a treatment technology has been demonstrated for a wide variety of 

applications as shown in Table 1.2.
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Table 1.2 A summary of various AnMBR performance parameters and their configurations for various studies treating domestic, and 

industrial wastewaters.  WW = wastewater.  Membrane materials: CA = cellulose acetate, PE = polyethylene, PES= Polyethersulfone, 

PP = polypropylene, PVDF = polyvinylidene difluoride. Membrane processes: MF = microfiltration, UF = ultrafiltration 

Reactor 
Configuration 

Scale Exclusion size, 
Membrane 

Material and 
Process 

Physical Fouling Control 

Influent 
Temp. 
(⁰C) 

HRT Flux (LMH) 
Influent COD 

(mg/L)  

Reference 
Reactor 

Volume (L) 
Chemical Fouling 

Control 
SRT TMP (bar) COD Removal (%) 

Sidestream 

Bench 

0.03 µm, PE, UF 

Membrane relaxation 
Domestic 

WW 

Ambient:  
12⁰C to 
27⁰C 

4 h to 
6 h 

5 LMH to  
10 LMH 

100 mg/L to 
2600 mg/L (Wen et al. 

1999) 
8.8 L 

Chemical cleaning: 
5% NaClO 

150 d Up to 0.7 bar 92% 

Sidestream 

Bench 
0.2 µm, PP, MF; 

0.14 µm, Zirconia, 
MF 

Water backflushing 
Alcohol 
distillery 

WW 
55⁰C 

13 h 
140 LMH to  

400 LMH 
400 mg/L 

(Kang et al. 
2002) 

5 L 
Chemical cleaning: 

HCl, pH 2 
and NaOCl 

∞ 0.6 bar > 90% 

Sidestream 

Pilot 
20 kDa to 70 kDa, 

PES, UF 

Backflushing Food 
processing 

WW 
37⁰C 

60 h 
13.1 LMH to  

18.9 LMH 
13,000 mg/L 

(He et al. 
2005) 

400 L 
Chemical cleaning: 

0.5% NaOH 
50 d 2 bar 81% to 94% 

Sidestream 

Bench 

0.1 µm, PES, UF 

Pump recirculation 

Sewage 
sludge 

70⁰C 

8 d to 
943 d 

26 LMH 
78,000 mg/L to 

94,000 mg/L (Liew 
Abdullah et 

al. 2005) 20 L - 
16.1 d 

to 
1250 d 

2 bar 97% to 99% 

Sidestream 
Bench 

100 kDa, UF 
Pump recirculation Domestic 

WW 
37⁰C 

15 h 
6 LMH to 
14 LMH 

685 mg/L (Saddoud et 
al. 2007) 

50 L - - 1 to 2 bar 94% 

Sidestream 

Bench 

0.2 µm, CA, MF 

Manual valve for TMP 
control Domestic 

WW 
35⁰C 

16.67 h 450 LMH 480 mg/L (Kocadagistan 
and Topcu 

2007) 5 L to 15 L - - 
0.2 bar to 
1.25 bar 

> 96% 
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Table 1.2 continued.  A summary of various AnMBR performance parameters and their configurations for various studies treating 

domestic, and industrial wastewaters.  WW = wastewater.  Membrane materials: CA = cellulose acetate, PE = polyethylene, PES= 

Polyethersulfone, PP = polypropylene, PVDF = polyvinylidene difluoride. Membrane processes: MF = microfiltration, UF = 

ultrafiltration 

Submerged 

Bench 

70 kDa, PVDF, MF 

Biogas sparging at 0.75 
LPM Relaxation, 

Water backflushing 
Pulp and paper 

mill WW 
 37⁰C; 
55⁰C 

- 
7.2 LMH; 
2.4 LMH 

10,000 mg/L 
(Lin et al. 

2009) 

10 L - 230 d 
Up to 0.3 

bar 
97% to 99% 

Submerged in 
Sidestream 

Tank 

Pilot 
38 nm, PES, UF 

Permeate backflushing,  
gas sparging, 

Membrane relaxation Domestic WW 
  35⁰C; 
20⁰C 

17 h to  
26 h 

7 LMH 630 mg/L (Martinez-
Sosa et al. 

2011) 

350 L - 680 d 0.2 bar 90% 

Submerged 

Bench 

0.2 µm, PES, MF 

Biogas sparging: 4.7 
LPM, 

Permeate backflushing 
Synthetic WW 

(SYNTHES); 
Domestic WW 

15⁰C 

16 h 3.5 LMH 440 mg/L 
(Smith et 
al. 2013) 

5 L - 300 d 
 

0.45 bar 
92% 

Submerged in 
Sidestream 

Tank 

Pilot 
0.05 µm, UF 

Pump mixing, 
Permeate backflushing, 
Membrane relaxation 

Biogas sparging 
Domestic WW 33⁰C 

6 h 
8 LMH to  
13 LMH 

350 mg/L to 
540 mg/L (Giménez 

et al. 2011) 

2500 L - 70 d 0.08 bar 87% 

Sidestream 

Pilot 

0.04 µm, PVDF, UF 

Membrane relaxation, 
Biogas sparging 

Domestic WW 22⁰C 

8.5 h 
4 LMH to 
17 LMH 

224 mg/L 
(Dagnew 

et al. 2011) 
630 L Chemical cleaning 

80 d to 
100 d 

0.03 bar 79% 

Sidestream, 
GAC Fluidized 

Pilot 

0.03 µm, PVDF, UF 

GAC Fluidization, 
Membrane relaxation 

Domestic WW 
Ambient:  

8⁰C to 
30⁰C 

4.6 h to  
6.8 h 

2 LMH to  
11 LMH 

207 mg/L to  
424 mg/L (Shin et al. 

2014) 
990 L - 

6.2 d to 
36 d 

0.1 bar to 
0.4 bar 

94% 
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Table 1.2 continued.  A summary of various AnMBR performance parameters and their configurations for various studies treating 

domestic, and industrial wastewaters.  WW = wastewater.  Membrane materials: CA = cellulose acetate, PE = polyethylene, PES= 

Polyethersulfone, PP = polypropylene, PVDF = polyvinylidene difluoride. Membrane processes: MF = microfiltration, UF = 

ultrafiltration 

Sidestream 

Pilot 

0.04 µm, PVDF, UF 

Biogas Sparging, 
Pump recirculation 

Domestic 
WW 

23⁰C 

8.5 h 13.7 LMH 383 mg/L 

(Dong 2015) 

630 L 
Chemical cleaning: 

2000 mg/L citric acid 
2000 mg/L NaOCl 

40 d 
0.02 bar to  

0.22 bar 
92% 

Submerged 
Bench 

0.2 µm, PES, MF 

Biogas sparging: 3 
LPM, 

Permeate backflushing 
Domestic 

WW 

  
3⁰C to 
15⁰C 

16 h to 
32.2 h 

1.2 LMH to 
3 LMH 

440 mg/L (Smith et al. 
2015) 

7 L - 300 d - > 95% 

Submerged 

Bench 

0.4 µm, PVDF, UF 

Backflushing 
Synthetic 

WW 
37⁰C 

47 dα 54 LMH -α 
(Berkessa et al. 

2018) 94 L - ∞α 
0 bar to  
0.45 bar -α 

Sidestream, 
GAC Fluidized 

Pilot 

0.03 µm, PVDF, UF 

GAC Fluidization, 
Membrane relaxation 

Domestic 
WW 

Ambient: 
13.1⁰C to 

32⁰C 

3.9 h 7.9 LMH 210 mg/L 

 (Evans et al. 
2018, 2019) 

1760 L 
Chemical cleaning: 

750 mg/L NaOCl 
2000 mg/L citric acid 

11 d 
0.01 bar to 

0.6 bar 
90% 

Sidestream 

Pilot 

0.03 µm, PVDF, UF 

Biogas Sparging 
Membrane relaxation 

Domestic 
WW 

25⁰C to 
30⁰C 

24 h to 60 h 
15 LMH to 
23.5 LMH 

1235 mg/L 

(Robles et al. 
2020) 

40 m3 - 70 d to 190 d 
0.05 bar to 
0.475 bar 

90% 

Staged 
Anaerobic 

Fluidized MBR 

Pilot 

0.04 µm, PVDF, UF 

Biogas Sparging 
Membrane relaxation 

Domestic 
WW 

Ambient: 
18.4⁰C to 

24.7⁰C 

5.3 h to 10 h 
6.5 LMH to 
12.3 LMH 

720 mg/L to 
893 mg/L 

(Shin et al. 2021) 

4500 L 
Chemical cleaning: 

500 mg/L NaOCl 
2000 mg/L citric acid 

21.6 d to 
45.1 d 

0.08 bar to 
0.28 bar 

87% to 90% 

α: Berkessa et al. was a fouling specific study operated at high HRT to induce harsh fouling conditions



10 

Historically, AnMBRs have been focused on treating industrial and food processing 

waste streams because of their characteristically higher temperatures compared to domestic 

wastewater, which minimizes the amount of energy required for external heating for mesophilic 

or thermophilic operation, and higher organic loading rates which contributes to higher methane 

production and energy recovery potential (Christian et al. 2011; Galib et al. 2016; Gao et al. 

2011; Skouteris et al. 2012).  The high rate treatment of high strength wastewater and its low 

footprint have made the AnMBR an increasingly popular choice for industrial wastewater 

treatment (Galib et al. 2016).  Adoption of AnMBRs for municipal wastewater treatment has 

been slower.  Compared to high strength industrial wastewaters, the more dilute municipal 

wastewaters have less energy potential, which makes energy neutrality more difficult to achieve.  

Additionally, the typically cooler influent temperatures encountered while treating domestic 

wastewater led to questions regarding the viability of anaerobic treatment at lower temperatures. 

For AnMBRs to gain widespread adoption for domestic wastewater treatment, the system 

must be robust and able to perform under a range of temperatures, ranging from the comfortable 

mesophilic range down to the psychrophilic range, which has traditionally been seen as a barrier 

for anaerobic treatment technologies (Ho and Sung 2010; Smith et al. 2015).  The treatment 

performance of anaerobic systems typically decreases with temperature as the metabolism of 

anaerobes, particularly methanogens, slows down (Cavicchioli 2007; Ferry 2012; Rittmann and 

McCarty 2001).  While AnMBRs at the bench scale have successfully treated domestic 

wastewaters under mesophilic and even psychrophilic conditions as low as 3⁰C, the majority of 

these studies have been under fixed temperature conditions (Gouveia et al. 2015; Liao et al. 

2006; Lin et al. 2013; Smith et al. 2013, 2015).  To achieve energy neutral operation, external 

heating needs to be minimized, which would require AnMBRs to operate under ambient 
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conditions.  Ambient conditions potentially pose another challenge to stable treatment 

performance, as the microbial community has been observed to shift significantly in response to 

temperature changes (Gao et al. 2011; Lei et al. 2018; Smith et al. 2015).  While most pilot scale 

AnMBRs are operated under ambient conditions, thus far, few have been operated under 

psychrophilic conditions (Shin and Bae 2018).  However, good COD removal (~90%) was 

achieved under psychrophilic conditions in two ambient temperature studies using a GAC-

fluidized AnMBR, indicating that the technology has potential to overcome the low temperature 

challenge (Evans et al. 2018; Shin et al. 2014). 

Lower temperatures can have a significant impact on the energy balance of AnMBRs as 

well.  As the metabolism of methanogens slows in response to the lower temperatures, the rate of 

methane production also decreases, which negatively impacts the energy balance.  In addition to 

the decrease in overall methane production, more of it is found dissolved in the permeate, rather 

than in the easily recoverable gaseous form, requiring additional energy input to treat (Crone et 

al. 2016; Lim et al. 2019).  If left untreated, the dissolved methane could escape into the 

atmosphere and act as a greenhouse gas 25 times more potent than carbon dioxide, making 

dissolved methane a significant issue for AnMBRs, as it has the potential to overturn its benefits 

to the environment from both an energy and a greenhouse gas emissions perspective (Crone et al. 

2016; Liu et al. 2014). 

While nutrient recovery from anaerobic streams has received significant amounts of 

research attention, its demonstration in AnMBR literature has been lacking.  Thus far, studies 

involving nutrient recovery in AnMBRs has generally been concerned with the concentrations 

available in the membrane permeate (Pretel et al. 2015; Prieto et al. 2013).  The methodology 

employed by these studies suggest that the permeate can either be used for direct application as 
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fertilizer or undergo further treatment for capture in other useful forms, which tends to gloss over 

the challenges encountered when developing actual nutrient recovery techniques for use with 

AnMBR permeate.  For example, while the coagulation-flocculation-sedimentation is a well-

documented process for wastewater treatment, there are several challenges to its application to 

AnMBR permeate, where the presence of phosphate was accompanied by high sulfide 

concentrations, necessitating the use of more coagulants (Lim et al. 2019; Metcalf et al. 2004).  

Furthermore, one downside to the direct application of permeate or the coprecipitation of 

ammonia and phosphate as struvite is that the nutrients can only be applied in fixed ratios.  As 

such, the successful demonstration of recovering useful nutrient products from AnMBR 

permeate warrants further investigation. 

AnMBRs also inherit the central problem that plague membrane-based processes: 

membrane fouling.  Because membranes represent up to 50% of the capital expenditure of new 

MBR installations, maintaining their performance is critical to ensure that membrane processes 

are economically feasible (Boyle-Gotla et al. 2014).  Membrane performance is usually 

measured in terms of flux and transmembrane pressure (TMP), or permeability.  Flux is defined 

as the flowrate of permeate through the membrane pores per area of membrane, with typical 

units of liters per meter squared per hour (LMH) and transmembrane pressure represents as the 

driving force in ultrafiltration and is a measure of the pressure differential across the membrane, 

typically measured in kPa (Metcalf et al. 2004).  Permeability, the ratio of flux to TMP, often 

represented in LMH/bar, is often used to reflect both flux and TMP in a single parameter (Judd 

2010; Metcalf et al. 2004).  The deterioration of membrane performance is often measured by a 

decrease in permeate flux at constant a TMP, an increase in TMP at a constant flux, or 
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decreasing permeability.  The fouling of membranes remains a key challenge impeding the 

widespread adoption of AnMBR technology (Skouteris et al. 2012; Xu et al. 2020a). 

 1.2.2 Membrane Fouling 

Membrane fouling refers to a decrease in membrane performance due to the 

accumulation of material either on the membrane surface or inside the membrane pores, resulting 

in reduced membrane performance (Boyle-Gotla et al. 2014; Meng et al. 2009a).  Foulants are 

typically categorized as biological, organic, or inorganic, and are influenced by the system’s 

operational parameters, such as SRT, HRT, flux, and fouling control measures, as well as 

influent characteristics (Meng et al. 2009a).  Traditionally, organic foulants have been seen as 

the primary contributor to fouling, with particular emphasis on humic substances, soluble 

microbial products (SMP) and extracellular polymeric substances (EPS), but recent studies have 

suggested the importance of fine inorganics in forming an irreversible foulant matrix (Dagnew et 

al. 2012; Liu et al. 2019a; Teng et al. 2019).  The interactions between the different foulants and 

system operating conditions lead to different fouling behaviors being observed in different 

systems. 

Fouling behavior is broadly classified into reversible fouling, which can be managed 

through various physical or chemical maintenance strategies, and irreversible fouling, which is 

permanent.  Reversible fouling can be further classified into mechanically removable fouling, 

which can be reversed by physical means, and mechanically irremovable, which require 

chemical treatment (Di Bella et al. 2018; Meng et al. 2009a).  While these terms describe the 

behavior of the foulants in response to management strategies, they do not provide mechanisms 

for the occurrence of fouling.  Several mechanisms have been proposed to describe how fouling 

occurs on the membranes, with cake layer formation and pore constriction being the two most 
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popular models (Boyle-Gotla et al. 2014; Jiang et al. 2003; Wang and Tarabara 2008).  

Concentration polarization has also been noted to be an inherent fouling mechanism associated 

with membrane filtration, but has largely been categorized as reversible, particularly by 

providing high cross flow velocities (Maaz et al. 2019; Skouteris et al. 2012). 

Cake layer formation describes the accumulation of solids at the membrane surface to the 

point where it blocks pores, and has been hypothesized as the predominant fouling mechanism, 

particularly during operation at higher fluxes (Aslam et al. 2017; Di Bella et al. 2018; Boyle-

Gotla et al. 2014).  The constituents of the cake layer in AnMBR systems has been primarily 

biosolids and their associated polysaccharide and proteinaceous materials (Jin et al. 2013; Liu et 

al. 2019a).  Despite being considered the dominant fouling mechanism, cake layer formation is 

generally considered easier to remove than pore constriction, particularly when mechanical 

cleaning strategies are employed to shear the foulant cake from the membrane surface, 

preventing its accumulation (Di Bella et al. 2018; Jiang et al. 2003).  The presence of divalent 

and trivalent metal cations can cause the cake layer to form a compressed gel via chelation with 

biopolymers, leading to irremovable or irreversible fouling and necessitating the use of chemical 

cleans for membrane performance recovery, however (Liu et al. 2019a).  This interaction 

highlights the need to understand the contribution of both the organic and inorganic foulants. 

Pore constriction is believed to occur due primarily to the adsorption of colloidal or 

soluble biopolymers, for which we use humic substances as proxies, and the precipitation of 

inorganics within the pores of the membrane (Charfi et al. 2012; Wang and Tarabara 2008; 

Zheng et al. 2014).  While cake layer filtration develops quickly, it is believed that pore clogging 

is primarily responsible for the long term, irreversible fouling experienced by membranes, 

particularly for UF membranes, and will occur inevitably, even during low flux operation (Aslam 
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et al. 2017; Wang and Tarabara 2008).  Because the deposition is occurring inside the membrane 

pores, mechanical cleaning by imparting shear at the membrane surface is ineffective, so 

chemical cleaning and backwashing is required to reach and manage the foulants (Liu et al. 

2019a; Wang and Tarabara 2008).  While often presented as distinct mechanisms, both cake 

layer accumulation and pore constriction may occur simultaneously in real operation.  It has been 

hypothesized that localized pore constriction may cause conditions that lead to the initial 

formation of the cake layer, which suggests that the two mechanisms are linked (Ognier et al. 

2004; Wang and Tarabara 2008).   

 1.2.3 Fouling Control Methods 

Fouling management strategies usually target biological, organic, or inorganic foulant 

through a combination of physical and chemical means.  Physical management strategies 

typically work by imparting shear at the membrane surface to scour and attack the cake layer, 

preventing solids accumulation (Boyle-Gotla et al. 2014; Judd 2010).  The most common 

methods of imparting shear are gas-sparging, during which gas is diffused through a plate 

diffuser underneath the membranes and mechanically shear the cake layer, and pump 

recirculation, where the pumps are operated at higher rates to provide sludge mixing in the 

membrane tank (Judd 2010). 

Recently, the use of scouring agents as biological carriers and fouling control agents in 

sidestream systems has become a popular option to consider for AnMBR operation in a fluidized 

bed bioreactor (FBBR) configuration (Aslam et al. 2017; Evans et al. 2019).  Scouring agents 

can shear the foulant cake layer accumulating on the membrane surface when recirculated and 

reduce the amount of pumping energy required to supply high shears, making low-energy 

physical fouling controls possible (Aslam et al. 2017; Evans et al. 2018).  The use of scouring 
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media as biomass carriers in FBBRs also has the advantage of being an attached growth process, 

where bacteria will form biofilms on the scouring media, becoming more resilient to temperature 

fluctuations, and variable and shock influent loadings.  The use of granular activated carbon 

(GAC) in aerobic FBBRs has been extensive, and its applicability has been extended to AnMBR 

operation as well (Kim et al. 2010; Rogalla and Bourbigot 1990).  In one study, a GAC-fluidized 

AnMBR was able to achieve the same organics removal rates at a 65% lower HRT compared to 

its gas-sparged suspended growth counterpart while consuming half as much energy (Evans et al. 

2019).  During long term operation, however, the abrasion of GAC particles can potentially clog 

the membranes and contribute to membrane fouling through irreversible pore blocking, which 

would make it impractical to operate such a system at a full scale without additional 

developments (Evans et al. 2018, 2019). 

Most physical cleaning methods are difficult to employ within the pores, necessitating the 

use of backwashing to address pore clogging (Rabuni et al. 2015).  There are many different 

organic and inorganic species that can be adsorbed in the pores, often necessitating the use of a 

combination of various cleaning agents in tandem: commonly, HCl, H2SO4, and citric acid have 

been widely used to treat inorganics, NaOH and NaOCl have been used to treat organics and 

biofoulants, and various additives such as ethylenediamine tetraaceticacid (EDTA) and 

ammonium bifluoride have been added for chelating effects for the removal of metals (Lee et al. 

2001; Porcelli and Judd 2010).   

Because there are virtually endless numbers of operational parameters that can be 

adjusted that would have an impact on membrane fouling, isolating key parameters such as SRT, 

HRT, flux, and physical and cleaning controls for study has been common. Changes to these 

parameters for fouling control may have impacts on treatment performance, however.  Thus, 
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there are practical tradeoffs to consider when optimizing fouling management of an AnMBR.  In 

addition to membrane performance, optimization must include treatment performance as well as 

the economics of operation in order to have a viable system.  This highlights the importance of 

designing and implementing an effective fouling control strategy. 

As fouling has been the central problem for AnMBRs, most of the different 

configurations have been investigations into different fouling control strategies.  The two most 

popular process configurations, the submerged systems and the sidestream systems, are 

differentiated by how the membrane module is integrated with the bioreactor and how they 

physically manage fouling.  Submerged MBRs set the membranes directly in the main bioreactor 

and rely on gas-sparging to provide shear at the membrane surface and prevent solids deposition.  

Sidestream MBRs have the membranes in a tank separate from the bioreactor and rely on pump 

circulation between the two to impart shear at the membrane surface.  While the additional 

pumping at rates high enough to provide sufficient shear in sidestream MBRs mean that their 

energy demands are higher, they offer several advantages over submerged MBRs, such as being 

able to chemically clean the membranes without exposing the biomass to the chemicals, 

increased hydrodynamic control, and easier access to the membranes for maintenance and 

replacement when necessary (Judd 2010). 

While membrane fouling can incur significant costs in membrane replacement if left 

unmanaged, controlling fouling can be an expensive and energy intensive process; fouling 

management has consumed up to 50% of the total energy for AnMBR operation (Aslam et al. 

2017; Lim et al. 2019).  Furthermore, the heavy use of chemical cleaning to manage fouling can 

shorten the life of membranes while simultaneously increasing consumable chemical costs 

(Rabuni et al. 2015).  As such, there is a need to characterize the foulants within AnMBR 
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systems in order to develop more optimal, targeted fouling management strategies.  A more 

detailed review of fouling characterization methods can be found in chapter 5. 

 1.2.4 Critical Flux Hypothesis 

Flux has been a key parameter in membrane fouling studies, particularly since Field et al. 

(1995) set forth the critical flux hypothesis.  The critical flux hypothesis suggests that there 

theoretically exists a “critical flux,” below which fouling does not occur; this is known as the 

“strong form” of the critical flux hypothesis (Field et al. 1995).  The strong form implies that no 

solids deposition is occurring on the membrane surface and that solutes are not being adsorbed in 

the pores.  However, since fouling has still been observed even during low flux operations, a 

“practical form” of the critical flux hypothesis has developed.  The practical form states that a 

critical flux exists that allows for the operation without the need for membrane cleaning for 

extended periods of time (> 3 weeks) (Cho and Fane 2002; Judd 2010).  Because chemical cleans 

target pore fouling, a lack of chemical cleaning under subcritical flux operation in the practical 

form of the critical flux hypothesis would suggest that pore constriction would be negligible in 

the short term and that solids deposition onto the membrane surface is the main mechanism that 

needs to be managed. 

Virtually any operating parameter that affects the biomass can also have an impact on 

fouling mechanisms.  For example, SRT and HRT, are also known to have a significant impact 

on fouling mechanisms, as they change the behavior of the microorganisms in the system and the 

SMP and EPS composition of the sludge, which, in turn, can affect their propensity for 

deposition (Huang et al. 2010; Meng et al. 2009a).  Because of this, it is important to note that 

the critical flux is, itself, a function of operating parameters that affect the properties of the 

biosolids and their deposition, and that there may be many “critical” parameters that have a 
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threshold beyond which fouling occurs (Fox and Stuckey 2015).  The most prominent example is 

the critical sparging rate hypothesis, which suggests that at a given flux there theoretically exists 

critical gas-sparging rate that can provide enough shear at the membrane surface to prevent 

solids deposition (Fox and Stuckey 2015; Meng et al. 2009a). 
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Chapter 2 - Research Hypotheses and Objectives 

The main objectives of the proposed research are to demonstrate the viability of AnMBRs to 

achieve holistic treatment of domestic wastewater and to fundamentally characterize AnMBR 

foulants with an aim to develop proactive strategies to sustain membrane performance. We 

categorize the following specific objectives: 

1. Evaluate gas-sparged AnMBR performance at the pilot- and lab-scales. 

A. Verify the viability of AnMBRs as a domestic wastewater treatment technology in 

terms of treatment performance (BOD5 and COD) as well as for nutrient and 

energy recovery. 

B. Design and construct a lab scale AnMBR that allows for the dynamic and live 

sampling of membrane fibers to mechanistically understand membrane fouling. 

C. Perform continuous evaluation of membrane fouling through dynamic 

measurement of conventional parameters (TMP, bioreactor solids, maintenance 

clean etc.) along with targeted parameters (sCOD).  

2. Develop a framework for understanding membrane foulants in the lab scale AnMBR that 

encompasses direct measurements on the attached foulants, the impact of the bulk 

bioreactor mixed liquor, and observations in the membrane permeate. 

A. Use end-of-operation membrane autopsies to characterize the foulant cake layer.  

i. Develop SMP and EPS extraction and analysis protocols suitable for use 

on the foulant cake. 
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B. Develop viable methods for dynamic monitoring of suspected foulants during 

AnMBR operation. 

i. Fluorometry, SMP and EPS extraction and analysis, and sCOD are 

proposed as promising tools, either alone or in combination. 

3. Synthesize conclusions from both end-of-life analysis data and proactive monitoring data 

to elucidate the nature and behavior of foulants and prescribe predictive protocols for 

fouling management. 

These objectives will be aimed at evaluating the following hypotheses: 

1. Fouling mechanisms and propensity are dictated primarily by the conditions of AnMBR 

operation.  

a. Operation above the critical flux leads to fouling events primarily controlled by 

solids deposition.  Physical management strategies will be most effective in this 

mode of operation. 

b. Operation below the critical flux leads to pore constriction due to adsorption of 

soluble organic matter and inorganic scaling.  Chemical backwashing will be most 

effective in managing this fouling mechanism. 

2. Fouling events are disproportionately affected by colloidal proteinaceous materials of 

microbial origin. 
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Chapter 3 - Performance of a Pilot Scale Gas Sparged AnMBR for 

Holistic Wastewater Treatment 

This section has been published in Environmental Science and Technology.  The citation is as 

follows: 

Lim, K., Evans, P. J., and Parameswaran, P. (2019). “Long-Term Performance of a Pilot-Scale 

Gas-Sparged Anaerobic Membrane Bioreactor under Ambient Temperatures for Holistic 

Wastewater Treatment.” Environmental Science & Technology, research-article, American 

Chemical Society, 53(13), 7347–7354. 

A pilot scale gas-sparged AnMBR demonstration plant, located in Ft. Riley, Kansas, with 

dissolved methane and nutrient recovery units, was commissioned under the Department of 

Defense’s Environmental Security Technology Certification Program (ESTCP).  AnMBR 

treatment performance was evaluated based on its ability to produce an effluent quality that 

meets the EPA secondary treatment requirements of 30 mg/L 5-day biochemical oxygen demand 

(BOD5), under ambient temperature conditions through seasonal variations.  The system also was 

the first AnMBR to integrate dissolved methane recovery with a membrane contactor at a pilot 

scale to simultaneously reduce greenhouse gas emissions as well as recover the methane for 

energy generation.  A novel nutrient recovery strategy from the AnMBR permeate was 

implemented for phosphorus and sulfide capture through coagulation-flocculation-sedimentation 

(CFS), followed by ammonia capture through an ion-exchange (IX) column using clinoptilolite 

media; neither of the processes have previously been applied to AnMBR permeate in an 

integrated process train.  By treating the organics, capturing both gaseous and dissolved methane 

for energy generation, and recovering nutrients, this study assesses the potential role of AnMBRs 

as a technology for the holistic treatment of domestic wastewater.   
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 3.1 Materials and Methods 

 3.1.1 AnMBR Startup and Process 

The AnMBR was inoculated with 1360 L of mesophilic anaerobic digester sludge 

obtained from the Oakland Wastewater Treatment Plant in Topeka, Kansas with a volatile 

suspended solids concentration of 12500 mg/L and a total suspended solids concentration of 

19000 mg/L.  The inoculation was done by filling the bioreactor with nitrogen gas, then 

displacing the nitrogen with the sludge using a diaphragm pump, ensuring that anaerobic 

conditions were maintained throughout the inoculation process. The reactor was then fed with 

screened municipal wastewater from Ft. Riley, Kansas, marking the beginning of the AnMBR 

operational period. 

The process flow diagram can be found in Figure 3.1, along with the design basis in 

Table 3.1. 

 

Figure 3.1 A schematic of the pilot-scale gas-sparged AnMBR used in this study. Note that the 

screened municipal wastewater was fed into the anaerobic bioreactor without primary settling. 

Dissolved methane in the AnMBR permeate was removed with a Liqui-Cel Extra-Flow 

membrane contactor (3M, Separation and Purification Sciences Division, NC, USA). The 

contactor was a 2.5×8-inch welded housing model G420 that contained 1.5-m2 of X40 
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membranes (serial number 020407L040259 manufactured in 2007). UF permeate was pumped 

upward through the shell side of the vertically oriented contactor, and a controlled vacuum was 

pulled from both ends of the contactor. Vacuum was drawn by either a water liquid ring pump 

(3AV30-1B-NR-XP, Airtech Vacuum, NJ, USA) or a compressed-air operated venturi vacuum 

pump (EW-78165-30, Cole Parmer, IL, USA; equivalent to HVP-100, Vaccon, MA, USA)). No 

sweep gas flow was used. 

Table 3.1. Design basis tables for the pilot-scale AnMBR system (A) and the downstream 

processes (B), including dissolved methane removal using a membrane contactor, and nutrient 

removal using coagulation-flocculation-sedimentation (CFS) and ion-exchange (IX) processes 

 

Removal of phosphorus and sulfide from the membrane permeate was accomplished 

using ferric chloride and aluminum chlorohydrate (ACH) as coagulants and cationic cross-linked 

polymer (P847E, Chemtreat, VA, USA) as a flocculant.  The doses for chemical addition were 
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determined through a series of jar tests, with details shown in Appendix A (Table A1).  Average 

concentrations used in the pilot system were 110 mg-Fe/L, 30 mg-Al/L, and 1 mg-polymer/L. 

IX influent and effluent samples were analyzed for ammonia four hours after the initial 

addition of water.  Each run continued until total breakthrough was observed.  The saturated 

clinoptilolite was shipped to the US Army Construction Engineering Research Laboratory (IL, 

USA) where it was regenerated using either sodium chloride brine or sodium hydroxide and 

shipped back for another experiment.  For replication across the regenerated runs, the 

clinoptilolite used in the experiment was divided into two batches. After a run with one batch 

was completed and was shipped out for regeneration, the alternating batch was loaded into the 

column and the duplicate experiment was performed. 

 3.1.2 Fouling Control 

A double-diaphragm gas blower (KNF model N0150.1.2, KNF Neuberger, NJ, USA) was 

used to sparge the biogas from the headspace of the bioreactor and impart shear on the 

membrane surface to physically control the buildup of membrane foulants.  Other physical 

control strategies included extended membrane relaxation, during which permeate production, 

sludge recirculation, and gas-sparging were stopped, and backpulsing, which was only used in 

conjunction with chemical cleaning. 

Discrete chemical cleaning events were initiated either manually or on a user-defined 

automated schedule during high TMP events or in response to TMP instability.  The chemical 

backpulse solutions used were 500 mg/L sodium hypochlorite (NaOCl) and 2000 mg/L citric 

acid, which were employed either alone, or in back-to-back cleaning events.  Two types of 

chemical cleaning events were used in this study: the less intensive maintenance clean procedure 
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was employed more frequently, while the more rigorous recovery clean procedure was 

performed only once during the study. 

 3.1.3 Energy Balance 

The system’s overall energy balance was a comparison between the energy consumed by 

various processes of the system and the energy that could be recovered from the gaseous and 

dissolved methane.  Energy consumption associated with pumping of incompressible fluids was 

estimated as follows: 

                                                 �̂�𝑝𝑢𝑚𝑝𝑖𝑛𝑔 =
𝑄𝑝𝑢𝑚𝑝𝐻𝑔𝜌

𝜂𝑄𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
                                                                  

where �̂�𝑝𝑢𝑚𝑝𝑖𝑛𝑔 is the pumping energy consumed per unit volume of permeate, 𝑄𝑝𝑢𝑚𝑝 is the 

recirculation or fluidization pump flow rate for which the energy consumption was calculated, 𝐻 

is the head loss associated with pumping, 𝑔 is the gravitational constant, 𝜌 is the density of 

water, 𝜂 is the pump efficiency (assumed to be 65%), and 𝑄𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 is the permeate flow rate 

averaged over the combined pumping/relaxation cycle (Kim et al. 2010). 

Energy consumption associated with adiabatic pumping of compressible fluids (i.e., 

biogas sparging and vacuum extraction of dissolved methane) was estimated as follows: 

    �̂�𝑎𝑑𝑖𝑎𝑏𝑎𝑡𝑖𝑐 =
𝑘𝑄𝑖𝑛𝑃𝑖𝑛

(𝑘−1)𝜂𝑄𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
[

𝑃𝑜𝑢𝑡

𝑃𝑖𝑛

(
𝑘−1

𝑘
)

− 1]   

where �̂�𝑎𝑑𝑖𝑎𝑏𝑎𝑡𝑖𝑐 is the adiabatic sparging or evacuation energy consumed per unit volume of 

permeate, 𝑘 is the heat capacity ratio, 𝑄𝑖𝑛 is the actual inlet volumetric flow rate, 𝑃𝑖𝑛 is the inlet 

absolute gas pressure, 𝑃𝑜𝑢𝑡 is the outlet absolute gas pressure, 𝜂 is the pump efficiency (assumed 

to be 65%), and 𝑄𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 is the permeate flow rate averaged over the combined 

pumping/relaxation cycle. An average value of 1.3 was used for 𝑘 based on the values for 
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methane (1.32), nitrogen (1.4) and carbon dioxide (1.28) (Crone et al. 2016; Green and Perry 

2008). 

Energy production from generated methane was estimated as follows: 

                                    �̂�𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑊𝑚𝑒𝑡ℎ𝑎𝑛𝑒𝑄𝐿𝐻𝑉𝜂

𝐹𝑊𝑚𝑒𝑡ℎ𝑎𝑛𝑒𝑄𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
                                                

Where �̂�𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 is the electrical energy produced by a generator per unit volume of permeate, 

𝑊𝑚𝑒𝑡ℎ𝑎𝑛𝑒 is the methane mass flow rate, 𝑄𝐿𝐻𝑉 is the lower heating value of methane (0.222 

kWh/gram-mole), 𝜂 is the generator efficiency (assumed to be 38%), 𝐹𝑊𝑚𝑒𝑡ℎ𝑎𝑛𝑒 is the formula 

weight of methane (16 g/mol), and 𝑄𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 is the net permeate flow rate averaged over the 

combined pumping/relaxation cycle. 

 3.1.4 Sample Collection and Preparation 

Liquid grab samples were collected from the strained influent, bioreactor, membrane 

permeate, post-coagulation settling basin, and IX column.  Prior to collecting a sample for 

analysis, at least 500 mL was discarded to prevent sampling stagnant water from the pipes.  

Samples for COD analysis were acidified with sulfuric acid on site to a pH below 2.  Samples for 

BOD5 and COD tests were sparged with air for at least 5 minutes prior to analysis to remove 

contributions from H2S and dissolved methane to the analyses. 

Samples for dissolved methane were collected by placing a 54-mL sample vial in a 1-L 

beaker and overfilling the sample vial under quiescent flow until at least 500 mL was displaced. 

The cap was then filled with permeate prior to capping the sample vial, ensuring that the vial 

contained no gas bubbles or headspace, then packaged in a cooler refrigerated to 4°C and 

shipped overnight to Katahdin Analytical Services (Portland, Maine, USA) for analysis. 

Membrane permeate samples were analyzed for dissolved methane using a headspace 
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equilibration method followed by gas-chromatography analysis of the headspace by Katahdin 

Analytical Services (Kampbell et al. 1989).  

 3.1.5 Laboratory Analyses 

COD, ammonia, and sulfide were analyzed using standard Hach methods (Hach methods 

8000, 10205, and 8131 respectively) and a spectrophotometer (Hach DR3900, CO, USA).  

Turbidity and pH were measured using a turbidimeter (Hach 2100N, CO, USA) and a pH meter 

(VWR B10P, PA, USA), respectively.  Volatile Solids (VS), Total Solids (TS), and BOD5 were 

determined in accordance to standard methods 2540E, 2540B, and 5210B, respectively.43 Total 

phosphorus was determined using a Rapid Flow Analyzer (O.I. Analytical Alpkem RFA300, TX, 

USA). Sulfate concentrations were found using an ion chromatograph (ICS1000, Thermo Fisher, 

MA, USA).   

 3.2 Pilot-Scale Gas Sparged AnMBR for Holistic Treatment of Domestic 

Wastewater 

 3.2.1 Operating Conditions 

The pilot system operated with an average HRT of 11±3 hours, and organic loading rate 

(OLR) of 1.3±0.5 kg-COD m-3 d-1, which were comparable to previous lab and pilot-scale 

domestic wastewater studies that had HRTs ranging between 4 to 12 hours (Baek et al. 2010; 

Dagnew et al. 2011; Liao et al. 2006; Lin et al. 2011). The optimized SRT in this study was 

60±27 days (Figure 3.2); previous studies have operated AnMBRs in a wide range of SRTs, from 

20 days to 200 days (Liao et al. 2006; Lin et al. 2013; Skouteris et al. 2012).  
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Figure 3.2 Hydraulic Retention Time (HRT), Solids Retention Time (SRT), and Organic 

Loading Rates (OLR) over the operational period are shown.  A biosolids wasting event intended 

to decrease HRT also significantly lowered SRTs around day 300. 

 

Figure 3.3 Parameters used to evaluate membrane performance are plotted over the operational 

period.  Biogas sparge flow rates were varied over the project period in optimization experiments 

to determine conditions that best balance energy consumption and physical membrane scouring 

to maintain stable transmembrane pressures (TMP) at a constant flux. 
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Membrane performance was monitored throughout the study by measuring transmembrane 

pressure (TMP) and flux (Figure 3.3). In this study, an average TMP of 13±9 kPa was 

maintained with an average membrane flux of 7.6±1.6 L m-2 h-1 (LMH). While many lab scale 

studies have reported fluxes in the range of between 4 and 12 LMH, a number of studies have 

reported fluxes above 30 LMH, which approaches the reported critical flux in AnMBRs of 

between 30 and 50 LMH (Cho and Fane 2002; Liao et al. 2006; Skouteris et al. 2012). Therefore, 

the flux used in this study is considered reasonable. The focus of this chapter is on organics 

destruction, energy recovery, and removal of dissolved methane, sulfide, and nutrients, Further 

discussion on the membrane performance of this system can be found in separate publications 

and the following chapter (Evans et al. 2018, 2019). 

 Two critical parameters affecting biological treatment performance that were not adjusted 

throughout this study were pH and temperature. The average pH of the system was 6.96±0.23, 

firmly within the optimal range for methanogenesis (Liu et al. 2014). Wastewater temperature 

ranged from 12.7°C to 31.5°C (Figure 3.4A). This 18.8°C range is sufficiently broad to allow 

evaluation of performance variations with respect to temperature. However, it did not allow 

evaluation of performance at lower temperatures.  

 3.2.2 Anaerobic Treatment Performance 

In addition to the EPA’s secondary treatment standard of 30 mg/L BOD5, a goal of 60 

mg/L COD was set, based on the 0.5 BOD5/COD ratio often seen in the membrane permeate 

(effluent) in this study; the average BOD5/COD ratio of the effluent over the entire study was 

0.44±0.18. The treatment goals were first achieved within 40 days of operation, with similar 

levels of performance maintained throughout the rest of continuous operation except during 

upset conditions discussed below (Figures 3.4A and 3.4B). This startup time exceeds the 
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conventional expectations for anaerobic systems, which typically requires months (Grosser 2017; 

Judd 2010). The reason for the rapid startup time is thought to be associated with use of an active 

mesophilic anaerobic digester inoculum and warmer temperatures due to starting up in the 

summer. 

The COD and BOD5 data from the first 16 days of operation were not considered because 

the organics were primarily associated with the digestate from the inoculum. When considering 

all the data between days 17 and 472, including the upset conditions explained in the following 

paragraph, the average BOD5 concentrations were 250±110 mg/L in the influent and 29±15 

mg/L in the effluent, which is similar to the EPA discharge limit, with an average removal 

efficiency of 88±6%. During that same period, the average influent COD concentration of 

610±260 mg/L was reduced to 71±41 mg/L in the effluent, with an average removal efficiency of 

88±7%. Sulfate reduction accounted for 44±2 mg/L of the COD consumed. These data 

demonstrate the AnMBR was capable of achieving good organic removal (~90%), though upsets 

resulted in transient reductions in performance. However, the average COD in the permeate 

exceeded the 60-mg/L goal in part because of upset conditions.  

Upsets in treatment performance were often preceded by large biosolid wasting events.  

These wasting events, as indicated by loss of bioreactor VS mass, led to temporary periods of 

decreased COD and BOD5 removal (Figure 3.4C) and an accumulation of volatile fatty acids 

(VFA), indicating an overload (Appendix A, Figure A1). The most significant upset, occurring 

from days 300 to 355, was associated with an intentional sludge wasting event conducted to 

address membrane fouling. COD and BOD5 removals along with relatively low VFA 

concentrations were re-established around day 355 even though the VS mass remained low 

demonstrating the ability of the system to recover from system upsets especially as ambient 
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wastewater temperatures were increasing. Excluding the data during the upset conditions from 

days 300 to 355, the average effluent concentrations were 58±27 mg/L COD and 25±12 mg/L 

BOD5, which meet the treatment goals, and achieving removal efficiencies of 90±4% and 

89±5%, respectively. 

The effects of temperature on the COD and BOD5 removal were less pronounced. 

Removals above 90% of both COD and BOD5 were observed at bioreactor temperatures as low 

as 12.7°C and as high as 31.5°C, suggesting that ambient temperature operation of AnMBRs is 

feasible. The upset condition around day 300 coincided with a period of intermediate 

temperatures (Figure 3.4C) suggesting that the VS loss and not the low temperature was the 

cause of the upset. At lower temperatures, such as around days 150-200, a decreased hydrolysis 

rate may have contributed to a higher concentration of colloidal COD in the bioreactor (Evans et 

al. 2018). Colloidal COD can still be physically removed by the UF membranes, as has been 

observed in previous studies (Chang et al. 2002; Ho and Sung 2010). The system’s ability to 

maintain high levels of treatment efficiency at low temperatures is attributed to the increase in 

physical rejection of colloidal COD by the UF membranes compensating for the likely decreased 

biological activity. Further studies of ambient operation of AnMBRs in colder climates is 

warranted to explore this mechanism and its limits. 
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Figure 3.4 Plots of the system’s treatment effectiveness throughout the entire operational period; 

(A) Influent and permeate COD on the primary axis with temperature on the secondary axis and 

(B) Influent and permeate BOD5 on the primary axis with bioreactor volatile solids (VS) mass 

data on the secondary axis.  As shown in (C), the COD and BOD5 removal rates were impacted 

by sudden drops in bioreactor VS, whereas lower temperature operation did not significantly 

impact performance.  The study’s objectives for effluent COD and BOD5 concentrations were 60 

mg/L and 30 mg/L, respectively.  VS mass was presented instead of concentration because the 

bioreactor’s liquid volume was changed throughout this study. 
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 3.2.3 Effect of Ambient Temperature Operation on Methane Production and 

Distribution 

Because COD removal occurs through a variety of mechanisms not limited to 

methanogenesis, such as physical removal by the membranes, this study reports bulk methane 

yield, defined as L-CH4 at standard temperature and pressure (STP) produced per g-COD 

removed, regardless of the mechanism. The bulk methane yields over three temperature ranges 

show that the average methane production increased with increasing temperatures (Figure 3.5A). 

This conforms with previous studies, where bulk methanogenic yield increased with temperature 

through the mesophilic range until an optimal point of 35°C (Ganesh Saratale et al. 2018; Hagos 

et al. 2017; Tchobanoglous et al. 2003). Methane generation increased from 0.11±0.05 L-CH4/g-

COD at temperatures below 20°C, to 0.15±0.06 L-CH4/g-COD observed at the 20°C to 25°C 

range. For the temperatures above 25oC, the bulk methane yield continued to increase, with an 

average of 0.18±0.05 L-CH4/g-COD, which is significantly greater than the average at 

temperatures below 20°C (p=0.00016), indicating that temperature has a strong influence on bulk 

methane yield. The decreased methane yield observed at lower temperatures is consistent with a 

mechanism of decreased hydrolysis at lower temperatures.  

The observed yields were lower than estimations of theoretical methane yield by 

anaerobic consortia found in literature, usually reported as around 0.35 L-CH4/g-COD at STP 

(Bernet and Buffi 2002; Jennett et al. 2018).  The changes in methane yield due to temperature 

contrasts with the organic treatment performance, which did not vary with temperature. This 

apparent discrepancy is attributed to decreased hydrolysis at lower temperatures, accumulation of 

colloidal COD, and rejection of colloidal COD by the UF membranes. The removal of COD by 
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physical means rather than biological activity would cause the observed bulk methane yields to 

deviate from theoretical values. 

 Over the entire project duration, 58% of the methane was in the gaseous fraction, and 

42% of the methane was found in the dissolved fraction; the permeate was found to be 

oversaturated, with an average degree of oversaturation of 1.14±0.21, as calculated based on 

temperature corrected Henry’s Law constants (Evans et al. 2018; Tchobanoglous et al. 2003). 

The average methane content of the biogas was 68±6.5%, which is comparable to the methane 

content in mesophilic AD processes digesting a variety of substrates (El-mashad and Zhang 

2010; Vargas et al. 2008). The fraction of total methane found dissolved in the permeate tended 

to be greater at lower temperatures, with a general decreasing trend as temperatures increased 

(Figure 3.5B). In the 15°C to 20°C range, on average, 47% of the total methane was dissolved, 

which falls within the anticipated 40-50% seen in previous studies of psychrophilic AnMBRs 

(Crone et al. 2016; Smith et al. 2013; Yeo et al. 2015). 
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Figure 3.5 (A) A box-and-whisker plot of the AnMBR’s bulk methanogenic yield at three 

temperature ranges, showing significant differences in mean methane production. (B) A plot of 

the percentage of methane found in the dissolved fraction at different temperatures. The 

dissolved methane fraction has a generally decreasing trend as temperatures increase. (C) 

Membrane contactor dissolved methane and removal efficiencies are shown in a line plot along 

with influent and effluent concentrations. (D) Membrane contactor removal efficiency as a 

function of absolute pressure at two different flow rates are shown in a scatter plot. 

 3.2.4 Dissolved Methane Removal 

Recovering the methane using a hollow fiber membrane contactor proved viable, even 

with the varying concentrations of dissolved methane in the permeate. The membrane permeate 

contained an average of 14±2 mg/L dissolved methane throughout the study. An average 

dissolved methane removal efficiency of 70±5% was achieved with influent dissolved methane 

concentrations ranging from 10 mg/L to 17 mg/L over a total of 36 tests (Figure 3.5C). The 

average post-contactor dissolved methane concentration was 3.8±0.94 mg/L, with no clear trend 

with respect to influent methane loading. The lack of an observable trend may be associated with 
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the limited range of pre-contactor dissolved methane concentrations. Nevertheless, 70% removal 

may not be sufficient with respect to minimizing the release of methane into the atmosphere. The 

amount of dissolved methane, as CO2 equivalents, remaining in permeate after 70% dissolved 

methane removal was estimated to be 0.11 kg CO2e/m
3. This amount is not insignificant in 

comparison to other studies (Crone et al. 2016; Jeppsson et al. 2007; Liu et al. 2014; Sweetapple 

et al. 2013). 

Dissolved methane removal efficiencies were affected significantly by the permeate flow 

rates and applied vacuums. Increased removal efficiencies were observed at lower permeate flow 

rates and at lower absolute pressures (Figure 3.5D). The average dissolved methane removal 

efficiency with conditions of 0.55 m3 m-2 d-1 of normalized flow and 44 mmHg of absolute 

pressure was 79±2%. Despite being subject to seasonal variations, the results were similar to 

those observed in an upflow anaerobic sludge blanket (UASB) reactor study (68±7%) and in a 

temperature-controlled pilot-scale AnMBR study (67%) (Bandara et al. 2011; Crone et al. 2016; 

Seco et al. 2018). In this study, removal efficiencies up to 66% were observed during tests in the 

summer, whereas removal efficiencies up to 83% were observed in the fall and winter. This 

difference may have been due to further optimization of the membrane contactor setup rather 

than an effect of seasonal variations, however. Regardless, these results suggest that hollow-fiber 

contactors may not be an appropriate solution for dissolved methane recovery.  

 3.2.5 Removal and Recovery of Sulfide, Phosphorus, and Ammonia from AnMBR 

Permeate 

High iron dosages (115 mg-Fe/L), relative to those used in conventional wastewater 

treatment (~30 to 40 mg-Fe/L), were required due to the membrane permeate’s high sulfide 

concentrations (24.0±7.2 mg-S/L) which are typical in anaerobically treated wastewaters 
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(Kolarik et al. 1996; Tchobanoglous et al. 2003). From days 361 to 479, implementation of the 

115 mg-Fe/L dosing, determined through a matrix of jar tests (Appendix A, Table A1), achieved 

an average effluent sulfide concentration of 0.7±1.7 mg-S/L. Determination of an appropriate 

coagulant dosing was critical for the nutrient recovery not only to achieve low levels of 

phosphorus and sulfide, but also to protect the downstream IX column and have a minimal 

impact on the final water quality. The regeneration process of clinoptilolite in the IX column is 

hindered by the presence of sulfide or iron in the CFS effluent, encountered as either dissolved 

species, or unsettled flocs. Ferric chloride alone was insufficient in forming more than pin flocs 

in the AnMBR permeate. The addition of ACH and cationic polymer as coagulant aids was 

critical in forming stronger, well-settling flocs. Further optimization is possible and warranted 

considering the cost and potential environmental impact of using these chemical coagulants for 

sulfide removal (Evans et al. 2018). 

While the targeted method of total phosphorus removal was the CFS unit, the AnMBR 

demonstrated an ability to reduce phosphorus concentrations from 7.0±2.9 mg-P/L in the 

screened influent to 4.2±0.6 mg-P/L in the membrane permeate. The removal in the AnMBR 

does not appear to be associated with phosphorus-accumulating organisms (Evans et al. 2018). It 

is possible that the observed phosphorus removal was attributable to chemical precipitation in the 

AnMBR and precipitate retention by the UF membranes. The CFS unit removed the majority of 

the phosphorus in the treatment train with an average concentration of 0.72±0.36 mg-P/L in the 

sedimentation basin effluent (Figure 3.6). The clinoptilolite IX column also removed some 

phosphorus, producing a final effluent phosphorus concentration of 0.43±0.29 mg-P/L in the 

clinoptilolite effluent for an overall removal of 94±3%. The phosphorus removal by the IX 

column was likely associated with carryover iron from the CFS process. 
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Figure 3.6 Average phosphorus concentration removals and efficiencies by process are shown in 

a pie chart. 

 

The IX column was able to successfully remove greater than 99.5% of the ammonia in 

each run, achieving an average effluent concentration of 0.05±0.05 mg-N/L from influent 

concentrations of 37±4 mg-N/L, with regeneration cycles having little impact on ammonia 

capture efficiency (Figure 3.7). The average breakthrough time for the various clinoptilolite runs 

was around 50 to 100 bed volumes, and longer than comparable bench-scale experiments for 

ammonia capture from anaerobic centrate, but still small enough to require a continuously 

regenerated system. Iron carry over from the CFS system reduced ammonia loading capacity on 

the clinoptilolite which appears to have limited the observed bed volumes prior to 

breakthrough.(Evans et al. 2018; Guo et al. 2008)  Thus, clinoptilolite has potential for post-

AnMBR ammonia removal provided further optimization of the CFS system is conducted. 

Placement of the IX process prior to the CFS process warrants investigation as well. 
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Figure 3.7 Each completed run of the clinoptilolite IX system for ammonia recovery is shown in 

the bar graph.  The second cycle of batch A was not completed due to operating errors. 

 

 3.2.6 Energy Balance 

The averaged energy consumption and power generation normalized per volume of 

wastewater treated are shown for days 420-445, a period where operating conditions were held 

relatively constant (Figure 3.8). The system consumed a total of 0.349 kWh/m3 with the largest 

energy demand being used for continuous gas-sparging with the biogas blower, which accounted 

for 0.19 kWh/m3. This is within the expected range of external-configuration membrane tanks, 

where just the processes associated with membrane maintenance and biogas sparging have 

typically required between 0.03 kWh/m3 to 5.7 kWh/m3 (Le-clech et al. 2006; Lin et al. 2013). 

Mixing, which utilized both the recirculation and WAS/mix pumps consumed 0.12 kWh/m3. The 

recirculation pump alone consumed 66% of the total mixing energy cost to pump mixed liquor 

between the bioreactor tank and the membrane tank in addition to mixing of the bioreactor 
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contents. The pilot-scale bioreactor design was not optimized for efficient mixing and 

improvements in mixing energy consumption are possible by using alternative methods such as 

vertical linear motion mixers, which have successfully reduced the mixing energy consumption 

in anaerobic digesters (Massart et al. 2008; Meroney and Sheker 2014). 

 

Figure 3.8 Graph of power consumed and generated from equipment and processes of the 

system during a period where operating conditions were held relatively constant from days 420-

445. Total power consumption for system operation was 0.349 kWh/m3, and the theoretical 

0.254 kWh/m3 generated for 72.8% of energy neutrality. Values were calculated assuming pump 

efficiency of 65% and generator efficiency of 38%. 

Through biogas capture and an assumed dissolved methane recovery efficiency of 79%, 

an estimated 0.254 kWh/m3 would be able to be generated, contributing 72.8% towards energy 

neutrality. The 0.008 kWh/m3 input required to recover dissolved methane using a membrane 

contactor produced 0.052 kWh/m3 of energy, indicating an energy incentive to employ this 

strategy in this system. The energy associated with dissolved methane recovery was the energy 

required to operate a vacuum pump to generate 44 mmHg absolute pressure with a permeate 

flow rate of 0.56 L/min, which was the average operating condition in this study. The 

implementation of more efficient biogas sparging technologies, such as recently developed 

techniques that involve sparging in pulses at high flow rates, could reduce energy demand on the 
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most energy intensive process in gas-sparged AnMBR operation and help achieve energy 

neutrality.  

A COD balance was conducted by totalizing the amounts of wastewater COD, permeate 

COD, gaseous and dissolved methane, sulfate reduction, and wasted sludge volatile solids and 

calculating their COD equivalents. The sludge recovered from the bottom of the bioreactor was 

also included in the COD balance. The mass balance was not complete with 35% of the COD 

unaccounted (i.e. other). Possible explanation for the missing COD includes underestimation of 

the wasted solids, instrumentation inaccuracy (e.g. flowmeters and gaseous methane analyzer) 

and analytical inaccuracy. 

 3.3 Future Outlook 

AnMBRs continue to be a promising technology that fit into holistic wastewater 

treatment. This pilot-scale demonstration met its treatment objectives for a long period of 

operation and behaved similar to previous lab scale studies, suggesting its scalability. 

Furthermore, it managed to do so under ambient and seasonally varying wastewater 

temperatures, which potentially expands its viability for implementation in temperate climatic 

regions. This study demonstrated just one possible configuration of a holistic AnMBR treatment 

train. Future studies are required to demonstrate alternative nutrient removal strategies, dissolved 

methane removal technologies, and their impact on the economics of operation and scale up. 

 3.4 Summary 

 This study has demonstrated the viability of AnMBRs as a technology capable of holistic 

wastewater treatment [Chapter 2, Objective 1A].  Operating under ambient temperatures for 472 

days, the AnMBR achieved an average effluent quality of 58±27 mg/L COD and 25±12 mg/L 

BOD5 at temperatures ranging from 12.7°C to 31.5°C. The average total methane yield was 
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0.14±0.06 L-CH4/g-COD fed, with 42% of the total methane dissolved in the permeate. 

Dissolved methane removal using a hollow fiber membrane contactor achieved an average 

removal efficiency of 70±5%, producing effluent dissolved methane concentrations of 3.8±0.94 

mg/L. The methane recovered from gaseous and dissolved fractions could generate an estimated 

72.8% of the power required for energy neutrality. Nutrient recovery was accomplished using 

coagulation, flocculation, and sedimentation for removal of sulfide and phosphorus, followed by 

a clinoptilolite ion-exchange column for removal of ammonia, producing effluent concentrations 

of 0.7±1.7 mg-S/L, 0.43±0.29 mg-P/L and 0.05±0.05 mg-N/L. The successful integration of 

AnMBRs in a treatment train that addresses the critical challenges of dissolved methane and 

nutrients demonstrates the viability of the technology in achieving holistic wastewater treatment. 
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Chapter 4 - Membrane Performance and Foulant Characterization 

in a Pilot Scale AnMBR 

This section has been published in Environmental Science: Water Research and Technology.  

The citation is as follows: 

Lim, K., Evans, P. J., Utter, J., Malki, M., and Parameswaran, P. (2020). “Dynamic monitoring 

and proactive fouling management in a pilot scale gas-sparged anaerobic membrane bioreactor.” 

Environmental Science: Water Research and Technology, Royal Society of Chemistry, 6(10), 

2914–2925. 

 

The design basis of the pilot-scale AnMBR system, its description, operating conditions, 

and treatment performance have been previously described in chapter 3.  The focus of this 

chapter is on the performance of the membranes, the effectiveness strategies used for fouling 

control, and foulant characterization. 

 4.1 Materials and Methods 

The AnMBR was operated continuously for 472 days, treating domestic wastewater from 

Ft. Riley, Kansas. A schematic of the pilot-scale AnMBR and its fouling control appurtenances 

is shown in Figure 4.1.  Municipal wastewater from Ft. Riley was passed through a 1.7 mm 

screen (Eaton model DCF400) prior to being fed to the AnMBR, which operated at an average 

HRT of 11±3 hours.  Sludge was recirculated between the bioreactor and the membrane tank 

using two progressive cavity pumps (Moyno model 33304) in order to promote mixing, with one 

of the pumps also being used to waste the sludge from the bioreactor. 
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Figure 4.1 A schematic of the pilot-scale gas-sparged AnMBR used in this study adapted to 

show fouling control methods. 

 

 4.1.1 Fouling Control 

The fouling control strategy used in this study were primarily physical.  Sparging was 

accomplished using a double-diaphragm gas blower (KNF model N0150.1.2, NJ, USA) to pump 

the biogas from the headspace of the bioreactor.  The net sparge flow rate, measured in standard 

liters per minute (SLPM) was varied over the course of pilot operation through a series of 

experiments.  Other physical control strategies included extended membrane relaxation, during 

which permeate production, sludge recirculation, and gas-sparging were stopped, and 

backpulsing. 

Discrete chemical cleaning events were initiated either manually or on a user-defined 

automated schedule during high TMP events or in response to TMP instability.  The chemical 

backpulse solutions used were 500 mg/L sodium hypochlorite (NaOCl) or 2000 mg/L citric acid, 

which could be employed either alone, or back-to-back.  Maintenance cleans were initiated on a 

more regular basis, usually in response to high TMP events, and could involve using the 

chemicals either alone or back-to-back.  The more intense recovery cleaning procedure was only 
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used once throughout the operational period and involved extended chemical soaking periods 

using each chemical.  Representative cleaning procedures for maintenance cleans and the 

recovery clean are shown in Table 4.1 and Table 4.2, respectively. 

Table 4.1 The typical maintenance cleaning procedure used in this study.  For back-to-back 

cleans, this procedure is repeated once for each chemical 

  

Maintenance Clean 

Procedure 

Time 

(s) Action 

  Membrane relaxation 300 

Permeation is paused, biogas sparging 

continues 

  Chemical backpulse 120 

Biogas sparging and pump recirculation are 

paused, permeate pump is reversed and 

chemical is backpulsed at 20 LMH 

  Membrane relaxation 300 Permeate pump is paused 

5 

Cycles 
  Chemical backpulse cycle 30 

Permeate pump backpulses chemical at 20 

LMH 

  Membrane relaxation cycle 270 Permeate pump is paused 

  Clean water Backpulse 120 

Permeate pump backpulses water at 20 

LMH 

  Membrane relaxation 60 Permeate pump is paused 

  Biogas Sparge 300 Biogas sparging is resumed 
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Table 4.2 The recovery cleaning procedure used in this study.  This procedure was repeated once 

for each chemical. 

  

  Recovery Clean Procedure Time Action 

  Membrane relaxation 5 min 

Permeation is paused, biogas 

sparging at 50 SLPM, pump 

recirculation continues 

  Drain membrane tank N/A 

Biogas sparging and pump 

recirculation are paused, 

drain the membrane tank's 

contents to the waste line 

  Fill membrane tank with permeate N/A 

Backpulse membrane tank 

until filled with 110 L of 

permeate 

 

  Biogas Sparge 5 min 

Permeate backpulse is 

paused, biogas sparging is 

resumed 

 

 Drain membrane tank N/A 

Biogas sparging is paused, 

drain the membrane tank to 

the waste line 

Repeat until 90% 

of the membrane 

tank is filled 

  Chemical backpulse cycle 2 min 

Permeate pump backpulses 

chemical at 33 LMH 

  Membrane relaxation cycle 2 min Permeate pump is paused 

  Chemical soak: NaOCl 4 min 

Permeate pump remains 

paused for 4 minutes after the 

final cycle 

 

 Drain 30% of the membrane tank N/A 

Drain the 30% of the 

membrane tank's total 

volume to the waste line 

Repeat until 90% 

of the membrane 

tank is filled 

  Chemical backpulse cycle 2 min 

Permeate pump backpulses 

chemical at 33 LMH 

  Membrane relaxation cycle 2 min Permeate pump is paused 

  Chemical soak 4 min 

Permeate pump remains 

paused for 4 minutes after the 

final cycle 

  Drain 30% of the membrane tank N/A 

Drain the 30% of the 

membrane tank's total 

volume to the waste line 
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Recovery Clean Procedure 

(cont.) Time Action 

  Fill membrane tank with permeate N/A 

Backpulse permeate at 33 

LMH until membrane tank is 

full, diluting the dosed 

cleaning chemical 

  Chemical soak 6 h 

Allow membrane to soak in 

residual chemical 

  Drain membrane tank N/A 

Drain the membrane tank's 

contents to the waste line 

 

The maintenance clean procedure began with 5 to 10 minutes of sparging the membranes 

while the permeate pump was turned off.  After the specified time, sparging and sludge 

recirculation were paused, and a chemical cleaning solution was backpulsed through the 

membranes at 20 LMH for 2 minutes, after which the membranes were relaxed for 4.5 minutes.  

The membranes then underwent 5 to 10 cycles of 30 second chemical backpulses at 20 LMH 

followed by 4.5 minutes of relaxation.  After the chemical backpulsing, the membranes were 

backpulsed with clean permeate at 20 LMH for 2 minutes.  The membranes were then sparged 

for 5 to 10 minutes prior to returning to normal operation.   

 4.1.2 Fouling Parameter Analyses 

TMP was measured by taking the difference between a pair of pressure transmitters 

(Endress and Hauser Cerabar PMC51, Reinach, Switzerland) taking pressures from the 

membrane tank’s bulk sludge and from the permeate line.  Flux was a derived parameter 

calculated from the permeate flow rate, taken using an electromagnetic flow meter (Endress and 

Hauser 5P1B15, Reinach, Switzerland), and dividing it by the total membrane surface area (12.9 

m2).  Permeability is calculated as the ratio of flux to TMP and is presented in units of LMH/bar 

(Judd 2010; Metcalf et al. 2004).  A baseline permeability was established by taking the 
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averaging the permeability during the period of operation during which the virgin membranes 

were operated under stable conditions without the use of chemical cleaning.  The percentage of 

baseline permeability data was then calculated by dividing the permeability of the sample point 

by the established baseline permeability. 

Membrane permeate samples collected for soluble chemical oxygen demand (sCOD) and 

fluorometry measurements.  500 mL of permeate was collected on site and immediately acidified 

to a pH of below 2 with sulfuric acid.  Samples were sparged with air for 10 minutes to eliminate 

the contribution of hydrogen sulfide and filtered through 1.2 µm filter paper (Whatman 1822-

047, Maidstone, United Kingdom).  COD measurements were performed on these samples using 

Hach method 8000 and a Hach spectrophotometer (Hach DR3900, CO, USA).  The samples 

were aliquoted in quartz cuvettes (Starna 3-Q-10, Ilford, UK) and analyzed using a Horiba 

Aqualog fluorometer (Horiba, Kyoto, Japan) to generate excitation-emission matrices (EEMs). 

Membrane fibers were collected at the end of operation for autopsy analyses.  American 

Water Chemicals, Inc (AWC, FL, USA) performed a membrane autopsy, which included Loss 

on Ignition (LOI) testing to determine the organic content of the foulants, scanning electron 

microscopy (SEM) with energy dispersive x-ray spectroscopy (EDX) to determine the elemental 

composition of the foulants, and Fourier Transform Infrared Spectroscopy (FTIR) to analyze 

functional groups.  In addition to the analyses done by AWC, analyses using transmission 

electron microscopy (TEM) and electron diffraction were performed at Kansas State University’s 

Microscopy Facility using a Philips CM-100 microscope with a tungsten filament. 

 4.2 Membrane Performance 

Over the 472-day operation period, the AnMBR operated at an overall average net flux of 

7.6±1.6 L m-2 h-1 (LMH) and an average TMP of 13±9 kPa (Figure 4.2).  The first 40 days of 
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operation were used to establish a baseline for the system’s membrane performance without the 

use of chemical cleaning; the average permeability during this period was 336±81 LMH/bar, 

with an average flux of 10.1±2.2 LMH, net biogas sparge flowrate of 75 SLPM, and average 

TMP of 2.7±1.0 kPA (Figure 4.3A).  The ability to operate for long periods, defined in literature 

as over three weeks, without any maintenance cleaning is consistent with subcritical flux 

operation, during which solids deposition is minimal (Cho and Fane 2002).  The maintenance 

clean executed on day 42 was able to recover 80% of the baseline permeability, suggesting that 

no appreciable irreversible fouling had occurred, and that the system was being operated under 

subcritical conditions. 

The permeability decreased by 92% from the start of operation to an average 

permeability to 28±6 LMH/bar in the last 40 days of operation (Figure 4.3B).  The first 

irreversible reduction in permeability coincided with a user-controlled net biogas sparge flowrate 

reduction to 37 SLPM, initiated on day 56, while maintaining a flux setpoint of 10 LMH (Figure 

4.3A).  Subsequent attempts to recover the baseline permeability by increasing biogas sparge 

flowrate were not able to be sustained, suggesting that physically irremovable fouling had 

occurred, and that the system was operating below the critical sparging rate, which is the 

theoretical sparging rate above which no solids deposition would occur.  The presence of 

irremovable fouling has been hypothesized to increase the propensity for local fouling and 

consequently lower the critical flux of the overall system, which lowers the overall membrane 

permeability(Cho and Fane 2002; Fox and Stuckey 2015).  When operating above the critical 

flux, the hypothesis is that fouling attachment is more likely to proliferate and form a cake layer 

in localized areas that have experienced irremovable fouling, so lowering the operating flux 

should theoretically ameliorate these effects.  Indeed, lowering the flux setpoint from 10 LMH to 
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6.8 LMH on day 74, while still operating at the reduced sparging rate of 37 SLPM, was able to 

restore stable membrane performance without chemical cleaning or any other parameter 

adjustments, further supporting the critical sparging rate hypothesis.  Thus, managing the initial 

deposition of foulants appears to be critical for maintaining membrane performance. 

 

Figure 4.2 A plot of transmembrane pressure, flux, net biogas sparge flowrate, chemical 

cleaning events, and sludge wasting over the study’s entire duration. 

 

 4.2.1 Chemical Cleaning 

The first major reduction in permeability occurred between days 40 to 42, and prompted 

a maintenance clean that was able to recover nearly all of the lost permeability (Figure 4.3A).  

Although the cleaning procedure occurs within 40 minutes from initiation to resuming normal 

operation, the maximum recovery of permeability appears to be slightly delayed, occurring 7 



52 

days following the cleaning event (Figure 4.3A).  This delayed recovery was observed following 

each chemical cleaning event that was initiated after an extended  period (more than 3 weeks for 

subcritical conditions) without any maintenance cleans (days 42, 84, and 114, as shown in Figure 

4.3B), with the maximum recovered permeabilities being observed 6±2 days after the initiated 

clean, on average (Cho and Fane 2002).  This effect is less pronounced during periods of regular 

maintenance cleaning.  One possibility is that the final backpulsing may not have been sufficient 

for removing the partially dissolved foulants from the pores or the membrane surface, and that 

the physical mechanism of biogas sparging likely completes this process in the days after the 

cleaning.  Regular maintenance cleans may interrupt the solids deposition onto the cake layer to 

the point where the physical removal mechanisms do not have as large of an impact on 

recovering permeability. 

The effectiveness of the maintenance cleans also decreased progressively with time; 

cleaning events recovered 80%, 34%, 7%, and 2% of the baseline permeability on days 42, 84, 

114, and the final clean on day 461, respectively, indicating that the foulant becomes less 

susceptible to chemical cleans as AnMBR operation continues (Figure 4.3B).  The reasons for 

this progression of chemically resistant irreversible fouling require further investigation and may 

have implications on fouling control strategies.  Elucidating the main foulants at each stage of 

the membrane’s operational life may lead to more targeted control strategies aimed at specific 

fouling agents. 
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Figure 4.3 Plots of membrane performance.  (A) shows the TMP, Flux, and Permeability over 

the first 80 days.  The first 42 days were operated without chemical cleaning and is used as a 

benchmark for the system’s original permeability.  (B) plots the percentage of the benchmark 

permeability from the first 42 days, and chemical cleaning events. 
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 4.2.2 Bioreactor Solids and the Potential Role of Soluble COD on Membrane 

Fouling 

Chemical cleaning, even when used regularly, was not always able to considerably 

recover permeability, as observed from days 210 to 270, where permeability was unstable and 

relatively low despite regular maintenance cleaning (Figure 4.4A).  Some fouling events appear 

to be correlated with bioreactor solids concentration or sCOD.  The largest recovery of 

permeability occurred from days 299 to 316, where the solids wasting caused a 64% decrease in 

bioreactor TS and an 80% decrease in sCOD concentrations, recovering 34% of the baseline 

permeability, significantly more effective than chemical cleaning during this period of operation.  

The system was operated from day 323 to day 411 with solids wasting as the only control 

strategy actively being employed, without any maintenance cleans.  TMP stability seemed to be 

improved at lower sCOD concentrations as well, indicating more consistent membrane 

performance.  The large wasting event did lead to a temporary period of decreased treatment 

performance for 55 days following the loss of biomass (Lim et al. 2019),  It is likely that this 

performance loss could have been avoided had the sludge wasting been conducted periodically, 

rather than all at once.  Nonetheless, treatment performance was able to be recovered without 

any additional action aside from regular operation. 

A previous AnMBR study found the impact of solids concentrations less than 20 g/L 

were due mostly to colloids and the solids would have negligible impact when operating at 

subcritical fluxes(Dagnew et al. 2012).  The average bioreactor TS during the system’s operation 

was 9200±6000 mg/L, well below 20 g/L.  Because of this, it is likely that the improved 

membrane performance was due to the reduction of sCOD concentration rather than TS 

concentration. 
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Figure 4.4 A period of operation from day 175 to the end of operation on day 472 is shown in 

(A) to show the effects of wasting solids, which affects concentrations of the bioreactor’s total 

solids as well as the bioreactor’s soluble chemical oxygen demand (sCOD), on permeability.  (B) 

and (C) are Excitation-Emission Matrices (EEMs) generated from fluorometer data, which are 

used to further characterize the soluble organic matter in the membrane permeate.  During fouled 

conditions (B) fluorophore B2, indicative of tyrosine-like compounds, is predominant, but the 

impacts of a tryptophan-like peak (T1) and a humic-like peak (M) are still apparent.  B2 is 

present during normal operation (C) at lower concentrations.  T1 and M, which suggest the 

presence of tryptophan-like compounds and humic-like compounds respectively are also seen 

during normal conditions. 

A preliminary characterization of the colloidal fraction was conducted using a 

fluorometer to analyze the dissolved organic compounds in the permeate during days 452 and 
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472, which correspond to a period of decreased membrane performance and a period of stable 

membrane performance, respectively (Figures 4.4B and 4.4C).  The fouling event occurring 

during day 452 appears to be caused by higher concentrations of proteinaceous materials, 

particularly tyrosine-like compounds, as indicated by the higher concentrations of the B2 

fluorophore compared to what was observed on day 472 (Henderson et al. 2009; Hudson and 

Reynolds 2007).  Tryptophan-like and humic-like compounds, as indicated by fluorophores T1 

and M, respectively, are present in both EEMS, but their impacts are relatively masked due the 

higher concentrations of tyrosine-like compounds(Henderson et al. 2009; Hudson and Reynolds 

2007). Further research is required to confirm if colloidal proteinaceous materials have a 

disproportionate impact AnMBR fouling, and if they can be candidates for continuous 

monitoring in the membrane permeate. 

 4.3 Foulant Characteristics and Composition 

 4.3.1 Organic Foulants 

The foulant layer contained black and brown clay and silt-sized particles, with an organic 

matter content of 59% as determined by the LOI test.  Organic filaments consistent with those of 

filamentous bacteria were observed only in samples taken from the bottom of the membrane 

module, indicating that the spatial distribution of foulants is non-uniform and may have 

implications for maintenance procedures.  Annelids and algae were also found throughout the 

cake layer, and although their impact on fouling is unknown, it indicates that the cake layer is a 

complex matrix governed by more than just biofilm properties. 

FTIR analysis of the foulant cake (Figure 4.5A) confirmed that the fouling was largely organic.  

The strong peak at 1029.33 cm-1 has been suggested as indicative of the presence of 

polysaccharide and polysaccharide-like organic substances due to symmetric and asymmetric 
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C=O stretching, as observed in previous lab scale AnMBR studies (Kimura et al. 2015; 

Sahinkaya et al. 2018; Yurtsever et al. 2016).  However, a similar peak can be observed in the 

FTIR spectra from the ignition residue (Figure 4.5B), which suggests that the peak may be 

inorganic in nature; the peak is consistent with spectra obtained from crystalline silica and the 

actual peak may be signatures of aluminosilicate materials (Evans et al. 2018).  The peaks at 

1538.16 cm-1 and 1632.48 cm-1 are consistent with amide II and amide III groups, respectively, 

which have been noted for being unique to secondary protein structure and indicative of proteins 

in the foulant cake (Maruyama et al. 2001; Sahinkaya et al. 2018).  The peak at 3279.55 cm-1 is 

also associated with proteins, and suggests primary amine or amide (Coates et al. 2000). The two 

peaks at 2920.27 cm-1 and 2851.21 cm-1 indicate the presence of saturated aliphatic compounds, 

which have also been observed to be present in urease protein samples (Coates et al. 2000; Evans 

et al. 2018).  Altogether, the FTIR analysis of the foulant cake corroborates the EEM analysis 

and suggests that proteins are the primary foulant on the AnMBR membrane fibers, which is 

consistent with previous AnMBR studies (Ding et al. 2015; Gao et al. 2010). 
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Figure 4.5A FTIR spectra of dehydrated foulant from the cake layer.  The peak at 3279.55 cm-1, associated with primary amines and 

amides, and the peaks at 1538.16 cm-1 and 1632.48 cm-1, uniquely associated with amide II and amide III groups, suggest the heavy 

presence of proteins.  Saturated aliphatics were observed at peaks 2920.27 cm-1 and 2851.21 cm-1, and aluminosilicates are suggested 

by the peak at 1029.33 cm-1. 
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Figure 4.5B FTIR spectra of foulant after ignition at 450ºC for 8 hours to combust the organic materials present, leaving only 

inorganics.  The peaks at 2967.95 cm-1 and 2901.4 cm-1 are indicative of calcium phosphate dibasic and monobasic.  The large peak at 

1027.07 cm-1 is indicative of aluminosilicates 

 

Calcium Phosphate 

monobasic and dibasic 

Aluminosilicates 



60 

 4.3.2 Inorganic Foulants 

Inorganic scaling was observed using SEM, EDX, and TEM.  The main elements, 

excluding carbon, and oxygen, found were fluorine, which is associated with the membrane 

material, silicon, calcium, iron, phosphorus, sulfur, sodium, aluminum, magnesium, titanium, 

potassium, whose average atomic percentages are listed in Figure 4.6A.  The most commonly 

encountered precipitates were calcium sulfate, calcium and iron phosphates, iron hydroxide, and 

titanium oxide.  Notably, calcium carbonate formation was not observed using FTIR or 

microscopic methods.  This is consistent with an average Langelier Saturation Index (LSI) of -

0.20±0.3 during the first 96 days of operation (Appendix B, Table B1).  However, because the 

LSI is specific to calcium carbonate, it does not preclude the possibility of scaling due to other 

calcium precipitates such as calcium sulfate and calcium phosphate. 

Sulfur precipitation was observed primarily as calcium sulfate.  Calcium sulfate’s 

presence was readily found throughout the vertical profile of the membrane, and its presence was 

confirmed independently through SEM-EDX and TEM with X-ray diffraction (Figure 4.6A; 

4.6B; Appendix B, Figure B1).  No heavy metal-sulfide precipitates were observed, which is in 

contrast with previous lab-scale studies which suggested that the increase in sulfur concentration 

in the foulant cake was due to metal-sulfide precipitates, particularly FeS (Sahinkaya et al. 2018; 

Yurtsever et al. 2016). 

While metal-sulfide precipitates were not found, phosphate minerals were found 

throughout the entire vertical profile of the membrane.  Calcium phosphate was ubiquitous along 

the entire membrane module’s profile, consistent with observations and modeling done on 

previous AnMBR studies that suggest phosphate was the strongest competitor for calcium ions 

and may be the dominant scalant in AnMBRs (Jun et al. 2017; Zhang et al. 2007). 
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Figure 4.6 Representative micrographs and microscopy results.  (A) shows a representative 

scanning electron microscope image and its accompanying EDX table.  (B) is a transmission 

electron microscope image of inorganic crystalline calcium sulfate, an unexpected inorganic 

scalant that was encountered throughout the foulant cake layer. 

Aluminum phosphate was also observed, but only in samples from the top of the 

membrane module.  The ubiquity of phosphate precipitates along with the lack of phosphorus 

accumulating organisms in the microbial community analysis shown in the final report on the 

system suggests that the observed phosphorus removal in the AnMBR is abiotic in nature (Evans 

et al. 2018; Lim et al. 2019). 
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 4.4 Implications and Considerations for AnMBR Design and Operations 

The findings of this study suggest several possible improvements for optimizing 

membrane fouling strategies in AnMBRs in future as a result of a more fundamental 

characterization of the foulants.  One of the main findings of this study was that the chemical 

cleaning was not consistently effective, suggesting that the design and operation strategies could 

be improved upon.  In this study, the system tended to be operated at subcritical fluxes, which 

implies that the gas sparging rates and fluid dynamics were not as favorable for solids deposition.  

When the blower rate was decreased beyond the critical rate and the operating flux likely 

exceeded the critical flux, neither chemical cleaning nor increasing the sparging rate were able to 

restore the lost permeability.  This indicates the need for proper, targeted responses to the 

different types of fouling events. 

One of the design assumptions that was challenged was the composition of the foulants, 

which dictated the choice of chemical cleaning agents.  The 2000 mg/L citric acid was selected 

for inorganic fouling control under the assumption that calcium carbonate would be the main 

scalant, but both the LSI (Appendix B, Table B1) and the end-of-life membrane analyses 

suggested that calcium carbonate was undersaturated and not precipitating.  Instead, as verified 

by SEM-EDX and TEM, calcium sulfate and calcium phosphate were ubiquitous.  While citric 

acid is an effective antiscalant for calcium sulfate control when administered at concentrations 

above 2500 mg/L, it has been observed to encourage calcium sulfate crystal growth at 

concentrations below 2500 mg/L, suggesting that the 2000 mg/L citric acid chemical cleans 

employed in this study may have actually had a negative impact on membrane performance 

(Hoang et al. 2009; Titiz-Sargut et al. 2007).  Citric acid has also been shown to have mixed 

results in removing calcium phosphate scales as well, with several alternatives, such as mellitic 
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acid or hydroxyethylene diphosphoric acid, being far more effective (Amjad 1989; Greenberg et 

al. 2005; Qin et al. 2009).  It is possible that the chemically irreversible fouling in this study were 

due to cleaning agent selection, and that more targeted cleaning strategies may have been more 

suitable for recovering permeability, highlighting the importance of AnMBR foulant 

characterization. 

 The large improvements to membrane permeability as a response to solids wasting 

increases the priority of managing proteinaceous foulants.  The presence of proteinaceous 

foulants in this system was independently corroborated through FTIR and fluorometry, and 

sCOD may be a simple method for regularly monitoring their approximate concentration.  

Previous studies have shown that the proteinaceous foulants were primarily from EPS (Gao et al. 

2010).  Should this be the case, then the sludge wasting could improve membrane permeability 

through two mechanisms: the permeability could improve as a response either to the decrease in 

sCOD or protein concentration, or the change in SRT can select for microbes that produce EPS 

with different properties and impacts to fouling (Al-halbouni et al. 2008; Huang et al. 2010).  

Further studies are required to verify that the protein foulants are primarily associated with EPS, 

and what the primary mechanism is for improved membrane performance as a result of solids 

wasting. 

 4.5 Summary 

 This study focused on the fouling aspects of pilot scale AnMBR operation 

[chapter 2, objective 1B].  It utilized a suite of analyses from both the operational period and 

end-of-life autopsy to begin developing a framework for the fundamental characterization of 

AnMBR foulants [chapter 2, objective 2].  The identification of calcium phosphates and sulfates 

as the predominant scalants in this study may be used to improve future chemical cleaning 
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strategies: the citric acid cleans in this study may have been at too low a concentration for it to 

have been effective [chapter 2, objective 3].  This study also offered further support of the 

critical flux and critical sparging rate hypotheses and suggests that reversible fouling is largely 

due to solids deposition when operating above the critical flux [chapter 2, hypothesis 1].  

Additionally, the tandem use of FTIR, fluorometry, and sCOD measurements suggests that 

proteinaceous foulants are key in irreversible fouling and pore constriction, and that further 

research is warranted [chapter 2, hypothesis 2]. 
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Chapter 5 - Review of Techniques for Understanding Membrane 

Fouling 

 5.1 Framework for Understanding Membrane Fouling in AnMBRs 

  Foulant characterization has been a significant challenge in AnMBR systems.  One 

reason is that removing the membranes while maintaining process performance (which requires 

anaerobic conditions) is extremely challenging.  This influence leads to significant data gaps 

concerning the progression of AnMBR fouling.  A significant drawback is that many studies 

only consider virgin membranes or membranes at the end of operation (Berkessa et al. 2018; Cho 

and Fane 2002).  The issue with analyzing the membranes at the end of operation also extends to 

the cake layer, which often can only be analyzed at the termination of the experiment. This fails 

to capture the development of the fouling layer and makes it difficult to determine how fouling 

behavior changes in response to various conditions such as shock loadings or maintenance 

cleans. 

 Because it is difficult to obtain membrane and foulant cake layer samples during 

operation, measurements from the bulk sludge and membrane permeate have been employed to 

measure fouling behavior indirectly (An et al. 2009; Ding et al. 2015; Gao et al. 2010).  Direct 

observation of fouling on the membranes and on the cake layer as an alternative to finding 

correlations in the bulk sludge and membrane permeate to membrane fouling can be a powerful 

way to develop monitoring parameters for precise and early prediction of fouling events.  

Ultimately, understanding fouling behavior is only possible by integrating the characteristics of 

bulk sludge, the foulants, and the permeate. 

While bulk sludge, permeate, and the foulants may exhibit different characteristics, 

changes in each provide valuable information in evaluating the development of fouling.  
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Enrichment of certain microbes from the bulk sludge to the foulant cake layer may provide 

insights into the conditions favorable for the bacterial colonizers in biofouling events (Gao et al. 

2010).  Changes in the community structure of microbes in the foulant layer may also have 

observable impacts on the dissolved organic matter (DOM) and inorganic species composition 

found in the membrane permeate.  Tying together insights from the microbial communities of the 

bulk sludge and the foulant layer, the physical structure of the foulant layer, and the permeate 

characteristics may lead to more fundamental understanding of fouling behavior in AnMBRs. 

This highlights the need for the use of techniques that can be used either alone or in combination 

to examine a wide range of substrates in both solid and aqueous phases. 

This review assesses various tools and techniques that can be used to characterize the 

fouling phenomena in AnMBR systems.  Many of the techniques have not been used in the 

context of AnMBRs, but a case for their application can be made due to their successful 

application in other fields.  Recontextualizing techniques used in fields such as geology, where 

inorganic and organo-metallic characterization has been conducted, for example, can help to 

understand the complex interactions between the various constituents of the membrane fouling 

layer. 

 This review proposes a few techniques that show promise for use in tracking various 

constituents of interest in the bulk sludge, foulant cake layer, and permeate.  Particular attention 

is given to SMP and EPS, which have been identified as significant factors in AnMBR fouling 

(Cho and Fane 2002; Dereli et al. 2015).  While this study acknowledges that microbial 

community analysis is key towards deciphering fouling mechanisms, the protocols are already 

well described in wastewater literature and would not benefit from being reviewed and 

recontextualized for use in AnMBR systems (Gao et al. 2011; Smith et al. 2013).  For similar 
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reasons, microscopy techniques are not discussed, as standard imaging and elemental analysis 

techniques are adequate.  However, as the sampling methods for the cake layer are not standard, 

a brief discussion is warranted.  Ultimately, the goal is to develop a framework for advancing the 

understanding of fouling for use as monitoring methods and inform fouling control strategies. 

 5.1.1 Sampling the Foulant Cake Layer 

 While sampling methods for the permeate and bulk sludge have well established standard 

methods similar to sampling effluent and mixed liquor, respectively, at wastewater facilities, no 

analog exists for sampling the anaerobic cake layer.  As such, it is worth discussing the sampling 

procedure to maintain the integrity of the foulant cake.  No standard method or procedure exists 

for removing the foulant cake from the membrane surface.  The most often encountered methods 

for sampling the cake layer was to use a combination of lightly scraping, often with a plastic 

scraper, and rinsing with deionized water (An et al. 2009; Evans et al. 2018; Gao et al. 2010). 

Scraping is acceptable for chemical and DOM analyses, but may be destructive to the 

physical structure of the fouling cake matrix.  Preparation techniques for electron microscopy 

may be different depending on the analyses being performed for each study.  Within AnMBR 

literature, the most common procedure is to section the membrane with an intact foulant layer to 

isolate the area of interest, coating with gold or a platinum alloy, and then imaging the sample 

(Berkessa et al. 2018).  This may not adequately preserve the physical structure of the foulant 

cake.  One method that has been used to preserve physical structure has been to place the 

sectioned membrane fiber with the foulant cake layer intact into a 7.2 pH buffered 

glutaraldehyde fixative, then dehydrating the cake layer using an ethanol series prior to coating 

(An et al. 2009; Kang et al. 2002).  Using the fixative followed by dehydration is a standard 

procedure that is appropriate for preserving the structure of microorganisms and inorganics in 
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many samples and would result in more intact ultrastructure than directly coating and imaging.  

However, the dehydration step may not be appropriate for characterizing the foulant layer, as 

EPS is comprised of a highly hydrated gel matrix; dehydration may serve to collapse the 

structure and result in misleading conclusions about the physical structure of the cake layer.  

While no literature in the field of membrane science was found that used fixative without 

dehydration to preserve the hydrated gel matrix, further research is warranted, as it may provide 

a more accurate representation of the foulant layer structure and organization. 

 5.1.2 Definitions, Components, and Analysis of EPS and SMP 

The terms SMP and EPS have been used loosely, and sometimes even used 

interchangeably, making it critical to establish explicit definitions for this study.  While the 

definitions of EPS and SMP can vary, one commonality is that they each refer to fractions of 

cellular products that contain carbon and electrons, but are not active cells themselves (Laspidou 

and Rittmann 2002).  EPS has commonly been defined as the large, insoluble, polymeric 

molecules that surround the bacteria within a floc or biofilm community (Laspidou and Rittmann 

2002).  It is important to establish that EPS composition is a function of the community, with 

contributions from the various microorganisms within the floc or biofilm.  EPS is composed of a 

hydrated gel matrix of carbohydrates, proteins, lipids and nucleic acids (Gao et al. 2010).  While 

polysaccharides are usually the dominant component, proteins and nucleic acids have also been 

observed to predominate depending on the treatment process the sample matrix was taken from 

(Nielsen et al. 1997).  In contrast with the insoluble EPS, SMP has been defined as soluble 

cellular components that may be released during cell lysis or otherwise excreted for cellular 

functions (Laspidou and Rittmann 2002; Namkung and Rittmann 1986).  SMP can be further 

divided into utilization associated products (UAP), which form from a microorganism’s 
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metabolic processes, and biomass associated products (BAP), formed by the decay of a 

microorganism (Rittmann and McCarty 2001).  Regardless of origin, SMP is associated with 

soluble proteins, polysaccharides, and humic-like substances (Gao et al. 2010).  The loose 

definitions of EPS and SMP lead to each have their own operational definitions that dictate their 

extraction procedures and analyses. 

The most common extraction method, both in general as well as specifically within 

AnMBR literature is the heat extraction method (An et al. 2009; Dereli et al. 2015; Gao et al. 

2010).  This procedure involves centrifuging the sample to settle any suspended material; the 

pellet would contain only EPS, while the supernatant would contain a portion of the EPS and all 

the SMP.  A portion of the supernatant was then filtered through a 0.45 μm filter and analyzed 

for DOM, which would quantify SMP.  The remaining supernatant could be analyzed for DOM 

without filtration, and the results would reflect a portion of the EPS as well as the SMP in the 

sample. The EPS DOM in the supernatant could be determined by subtracting contributions of 

SMP as was previously measured.  Heat is then applied to the pellet to solubilize the EPS bound 

to the inorganics, and then the DOM content is measured.  Quantification of DOM has focused 

on proteins and carbohydrates, using bovine serum albumin and glucose as comparative 

standards.  The heat applied during heat extraction varied by study, but a range of between 80ºC 

and 100ºC for between 10 minutes to 1 hour have been used (Abzac et al. 2010; Dereli et al. 

2015; Gao et al. 2010).  Centrifugation speeds also vary from study to study, but 20,000g for 20 

minutes at 4ºC has been notable for being a less degradative technique for the extraction in the 

context of granular sludges (Abzac et al. 2010).  While heat extraction is the most common 

method for EPS and SMP extraction, it may lead to contamination through the lysing of the 

microbial biomass (Redmile-Gordon et al. 2014).  
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There are several alternatives to heat extraction for EPS and SMP measurements. One 

alternative that has been increasingly popular is the use of cation exchange resins (CER), which 

has several advantages including the preservation of the original chemical structures of the EPS, 

high extraction efficiency of proteins, and being less susceptible to contamination by cell lysis 

(Abzac et al. 2010; Redmile-Gordon et al. 2014).  The process of sequential CER extraction is 

more involved both in terms of materials and labor and the standard method does not 

differentiate between EPS and SMP (Park and Novak 2007; Redmile-Gordon et al. 2014).  

Chemical extraction procedures have also been employed in wastewater treatment SMP and EPS 

analysis, using chemicals such as ethanol, EDTA, and formaldehyde, but reactions with the 

DOM itself may obfuscate the results (Abzac et al. 2010).  Furthermore, due to the differing 

biases from each extraction technique, results between different techniques being applied to 

different sample matrices may make comparisons difficult (Redmile-Gordon et al. 2014).  As 

such, the simplest method may be to employ the heat extraction method unless an exhaustive 

fractionation of the EPS and SMP DOM is desired. 

Several methods exist to quantify the sugars and proteins within SMP and EPS after 

extraction, each of which comes with their own set of known and unknown biases, so 

determining an accurate, practical, reproducible, high-throughput method for foulant cake 

analysis is a major objective.  The Bicinchoninic Acid Assay (BCA) is a standard colorimetric 

method that relies on the conversion of Cu2+ to Cu+ for the quantification of proteins, improving 

upon the still commonly used Lowry Assay, and has been used successfully in the context of 

AnMBRs (Chuen et al. 2015; Walker 2009).  Carbohydrates have several common methods for 

quantification, with the phenol-sulfuric acid method and the anthrone method being the most 

popular (Dai et al. 2016; Gao et al. 2010; Liu et al. 2019a).  All of the above methods are 
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amenable for use with a microplate reader, which improves their accuracy, repeatability, and 

throughput.  While SMP and EPS extraction has been done in several AnMBR studies, their use 

of different extraction methods paired with different analytical techniques makes drawing 

conclusions between them difficult, as each combination likely introduces its own set of biases, 

which can be especially present in matrices as complex as membrane foulants (Chuen et al. 

2015; Liu et al. 2019a; Sahinkaya et al. 2018).  Hence, it may be worth developing a protocol for 

the extraction of SMP and EPS for membrane foulant studies and determining the general biases 

of previous studies for more accurate comparisons; one such method for heat extraction is 

presented in Chapter 6. 

 5.1.3 Fluorescence Spectroscopy 

 Fluorescence spectroscopy has been an increasingly popular tool for characterizing 

DOM, with wide applications in biological sciences and water and wastewater treatment 

(Henderson et al. 2009; Stedmon et al. 2005).  The technique relies on exciting molecules in a 

sample using a beam of light, typically in the ultraviolet range, and measuring the light emitted 

in response using a fluorometer.  Plotting excitation and emission wavelengths observed can 

provide a profile for the dissolved organic material composition in the sample (Henderson et al. 

2009; Hudson and Reynolds 2007).  Fluorometry has been applied to analyze river systems, 

waste streams, and polluted environments, and is notably promising as a commercially adoptable 

monitoring solution in drinking and wastewater plants, as the analysis is rapid and requires 

relatively little sample preparation in samples (Henderson et al. 2009; Hudson and Reynolds 

2007).  The potential applications of fluorometry in AnMBR fouling studies are numerous: 

determining and comparing the DOM components that are present in the influent, bulk sludge, 
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and foulant cake layer and correlating certain components to fouling events would be important 

from both a fouling management perspective as well as for monitoring. 

The interpretation of excitation emission matrix (EEM) data can be done through visual 

peak identification or through multivariate data analysis techniques such as parallel factor 

analysis (PARAFAC), which has the advantage of being able to quantify each individual DOM 

components’ fluorescence signals (Stedmon and Bro 2008).  Visual peak identification provides 

qualitative data to determine the fluorescent peaks resulting from a matrix of humic-like, fulvic-

like, protein-like, and polysaccharide-like components; Table 1 is a compiled list of fluorophores 

likely to be encountered in AnMBR fouling studies based upon water reuse monitoring studies 

(Her et al. 2003; Hudson and Reynolds 2007).  PARAFAC analysis adds a quantitative 

component by generalizing principal component analysis to higher dimension arrays and enables 

the tracking of DOM production and removal (Stedmon et al. 2005; Stedmon and Bro 2008).  

Sample preparation for fluorometry can increase in complexity depending on the sample 

matrix, degree of fractionation desired for analysis.  Because fluorometry is applied to dissolved 

species, the removal of solids is critical for the analysis of samples such as sludge or the foulant 

cake layer.  Dissolved organic extraction of dewatered anaerobic digestion sludge with minimal 

targeted extraction, allowing for the analysis of the overall profile, has been accomplished by 

adding deionized water until a solid to water ratio of 1:20 (w/v) is achieved, shaking the mixture 

for 24 hours at room temperature, and then filtering the sample through a 0.45 μm filter (Li et al. 

2014).  It is also possible to analyze the DOM from extracted fractions of SMP and EPS; a 

combination of centrifugation, resin extraction, and thermal digestion has been used on anaerobic 

digestion sludge, and AnMBR sludge and membrane foulant cake layers (Ding et al. 2015; Luo 
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et al. 2013).  These extractions enable the tracking of changes of each DOM component, which 

can be useful in determining what conditions and fractions are correlated to AnMBR fouling. 

Table 5.1 A compiled list of fluorophores likely to be found in wastewater and their 

characteristic excitation and emission wavelengths (Henderson et al. 2009; Hudson and Reynolds 

2007) 

  λ (nm) 

Fluorophore Component/Source Excitation Emission 

A Humic-like 237-260 400-500 

C1 Humic-like 320-340 410-430 

C2 Humic-like 370-390 460-480 

B1 Tyrosine-like 225-237 30-321 

B2 Tyrosine-like 275 310 

T1 Tryptophan-like 275 340 

T2 Tryptophan-like 225-237 340-381 

D Fulvic-like 255-280 400-455 

M 

Algal manipulation of 
nutrients or "marine 

humic-like" 290-310 370-410 

 

DOM from Optical 
Brighteners (such as 

washing powder) 
375, 350, 

330 410-450 
 

 Previous AnMBR fluorometer studies have used EEMs to analyze differences between 

influent, permeate, and extracted EPS and SMP from both the foulant cake layer and bulk sludge 

(An et al. 2009; Ding et al. 2015).  Both An et al. and Ding et al. identified humic substances and 

proteinaceous materials as being the dominant fractions of the AnMBR foulant layer.  An et al. 

observed a decrease in fluorophores B and C, tyrosine-like and humic-like peaks respectively, 

from the influent to the effluent, indicating that they were partially removed by the AnMBR.  

The group also found that peaks B and C were in the cake layer, indicating that the membrane 

rejection may concentrate these proteinaceous materials and visible humic substances, which 

may have been redeposited as key foulants (An et al. 2009).  However, An et al. did not perform 
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EEM analysis on the bulk sludge, so no relative comparison can be made from their study.  In a 

separate study, Ding et al. focused on the comparison between bulk sludge and the foulant cake 

and found a similar presence of tyrosine-like and humic-like peaks, but also observed fulvic-like 

and tryptophan-like peaks in both samples.  The cause of the differences in observations between 

An et al. and Ding et al. are unclear, as influent data was not presented in Ding et al.  Regardless, 

Ding et al. observed a significant increase in tryptophan-like and tyrosine-like peak intensities in 

the foulant cake layer compared to the bulk sludge, indicating that proteins may have a 

disproportionate impact on AnMBR fouling (Ding et al. 2015).  Preliminary fluorometer data 

from the pilot scale AnMBR study conducted at Ft. Riley also found an increase in proteinaceous 

peaks, suggesting that more extensive use of fluorometry would be a promising research 

direction.  No AnMBR study was found that had used fluorometry to dynamically track the 

progression of fouling events or attempted to correlate EEM peak intensities with sCOD or TMP, 

which could be potentially developed into new monitoring strategies [chapter 2, objective 3]. 

 5.1.4 Fourier Transform Infrared Spectroscopy 

FTIR has been a powerful tool for the rapid analysis of organic and inorganic substances 

in a variety of fields including geology (J. Madejová 2003), food processing (Anjos et al. 2015), 

and water and wastewater treatment (Berkessa et al. 2018; Tang et al. 2007).  Its wide 

applicability across different fields for different substrates suggest that FTIR may be a powerful 

tool for characterizing the complex matrix or inorganic and organic foulants, and potentially their 

interactions in the cake layer, as well as on the membrane itself (Berkessa et al. 2018).   Fourier 

transform infrared (FTIR) spectroscopy involves passing infrared (IR) radiation and measuring 

the amount of radiation that has been absorbed by the sample, with each component producing 

characteristic molecular vibrations (Bates 1976; Smith 2011).  Different molecules will absorb 
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certain spectral components to varying degrees depending on its structure, which affects peak 

position, height, and width, and quantification of substances can be done by comparing the 

sample spectrum to the spectra of samples of known concentrations and using Beer’s Law (Smith 

2011).  FTIR has many advantages that have made it popular in various industries due to being 

inexpensive, user friendly, rapid, and applicable to both aqueous and non-aqueous samples 

(Jensen et al. 2003; Smith 2011).   

Various techniques have been applied to account for various optical properties, but 

transmission and attenuated total reflectance, and diffuse reflectance infrared Fourier transform 

(DRIFT).  Transmission FTIR is the most commonly used technique, which measures the IR 

radiation that is transmitted through the sample.  Attenuated total reflectance (ATR) is a rapid 

technique, of particular interest for characterizing proteins and their structure, that is based on 

measuring changes that occur in an internally reflected IR beam that contacts a sample through a 

crystal, typically zinc selenide, germanium or diamond (Beasley et al. 2014; Tang et al. 2007).  

DRIFT measures the reflectance stemming from the penetration of the IR beam into the sample 

and its interaction with the sample particles, which is the namesake diffuse reflectance (Beasley 

et al. 2014).  ATR and DRIFT require additional accessories, but their applications in various 

fields suggest their viability as diagnostic tools for AnMBR fouling. 

FTIR has been used in geology for the identification and characterization of clay-like 

materials, which have been observed in AnMBR studies at the pilot scale (Evans et al. 2018; J. 

Madejová 2003).  The different absorption bands owing to OH and Si-O groups can be used to 

differentiate clay minerals and their orientations using transmission IR spectroscopy.  

Characteristic patterns in the O-H stretching region can be used to differentiate between 

coordination of hydroxyl groups, which can be used to infer whether the clays are arranged in 
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1:1 or 2:1 layers and whether they were di- or tri-octahedral  (J. Madejová 2003; Merlic and 

Strouse 1997).  This information can be used to develop more targeted chemical cleaning 

strategies that more effectively address the inorganic foulants.  Of interest in membrane fouling 

is the interaction between the organic and inorganic foulants at the membrane interface, which 

FTIR can also help elucidate; alkyl and aryl modifications of inorganic clays have been able to 

be distinguished using DRIFT.  The modified organo-clays have been known to adsorb organics, 

and this type of interaction between organics and inorganics may be a key factor in cake layer 

development and irreversible fouling (J. Madejová 2003; Meng et al. 2009b). 

The most common method applied to membranes is a transmission FTIR scan of the 

membranes themselves, comparing virgin membranes, modified coated membranes, and fouled 

membranes (Berkessa et al. 2018; Ding et al. 2015; Tang et al. 2007).  Tang et al. used FTIR was 

to evaluate the uniformity of the applied coatings on RO membranes by comparing the spectra 

from coated and uncoated membranes and found that they were distinct due to an increase of O-

H groups consistent with the fact that the coatings used were oxygen rich (Tang et al. 2007).  

While the treatment of deliberately coating RO membranes is different, the principle of 

evaluating membranes before and after a treatment can be applied to AnMBR fouling.  

Evaluating the uniformity of membrane coating material in UF membranes and comparing virgin 

membranes to fouled membranes may reveal defects that are conducive to fouling.   The 

application of FTIR in AnMBR literature has been relatively limited, but largely follows the 

same ideas as with reverse osmosis membrane analysis.  Berkessa et al. used FTIR to examine a 

fouled AnMBR fiber and were able to confirm that the cake layer was comprised principally of 

macromolecules such as proteins, carbohydrates, and phospholipids.  The macromolecules were 

found not only deposited on the membrane surface, but also in the membrane pores, where they 
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possibly contribute to irreversible pore constriction.  Ding et al. utilized ATR-FTIR on virgin and 

fouled membranes and found that the surface spectrum of the fouled membrane contained acidic 

moieties and a distinct peak corresponding to amides (Ding et al. 2015).  While membrane 

surface scanning provides useful data, it can only be done at the end of operation, making this 

technique less suitable for routine monitoring. 

One strategy with potential for development is tandem characterization of the foulants on 

the membrane surface paired with the data from the membrane permeate or bulk sludge.  The 

application of FTIR to wastewater streams has shown that bulk sludge and effluent SMP and 

EPS differ significantly, and it is expected that they would also differ from the cake layer in 

AnMBR systems (Ramesh et al. 2006). Furthermore, characterizing the cake layer deposited on 

the surface and comparing it with FTIR spectra from the permeate and bulk sludge, it may be 

possible to decipher patterns in fouling and would be a feasible monitoring tool. 

 5.2 Summary 

There are many potential techniques for analyzing AnMBR fouling, only a small fraction 

of which have been applied in AnMBR studies [Chapter 2, Objective 2B].  The foulant cake 

layer, being a complex matrix of inorganics and organics, necessitates the use of multiple 

techniques in tandem in order to characterize its components.  By using a suite of techniques to 

characterize the solid phase and aqueous components of the fouling layer, it may be possible to 

determine the physical and microbial structures involved in the fouling phenomena, both at its 

onset and proliferation.  However, as sampling from the cake layer is difficult during regular 

operation, developing correlations between the bulk sludge, the cake layer, and the permeate 

appears to be a promising strategy.  Achieving this using versatile techniques that can yield data 

that can be compared across all three sample matrices, such as fluorometry and FTIR, can yield 
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additional insights into the development and impacts of fouling throughout the AnMBR process.  

The ultimate goal is to develop a framework that connects the microbial community structure, 

the physical structure of the cake layer, and the impacts to the membrane permeate.  Increasing 

this understanding is critical to developing more efficient fouling management strategies, which 

would aid in the viability of AnMBRs as a commercial technology for wastewater treatment. 
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Chapter 6 - Critical Evaluation of Heat Extraction Temperature on 

SMP and EPS Quantification in Wastewater Processes 

Despite the variety of SMP and EPS extraction methods available, there is little in the 

way of standardized methodology.  The heat extraction method was the most used technique in 

the wastewater context but comparing the results from various studies yielded vastly different 

results; one possible question was the choice of extraction temperature.  This necessitated a 

critical evaluation of the effect of extraction temperature before proceeding.  This study 

investigated the effect of the heat extraction temperature on aerobic, anoxic, and anaerobic BNR 

sludge samples, then used the findings to investigate aerobic MBR sludge. 

 6.1 Introduction 

Soluble microbial products (SMP) and extracellular polymeric substances (EPS) have 

been widely studied within the context of various biological wastewater treatment configurations 

as they can exert major influence on the chemical and physical characteristics of the suspended 

solids or mixed liquor, including flocculation, settleability, and surface charge, in addition to 

impacting effluent quality (Hu et al. 2019; Kunacheva and Stuckey 2014; Morgan et al. 1990; 

Sheng et al. 2010). Understanding the behavior of SMP and EPS continues to gain importance 

especially with the widespread adoption of membrane bioreactor (MBR) technology for 

wastewater treatment due to their impacts on treatment performance as well as their relationship 

with the critical issue of membrane fouling (Huang et al. 2010; Ishiguro et al. 1994; Reid et al. 

2006; Xu et al. 2020b). However, there is major difficulty in comparing data between studies due 

to the lack of a standard protocol and inconsistent definitions of SMP and EPS. (Kunacheva and 

Stuckey 2014; Laspidou and Rittmann 2002; Sheng et al. 2010). 
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EPS has commonly been defined as the largely insoluble proteins, carbohydrates, lipids, 

nucleic acids, and other macromolecules secreted by bacteria, and are found surrounding the 

surface of bacteria within a floc or biofilm community as a hydrated gel matrix (Gao et al. 2010; 

Judd 2010; Laspidou and Rittmann 2002). In contrast with the relatively insoluble EPS, SMP has 

been defined as soluble cellular components that may be released during cell lysis or otherwise 

excreted for cellular functions as well as the products resulting from substrate breakdown 

(Laspidou and Rittmann 2002; Namkung and Rittmann 1986). SMPs are associated with soluble 

proteins, polysaccharides, and humic-like substances, and it is generally accepted that soluble 

EPS and SMP refer to the same components (Gao et al. 2010; Jang et al. 2006; Laspidou and 

Rittmann 2002).  In addition to loose definitions for EPS and SMP measurements, there are a 

variety of extraction techniques, including cation exchange, chemical extractions, and thermal 

extractions, each with their own operational definitions. 

Due to its broad applicability and ease of execution, heat extraction, either standalone or 

as part of a procedure, is a common EPS and SMP extraction method that has been used with 

anaerobic, anoxic, and aerobic wastewater sample matrices (Dereli et al. 2015; Hu et al. 2019; Li 

and Yang 2007; Morgan et al. 1990).  While heating is a common extraction step among many 

procedures including NaOH, sonication, and thermal extraction methods, exposure to 

excessively high temperatures leads to the lysing of the microbial biomass, demonstrating a need 

to determine an acceptable extraction temperature (Dai et al. 2016; Lv et al. 2019; Redmile-

Gordon et al. 2014).  Additionally, the heat extraction temperature varied by study, typically 

between 40ºC and 100ºC for 10 minutes to 1 hour, which makes comparisons between studies 

difficult due to differences both in extraction efficiency and extent of lysis; in one pure culture 

study by Lv et al., 2019, heat extractions were performed at 45℃, which extracted less than 5 
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mg/g of carbohydrates, and 60℃, which extracted 55 mg/g, which highlights the difficulty even 

between comparisons of the same sample (Abzac et al. 2010; Dereli et al. 2015; Gao et al. 2010; 

Lv et al. 2019). This study aims to broadly investigate the effect of temperature on SMP and EPS 

extraction and cell lysis applied to sludge samples encountered in wastewater biological 

treatment processes. 

After extraction, the dissolved organic matter (DOM) can be analyzed for a range of 

constituents, but the carbohydrate and protein profiles and their overall properties are often the 

focus (Kunacheva and Stuckey 2014). Colorimetric analysis remains the predominant method of 

quantifying carbohydrates and proteins (Felz et al. 2019).  However, despite the improvements 

made through modifications or adaptations for use with a microplate to improve their accuracy 

and repeatability, colorimetric measurements have been shown to be inadequate. This is 

primarily due to the dependence of these quantification methods on the standard compound 

selected and interfering substances, particularly humic-like and phenolic compounds that are 

characteristically present in SMP and EPS samples, which leads to the need for advanced tools 

for analysis (Felz et al. 2019). 

One potential tool to address this deficiency is fluorescence spectroscopy, which has 

increasingly been used to characterize DOM in the wastewater field (Kimura et al. 2015; Lim et 

al. 2020; Ramesh et al. 2006; Sheng et al. 2010). Fluorometry provides a field-deployable, 

sensitive, non-destructive and rapid analytical method that can show a profile of the various 

DOM constituents, including protein-like materials, humics, and fulvics, presented using 

excitation-emission matrices (EEMs) and provides insight into the physicochemical properties of 

the SMP and EPS that colorimetric methods may fail to capture (Henderson et al. 2009; Sheng et 

al. 2010). However, fluorometry falls short for use as a complete tool to quantify SMP and EPS 
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constituents, mainly due to visual interpretation of peaks and principal component analysis only 

providing qualitative or semi-quantitative data, unless more extensive analyses such as parallel 

factor analysis are employed (Stedmon and Bro 2008). Pairing EEMs with quantitative analyses, 

such as colorimetry, total carbon (TC) or total nitrogen (TN) measurements can be a simple 

check that each analysis has not been excessively compromised by the interfering effects of the 

constituents present in the sample matrix and provides a deeper investigation into the SMP and 

EPS profiles.  

Because of the difficulties in comparing SMP and EPS data between studies due to the 

inadequacies of current analytical methodologies as well as the inconsistent operational 

definitions based on extraction procedures, this study seeks to address these drawbacks through 

the following objectives: (1) determine the effects of extraction temperature on SMP and EPS 

profiles, (2) determine the effects of extraction temperature on cell lysis, (3) compare the 

commonly obtained extraction data obtained through colorimetry, Total Carbon (TC), and Total 

Nitrogen (TN) analyses, versus fluorometry, and (4) compare and contrast the response profiles 

across common wastewater sludges. This study will particularly examine the effects of 

temperature on SMP and EPS extraction from sludges from various zones of a BNR process 

(activated sludge, anoxic sludge, and anaerobic sludge) to achieve an acceptable extraction 

efficiency while minimizing cell lysis and preserving the structure of the constituents for protein 

and carbohydrate quantification. The broad findings from the BNR sludge experiments will then 

be used to estimate a range of possible acceptable extraction temperatures for SMP and EPS 

extractions from MBR sludge. 



83 

 6.2 Materials and Methods 

 6.2.1 Sampling Information 

The experiment was designed to evaluate the effect of extraction temperature on activated 

sludge (AS), anoxic (ANX) sludge, anaerobic (ANA) sludge, collectively referred to as the BNR 

sludges, and aerobic MBR (AeMBR) sludge. Key information about the sampling can be found 

in Table 6.1. 

Table 6.1 General sample information and solids characteristics. 

Sample 

Sample 

ID 

TSS 

(mg/L) 

VSS 

(mg/L) Sample Date Location 

Activated Sludge 

Aeration Basin 

AS0 

AS 

2100±90 

2300±140 

1700±70 

1900±120 

 

11/16/2020 

2/4/2021 

Manhattan, Kansas WWTP 

Middle of Aeration Basin 

Activated Sludge 

Anoxic Sludge ANX 2100±160 1600±70 2/5/2021 

Manhattan, Kansas WWTP 

Middle of Anoxic Basin 

Activated Sludge 

Anaerobic Sludge ANA 1900±140 1600±70 2/5/2021 

Manhattan, Kansas WWTP 

Middle of Anaerobic Basin 

Aerobic 

Membrane 

Bioreactor Sludge 

AeMBR0 

AeMBR1 

AeMBR2 

8300±300 

2700±80 

2700±60 

6700±180 

2500±90 

2300±60 

11/19/2020 

3/5/2021 

3/12/2021 

De Soto, Kansas 

BioMicrobics Test Site 

Membrane tank 

 

The Manhattan water resource recovery facility’s BNR system is typical for a treatment system 

designed for a midwestern city’s municipal waste, but notably is operated to accommodate for a 

transient student and military population. BioMicrobics’ AeMBR in De Soto, Kansas also treats 

municipal wastewater, but the residential flow primarily originates from a retirement community. 

There are two notable differences between AeMBR0 compared with AeMBR1 and AeMBR2. 

Firstly, AeMBR0’s comparatively higher solids concentrations are due to being collected before 

a major sludge wasting event. Secondly, AeMBR1 and AeMBR2 were experiencing foaming 

during the sampling dates; the reactors smelled of detergent, and the bubble morphology likely 

indicated that it was caused by surfactants. The unplanned conditions in the two latter samples 
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provided a valuable coincidence to test the robustness of the procedures used in this study. Total 

Suspended Solids (TSS) and Volatile Suspended Solids (VSS) analyses were performed on the 

sludge samples according to standard methods for wastewater 2540D and 2540E, respectively 

(Eaton et al. 2005). 

 6.2.2 Extraction Procedure and Analyses 

The procedural outline of this study can be found in Figure 6.1. All centrifugation steps 

were performed using an Eppendorf 5920 R (Eppendorf, Hamburg, Germany) at 4000g and 4oC 

for 15 minutes; the centrifuge speed was determined by a series of experiments to find the 

minimal speed that could settle all the tested sludges into stable pellets. Notably, AS and 

AeMBR samples settled more compactly than ANX and ANA samples. Heat extraction was 

performed at room temperature, 40℃, 60℃, and 80℃ to determine the effect of temperature on 

SMP and EPS extraction. 

The SMP and EPS extraction data consists of Total Carbon and Total Nitrogen (TC-TN) 

analysis, and 96-well microplate colorimetric analysis methods for carbohydrates and proteins. 

Sample processing and analyses began within two hours of sample collection and immediately 

continued to completion without interruption. TC-TN analyses were performed using a 

Shimadzu TOC-L and TNM-L (Shimadzu, Kyoto, Japan) analyzer. Carbohydrate and protein 

analyses were performed in triplicate on a BioTek microplate reader (BioTek Epoch 2, VT, 

USA) with Greiner Bio-One µClear Bottom 96-well plates (Greiner Bio-One, Kremsmünster, 

Austria). All concentrations reported in this study have been normalized to the 45 mL of sludge 

sample collected. In addition to the extraction data, fluorometry was performed on a Horiba 

Aqualog fluorometer (Horiba, Kyoto, Japan) with the samples aliquoted in quartz cuvettes 
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(Starna 3-Q-10, Ilford, UK). Statistical analysis was completed using the PROC GLM procedure 

on SAS Studio 3.8 (Enterprise Edition). 

 

Figure 6.1 Diagram of the extraction procedure for operationally defined SMP and EPS samples. 

 

 6.2.3 Colorimetric Analysis Procedures 

This study utilized the phenol sulfuric microplate method previously developed for 

carbohydrate analysis (Masuko et al. 2005). It was performed by adding 50 μL of sample 

followed by forcefully and quickly adding 150 μL of concentrated H2SO4 into each well and 
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shaking until the solution develops a homogeneous yellow-brown color that indicates the 

presence of sugars. After the color develops, 30 μL of 5% w/v phenol was added into each well, 

and the solution was incubated for 10 minutes at 20°C in the microplate reader before reading the 

absorbances at 490 nm. Glucose was chosen as the carbohydrate calibration standard, as it was 

the most commonly used standard encountered in wastewater literature (Berkessa et al. 2018; Jin 

et al. 2013; Kunacheva and Stuckey 2014; Leyva et al. 2008). While the anthrone method is a 

common alternative to the phenol sulfuric method, the latter has a more rapid and simpler 

procedure, which contributes to its popularity (Dai et al. 2016; Gao et al. 2010; Leyva et al. 

2008; Liu et al. 2019b; Masuko et al. 2005). 

Protein analysis was performed using the BCA assay with methods from Sigma Aldrich 

(BCA1, MO, USA), which included their BCA solution (B9643, MO, USA), containing 

bicinchoninic acid (BCA), sodium carbonate, sodium tartrate, and sodium bicarbonate in 0.1 N 

NaOH. 25 μL of each sample was added to the well plate, followed by forcefully and quickly 

adding 200 μL of BCA reagent and then sealed and incubated at 37°C for 30 minutes. The plates 

were then cooled to 20°C before having absorbances read at 562 nm. BSA was used as the 

protein calibration standard, as it was the most commonly used standard encountered in 

wastewater literature (Abzac et al. 2010; Felz et al. 2019; Hu et al. 2019; Xiong et al. 2015). 

While the Lowry method is a common alternative, also relying on the conversion of Cu2+ to Cu+ 

for protein quantification, its reliance on the Folin-Ciocalteu reagent causes interference from 

reducing agents, which the BCA method and its modified procedures replace with bicinchoninic 

acid, to help minimize analytical artifacts (Le et al. 2016). 
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 6.2.4 Live/Dead Assay Procedure 

Lysis was investigated using the BacLight Bacterial Viability Kit (L7012, Thermo Fisher, 

MA, USA) live/dead staining assay.  After heat extracting each sample, each pellet was 

resuspended, then diluted with 0.9% NaCl to achieve an OD670 of ~0.6.  A 1:1 staining solution 

of 3.34 mM SYTO 9 and 20 mM propidium iodide (PI) was used for this experiment. 100 µL of 

each sample was then mixed with 100 µL of the working solution and incubated in the dark for 

15 minutes prior to its analysis using a fluorescent microplate reader (BioTek Synergy H1, VT, 

USA). 

 6.3 Results and Discussion 

 6.3.1 BNR Sludge Extraction Data 

The results of one representative set of each BNR sludge sample’s microplate and TC-TN 

analyses are shown in Figure 6.2. While direct comparisons between the absolute concentration 

values obtained between different days can vary (Figure 6.2; Appendix C, Figure C1), the 

influence of temperature produced consistent trends in the measured parameters for each sample 

matrix. Additionally, in all samples, the TC and TN data generally corroborated the trends in the 

carbohydrate and protein data, respectively. 

Temperature did not have a statistically significant impact on the SMP values in any of 

the BNR sludges tested (Figure 6.2; Table 6.2). For all samples tested, there was no statistically 

significant impact of temperature on SMP measurements for carbohydrates or proteins, and the 

TC and TN results were similarly unresponsive. These results could be expected based on a 

priori knowledge that SMP constituents are, theoretically, already solubilized and do not require 

further extraction.  
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Figure 6.2 Plots of the BNR extraction data. Carbohydrates and proteins were measured using 

the phenol-sulfuric acid method and bicinchoninic acid method, respectively, and extracted total 

carbon and total nitrogen measurements were plotted versus extraction temperature.  The error 

(n=3) was less than 10% for all datapoints. 
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Table 6.2 Table of SMP extraction values averaged across temperatures and p-values greater 

than 0.05 for Tukey’s multiple comparisons across the temperature ranges, suggesting that 

temperature has no significant statistical effect on SMP extraction. 

SMP 

Sample 

Protein mg/L 

(p-value) 

Carbohydrate mg/L 

(p-value) 

TN mg/L-N TC mg/L-C 

ANA 28.2±2.5 mg/L 

(p=0.06) 

1.2±0.6 mg/L 

(p=0.35) 

25.6±0.4 mg/L-N 

(p=0.29) 

71.9±1.3 mg/L-C 

(p=0.26) 

ANX 14.7±1.3 mg/L 

(p=0.06) 

2.0±0.3 mg/L 

(p=0.27) 

15.5±0.3 mg/L-N 

(p=0.15) 

58.2±1.1 mg/L-C 

(p=0.26) 

AS 16.2±1.3 mg/L 

(p=0.10) 

15.0±2.2 mg/L 

(p=0.25) 

4.8±0.1 mg/L-N 

(p=0.54) 

29.8±0.9 mg/L-C 

(p=0.06) 

 

The EPS extractions, in contrast to the SMP observations, responded greatly to the 

increasing temperatures applied (Figure 6.2). AS, ANX, and ANA samples all showed increases 

in concentrations for extracted carbohydrates and proteins as well as TC and TN with 

temperature, with the steepest increase occurring between 40℃ and 60℃, which indicates that 

the bulk of the extraction occurs somewhere between these temperatures. 

The extraction data for activated sludge are shown in Figure 6.2A and Figure 6.2B. The 

four parameters generally followed the same trend: a slight increase from 20℃ to 40℃, followed 

by the steep increase from 40℃ to 60℃, and a slightly less steep increase from 60℃ to 80℃. 

The overall shape resembles the exponential-linear range of a sigmoidal curve. The extraction 

data of ANX (Figure 6.2C, Figure 6.2D) had some similarities, but also showed several 

differences compared to AS. While the EPS protein concentrations at different temperatures 

followed the same exponential-linear range of a sigmoidal curve similar to what was observed in 

the AS samples, the carbohydrates, TC, and TN concentrations in the ANX EPS measurements 

appeared to follow a diauxic pattern – a full sigmoidal curve with an apparent asymptote at the 

higher temperatures. However, the steepest increase still occurred between 40℃ to 60℃. ANA’s 
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extraction data (Figure 6.2E, Figure 6.2F) shows more similarities to ANX than AS. This is to be 

expected since the anaerobic and anoxic zones are located sequentially next to each other and the 

microbes experience mostly similar redox conditions in these zones due to the absence of 

dissolved oxygen. The extracted EPS concentrations for the parameters all followed a full 

sigmoidal curve. The shapes of the curves from each sample, and even the measured parameters 

within the same sample, can differ, suggesting that there may not be a single temperature that can 

be broadly applied for all samples for heat extraction procedures. The difference in curve shape 

between the aerobic basin’s sludge from the anaerobic and anoxic sludges, which are more 

similar to each other, may be due to metabolic differences and sludge age, both of which can 

affect floc strength. 

 
Figure 6.3 A plot of the percent increase in lysis compared to extraction at 20℃. 60℃ appears 

to be around the threshold for excessive lysis in the activated (AS) and anaerobic sludge (ANA) 

but may be past the point of inflection for anoxic sludge (ANX). 

 

Despite higher temperature extractions incurring an increased risk of potentially lysing 

cells and releasing intercellular materials into the bulk solution, it is not uncommon to encounter 

studies that heat extract samples between 80℃ to 100℃, which could lead to an overestimation 

of SMP and EPS concentrations (Comte et al. 2007; Hong et al. 2017; Morgan et al. 1990). The 
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threshold for cell inactivation and thermal lysis in activated sludge has been noted in literature to 

occur around 60℃, which suggests that heat extraction above 60℃ should be avoided if possible 

(Kim et al. 2013; Rocher et al. 1999). The live/dead assay corroborates the findings in literature, 

as 60°C appears to be an inflection point before dramatic rises in anaerobic sludge and activated 

sludge shown in Figure 6.3.  The anoxic sludge exhibited similar behavior but saw significantly 

more lysis than the other samples.  While more research is required to more accurately determine 

what temperature the aggressive onset of lysis begins, all of the samples experiencing excessive 

lysis at 80℃ suggests that, despite its popularity as a heat extraction temperature, the results may 

be skewed by intracellular components (Comte et al. 2007; Hong et al. 2017; Morgan et al. 

1990). 

These thermal lysis problems compound with issues stemming from the overestimation 

of protein and carbohydrate concentrations in the SMP and EPS using colorimetric microplate 

assays. While the reasons for the various colorimetric analyses overestimating the SMP and EPS 

concentrations are not fully understood, notable interfering substances, including detergents, 

lipids, iron, and creatinine, which are known to be present in the wastewater matrix, could 

obfuscate results (Sigma-Aldrich 2011; Stuckey and McCarty 1984). Further complicating 

matters is the fact that, proteins have been noted to interfere with the carbohydrate measurement 

by reacting with sulfuric acid (Chow and Landhäusser 2004). Because colorimetric methods rely 

on absorbance, and thus cannot distinguish between interfering substances and the intended 

analyte, more advanced analytical tools such as fluorometry, are required (Felz et al. 2019; 

Stedmon and Bro 2008). 
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 6.3.2 BNR Sludge Fluorometry Data 

Because fluorometry is sensitive to different compounds, it can provide semi-quantitative 

and qualitative information about the substances in the wastewater matrix, especially with 

respect to proteins, which is the primary biologically associated macromolecule with strong 

intrinsic fluorescence characteristics (Lakowicz 2006). The EEMs of the SMP extractions for 

AS, ANX, and ANA can be found in Appendix C. Across all the BNR sludges, there appeared to 

be marginal increases in peak intensities, corroborating the extraction data’s finding that SMP 

samples derive little benefit from additional heat extraction. These increases were slight, but 

likely more noticeable due to the specificity and sensitivity of fluorometric analysis compared to 

colorimetry. However, as the peak intensity increase was relatively negligible, the heat treatment 

step for general SMP analyses can usually be foregone. 

In contrast to the SMP samples, the EEMs for AS and ANA EPS extractions showed 

significant responses with different temperatures (Figure 3); the EEMs for ANX EPS follow the 

same trend as ANA and can be found in Appendix C. In all three BNR samples, the most 

apparent fluorophores present were T1, indicative of tryptophan-like compounds, and B2, which 

is characteristic of tyrosine-like compounds (Henderson et al. 2009; Hudson and Reynolds 

2007). While the fluorometer did not show any distinct peaks associated with humic-like 

(fluorophore A) or fulvic-like (fluorophore D) substances on the BNR extracts, their presence 

can be seen in the more diffuse profiles at 60℃ and 80℃ (Henderson et al. 2009; Hudson and 

Reynolds 2007). 
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Figure 6.4 Excitation-Emission Matrices of AS1 (activated sludge) and ANA (anaerobic basin 

sludge) samples extracted at different temperatures. The tryptophan-like peak (fluorophore T1) 

was predominant, with an accompanying tyrosine-like peak (fluorophore B2), with increasing 

relative intensity as extraction temperatures progressively increased. A fulvic-like peak 

(fluorophore D) was also observed at the two higher extraction temperatures. 

 

One important note on fluorescent spectroscopy is that the peak intensities of each fluorophore 

does not necessarily indicate its abundance relative to other fluorophores. For example, it may 
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not be appropriate to conclude that tyrosine-like compounds occur in lower concentrations than 

tryptophan-like compounds because of its lower peak signal because each has different spectral 

properties. 

As with the colorimetric protein analysis data, the general trend of the EEMs shows 

increasing peak intensity with extraction temperature. When plotted on a scale normalized to the 

concentrations observed for each sample, EPS extraction at 20℃ was below the visualization 

limit for the fluorometer for AS, and near the limit for ANX and ANA. For AS, the peak 

intensities of T1 and B2 increased almost linearly from 40℃ to 80℃, similar to the trends in 

both the BCA data and TN data. In the ANX and ANA data, however, the peak intensities had a 

drastic increase between the 40℃ to 60℃ extractions, followed by negligible increases from 

60℃ to 80℃. This more muted response in the EEMs than would be expected, based on the 

BCA data, more closely resembles the diauxic peak profile of their respective TN plots for ANX 

and ANA samples. This likely suggests that by 60℃, the extracellular proteins have already been 

fully extracted in these samples. (Figure 6.2 and Figure 6.4). While further studies involving 

liquid chromatography and mass spectrometry are required to definitively conclude that the non-

fluorescing amino acids have also been extracted, the tryptophan and tyrosine compounds are 

likely to have been extracted along with the other amino acids in the protein under the 

temperature conditions applied, as the onset of thermal decomposition of proteins into 

component amino acids generally occurs only after 130℃ (Kasarda and Black 1968).  

 6.3.3 Aerobic MBR Sludge Case Study 

An initial sample of aerobic MBR sludge (AeMBR0) was taken to determine its general 

behavior using the same procedure as with the BNR sludges (Appendix C, Figure C6). The 

concentrations of protein, carbohydrate, and TC-TN were higher, but the extraction behavior 
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with respect to temperature was similar to what was observed with activated sludge. As with 

BNR sludges, the EPS concentrations increased with increasing extraction temperatures above 

40℃. The SMP concentrations did not change with temperature, again confirming that the 

soluble fraction does not benefit from heat extraction; average values and p-values demonstrating 

that there was no significant difference between temperatures for SMP samples are as follows: 

10.6 mg/L-carbohydrate (p= 0.33), 18.7 mg/L-protein (p= 0.56), 29.18 mg/L-C (p=0.06), 2.84 

mg/L-N (p=0.23). 

After establishing this baseline, two samples were taken to examine the MBR sludge 

extraction efficiency at temperatures between 45℃ and 60℃ to attempt to determine if a 

temperature lower than 60℃ would be suitable for this sample (Figure 6.5, Figure 6.6). Based on 

the AeMBR0 (Appendix C, Figure C6), it appears that extraction at 40℃ is too ineffective to be 

considered a serious candidate, so 45℃ was the lowest tested temperature in this setup. 60℃ 

was chosen as the maximum temperature as it is the threshold for thermal degradation of 

wastewater sludges as seen both in literature and through the fluorescent microplate 

measurements (Figure 6.3) (Kim et al. 2013; Rocher et al. 1999). It is important to note that these 

two samples (AeMBR1 and AeMBR2) were taken during a period where significant amounts of 

bubbles and foaming was observed in the membrane bioreactor, likely caused by detergents as 

diagnosed through both visual inspection, odors, and personal communication with the operating 

staff members. Despite the foaming issue, the extraction procedures used in this study appeared 

to have reproducible general trends across samples while also finding the presence of surfactants, 

suggesting their effectiveness as diagnostic tools to also troubleshoot operational problems 

(Figure 6.5; Figure 6.6). The overall trends produced by the extraction data for AeMBR1 and 

AeMBR2 are very similar to each other, despite the difference in absolute concentrations 
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observed. A significant amount of protein extraction occurs by 45℃, while carbohydrate 

extraction was not observed until 50℃. Another significant increase occurred between 55℃ and 

60℃, which shows that the AeMBR sludge extractions show a diauxic response from 20℃ to 

60℃. 

 

Figure 6.5 Plots of the extracted carbohydrates and proteins for aerobic membrane bioreactor 

sludges, AeMBR1 and AeMBR2, as measured using the phenol-sulfuric acid method and 

bicinchoninic acid method, respectively, as well as extracted total carbon and total nitrogen 

measurements versus extraction temperature.  The error (n=3) was less than 10% for all 

datapoints. 

Comparing the carbohydrate extraction with the TC extraction at 45℃ reveals an 

apparent contradiction where carbon is being clearly measured, but carbohydrates are not, with 

this phenomenon occurring in both AeMBR1 and AeMBR2 samples. A noted issue with 
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colorimetric determination of carbohydrates is the reliance on a single pure substance standard, 

glucose being the most common, which is the arbitrarily chosen standard to express the results 

(Galib et al. 2016; Huang et al. 2010; Li and Yang 2007; Nielsen 2010; Reid et al. 2006).  If a 

significant fraction of the carbohydrates extracted at 45℃ have absorptivity significantly 

different from that of glucose, the calibration may be inappropriate.  This potentially highlights a 

weakness in using colorimetric methods in complex matrices, such as wastewater, which likely 

contains more than one carbohydrate type and warrants further investigation (Nielsen 2010). 

The TC measurement, however, does not suffer from this flaw and simply measures the 

carbon present in the sample with results expressed in mg/L of carbon. This downside, while 

major, does not render the phenol-sulfuric colorimetric method completely unusable for 

wastewater purposes as there appears to be good correlation with the TC data trends in both the 

BNR sludges and AeMBR samples (Figure 6.2, Figure 6.5, Appendix C6). While the issue of 

expressing results in terms of a single standard could theoretically be an issue for the BCA 

method in protein measurement as well, no glaring anomalies have been observed using this 

dataset between the protein data expressed using BSA as a standard and the TN measurements. 

One notable difference between the protein and carbohydrate standards is that BSA is a mixed 

standard, in contrast with glucose being a pure substance standard. Exploring a mixed standard 

developed for carbohydrates that are applicable to specific matrices may help alleviate the 

estimation issues but may not address the overestimation due to the lack of specificity of sulfuric 

acid digestion. Nevertheless, this highlights the need to pair these colorimetric methods with 

other analytical tools for validation, especially those that can potentially characterize the 

constituents comprising the sample matrix such as EEMs. 
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Figure 6.6 EEMs of aerobic membrane bioreactor sludges AeMBR1 and AeMBR2 extracted in 

the pre-determined temperature range of 45 - 60. Fluorophores T1, B2, and D correspond to 

tryptophan-like, tyrosine-like, and fulvic-like signatures, respectively. The unlabeled peak (EX 

360, EM 450) has been observed in literature to be associated with optical brighteners. 
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The EPS extraction EEMs of AeMBR1 and AeMBR2 for different temperatures confirm 

the diauxic behavior observed in the corresponding colorimetric EPS extraction data. Similar to 

the BNR sludges, T1 (tryptophan-like compounds) was the most dominant fluorophore followed 

by B (tyrosine-like compounds) and D (fulvics). The intensities of these three constituents 

increased with temperature, with the peak intensities from 50℃ to 55℃ being rather negligible 

and a large increase occurring between 55℃ and 60℃. There is an additional unnamed peak 

seen at (EX 350, EM 450) which corresponds to surfactants and optical brighteners included in 

washing powders observed at 55℃ and 60℃ on AeMBR1 and 60℃ for AeMBR2, making it 

likely that the foaming and bubbling observed was indeed being caused by an unusually high 

concentration of detergents being present (Hartel et al. 2008; Henderson et al. 2009; Takahashi 

and Kawamura 2007). Based on the observation that extraction of the surfactants increased with 

increasing temperature, 60℃ may not have been enough to fully extract and solubilize the 

detergents. However, increasing the extraction temperatures past 60℃ risks lysing the cells, 

especially as surfactants by themselves have been known to increase the rate of cell lysis, which 

could invalidate SMP and EPS measurements by introducing intracellular components (Brown 

and Audet 2008). This demonstrates a need to incorporate techniques, such as Fourier Transform 

Infrared (FTIR) spectroscopy, that can directly characterize solids, and molecules that are either 

strongly bound to them or unable to be effectively solubilized. 

 6.4 Conclusion 

This study concludes that the choice of heat extraction temperature has a significant 

impact on the extraction efficiency of EPS components.  Heat extraction above 60℃ appears to 

lead to excessive lysis. This study fixed the extraction time at 30 minutes, for practical 

considerations, and varying the temperature, but it may be possible to achieve higher extraction 
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efficiencies at lower temperatures by increasing extraction times while limiting lysis.  This 

requires further investigation as lower temperatures may be unable to extract the more tightly 

bound components however, as seen with the surfactants in the AeMBR samples.  In contrast to 

EPS, it is unlikely that the SMP in samples would benefit from heat extraction, as the 

constituents obtained through SMP extraction should already mostly be soluble. 

The optimal general-use temperature for the heat extraction of EPS is likely to occur 

between 55℃ and 60℃ for wastewater samples, and may vary due to physical factors, such as 

spatio-temporal variations in the sample, sludge type, and treatment process.  Because it is likely 

that each sample has its own specific optimal extraction temperature, the specific range should 

be determined through testing similar to the procedure performed in this study, focusing on a 

temperature range around 60℃. Additionally, some constituents may not be extractable without 

risking cell lysis at higher temperatures; analysis of these components may require techniques 

that can directly characterize the solids such as energy dispersive spectroscopy, FTIR, and 

microscopy. 

 Known issues with colorimetric analyses’ lack of specificity, particularly with regard to 

phenol-sulfuric acid method, and their dependence on arbitrarily chosen single standards limit 

their stand-alone reliability, but this can be overcome by supplementing the data with validation 

from other analytical methods such as TC, TN, and fluorometry. In particular, fluorometry 

proved to be a useful, rapid method that provided qualitative and semi-quantitative information 

that could be used to characterize the sample matrix and corroborate or refute the observations 

from other analytical methods. Taken all together, the combination of colorimetry, TC-TN, and 

fluorometry can be applied as a rapid, non-destructive routine monitoring tool for wastewater 
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processes and offer more robust process control in both conventional BNR systems as well as 

membrane-based systems. 

 6.5 Summary 

SMP and EPS extraction was critically evaluated and demonstrated to be effective for use 

with membrane systems, fulfilling [Chapter 2, objective 2.A.i].  Total Carbon (TC), Total 

Nitrogen (TN), and fluorometry analyses were successfully performed in tandem to supplement 

colorimetry data.  SMP samples only marginally benefitted from heat extraction, owing to their 

mostly soluble nature, while EPS profiles were greatly influenced by extraction temperature. 

60℃ appears to be a general-purpose extraction temperature for EPS in the wastewater sludges 

tested, balancing lysis and extraction efficiency. 
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Chapter 7 - Investigation of Early Onset Membrane Fouling under 

Sub-Critical Flux Operation in a Novel Lab-Scale AnMBR 

A lab scale gas-sparged AnMBR was designed and fabricated with the goal of 

characterizing membrane foulants and their attachment mechanisms [chapter 2, objective 1B].  

This study aimed to isolate the impacts of fouling by feeding the AnMBR with a well-defined 

synthetic wastewater influent and a consistent solids concentration with the main module in 

continuous operation in parallel with a novel side tube module.  This experimental setup thus 

allows for the following observations: 1) baseline system performance using a control synthetic 

wastewater recipe; 2) system performance when fed a synthetic wastewater recipe that has been 

spiked with known concentrations of humic acid and the amino acids tryptophan and tyrosine; 3) 

sampling of membrane fibers in the side tube to capture the effects of early onset fouling; 4) 

sampling of the membrane fibers in the main module at the end of operation for foulant 

characterization. 

 7.1 Materials and Methods 

 7.1.1 Lab Scale AnMBR Setup 

A schematic of the process as well as a picture of the reactor can be seen in Figure 7.1, 

and a design basis table can be seen in Table 7.1.  The design basis and control narrative were 

provided to Rocco Mazzaferro Inc. (Ontario, Canada), who fabricated the system and performed 

most of the SCADA programming.  The membranes in the main membrane tank are set in Suez’s 

ZeeBlok prefabricated modules, while the membranes in the side-tube were potted manually.  

Biogas sparging was performed with a KNF diaphragm pump (KNF UN816.1.2KT.45P IP20-T, 

NJ, USA) supplying biogas to the ZeeBlok module's coarse bubble sparger.  The reversible 
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permeate pump (Micropump I-Drive IEG, WA, USA) permeated and backpulsed both the main 

membrane module and the side tube. 

 

Figure 7.1 A schematic of the lab-scale gas-sparged AnMBR used in this study (A) and a picture 

of the system (B). 
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 The Endress+Hauser (Reinach, Switzerland) pressure transmitters and flow meter data 

were recorded on a five second interval on FactoryTalk View SE (version 10, Rockwell 

Automation, WI, USA), which served as the lab scale reactor’s SCADA system. 

Table 7.1 Design basis table and operating setpoints for the lab-scale AnMBR system 

AnMBR System Value 

System Information 

Membrane make and model Suez ZeeWeed 500d 

Membrane type PVDF on woven polyester 

Pore size 0.04 µm 

Membrane fiber size (OD/ID) 1.9/0.8 mm 

HRT 25 h 

Instantaneous flux 20 LMH 

Backpulse flux 20 LMH 

Gas sparging rate 20 SLPM 

Production Cycle Parameters 

12 min. production 

2 min. backpulse 

1 min. relax 

Membrane Tank 

Operating reactor volume 0.11 m3 

Membrane area 0.23 m2 

Side Tube Module  

Empty bed reactor volume 500 mL 

Membrane area 1212.3 mm2 

 

 7.1.2 Reactor Startup and Operation 

The reactor was inoculated with 57 L of anaerobic digester sludge obtained from the 

wastewater treatment plant in Salina, Kansas.  Following inoculation, the system was fed with an 

equal volume of synthetic wastewater (SWW), recipe shown in Table 7.2, prepared using a 

modified SYNTHES recipe (Aiyuk and Verstraete 2004; Chen et al. 2013; Smith et al. 2013).  

The system was then operated in batch mode for 12 days, the time it took for the COD removal 
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to exceed 70%; this was to ensure that the COD removal was associated with treating the influent 

rather than the products of the initial digester seed sludge. 

Table 7.2 Synthetic wastewater recipe used in this study.  The spiked components were added to 

the base recipe only during the spiked testing conditions. 

Base Recipe 

Components 

Concentration 

(mg/L)  

Spiked 

Components 

Concentration 

(mg/L) 

     
Urea 88  Tryptophan 5.8 

Sodium 

acetate 221  Tyrosine 5.1 

NH4HCO3 219  Humic Acid 100 

KH2PO4 22    

FeSO4 5  Recipe 

Average COD 

(mg/L) 

MgCl2 5  Base Recipe 517±82 

Yeast extract 57  Spiked Recipe 809±29 

Beef extract 65    
Peptone 57    
Starch 131    
Milk Powder 131    
ZnSO4 0.22    
CoCl2 0.12    
MnCl2 0.50    
CuSO4 0.13    
(NH4)6Mo7O24 0.10    
NiCl2 0.10    
Na2SeO4 0.08    

 

Humic acid (53680, Sigma Aldrich, USA), D-tryptophan (98% reagent grade, Sigma 

Aldrich, USA) and L-tyrosine (98% reagent grade, Sigma Aldrich, USA) spikes were used to 

supplement the complex carbonaceous and proteinaceous components, respectively, in the base 

recipe to mimic conditions that occurred during fouling events based on previous AnMBR 

studies (Lim et al. 2020; Vincent et al. 2018).  The humic acid was dissolved by stirring it in DI 

water, adjusting the pH to 12 using NaOH, and then lowering the pH to 7 using HCl before 

aliquoting for spiked addition.   
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 After the initial inoculation and acclimation, the experiment was carried out in 3 stages: 

Stage 1, baseline SWW; Stage 2, reseed and replicate baseline SWW; Stage 3, spiked recipe 

using acclimated sludge from Stage 2.  Each stage began with an extended Critical Flux Test 

(CFT), which served to establish the baseline performance of the system and to gauge the effects 

of the influent SWW on fouling propensity, and then continued directly into a continuous 

operation stage for 3 days, after which the side tube module was extracted and replaced with a 

fresh membrane fiber for the subsequent test.  Throughout all 3 stages, the main module 

remained operating and was undisturbed, except for interruptions during sampling events.  Solids 

were monitored but were relatively stable throughout each stage and did not require wasting 

events, leading to the only solids wasting occurring incidentally through sampling. 

 7.1.3 Extended Critical Flux Test 

Critical flux testing was performed using the flux step method in which a setpoint for 

instantaneous flux was maintained for a full production-backpulse-relaxation cycle before being 

adjusted for the next cycle (Cho and Fane 2002; Lutze and Engelhart 2021).  Flux was increased 

by increments of 5 LMH until there was a cycle where one of the following conditions were met: 

the next TMP cycle would exceed 30 kPa, which is taken as a conservative limit to safeguard the 

membrane, or the change in TMP divided by the change in flux step has doubled from the 

previous cycle (Lutze and Engelhart 2021; Wang et al. 2008).  When either of these conditions 

were met, a critical flux would be estimated.  In this study, however, the critical flux test was 

extended, and the flux steps were decreased by increments of 2.5 LMH until the flux was at or 

below the starting flux conditions to explore the hysteresis effect.  Upon conclusion of the 

extended critical flux test, the three-day period of continuous operation commenced using the 

design basis settings described in Table 7.1. 
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 7.1.4 Sampling Procedures and Analytical Methods 

One liter grab samples of SWW influent, permeate, and membrane tank mixed liquor 

were collected daily for analysis.  pH was measured using an Accumet AB150 (MA, USA).  The 

influent samples were directly used for COD analyses.  Permeate samples were directly used for 

TC-TN, and spectrophotometric analyses, consisting of COD, colorimetric protein and 

carbohydrate measurements, and fluorometry.  Mixed liquor samples were directly used for Total 

Suspended Solids (TSS) and Volatile Suspended Solids (VSS) analyses according to standard 

methods for wastewater 2540D and 2540E, respectively, but underwent heat extraction at 60℃, 

prior to the spectrophotometric analytical methods (Eaton et al. 2005).  All heat extractions 

performed in this experiment were done according to the procedure described in Chapter 6 at 

60℃. 

COD and ssCOD measurements were conducted using Hach method 8000 on a Hach 

spectrophotometer (Hach DR3900, CO, USA). The ssCOD measurements were conducted on the 

mixed liquor filtrate through a 1.2 µm filter paper (Whatman 1822-047, Maidstone, United 

Kingdom).  Colorimetric assays for carbohydrate and protein determination were performed on 

96-well plates using the phenol-sulfuric (PS) method with glucose as the standard (Masuko et al. 

2005) and the bicinchoninic acid (BCA) method (Sigma-Aldrich 2011) with bovine serum 

albumin (BSA) as the standard, respectively. All colorimetric analyses were performed in 

triplicate on a BioTek microplate reader (BioTek Epoch 2, VT, USA) with Greiner Bio-One 

µClear Bottom 96-well plates (Greiner Bio-One, Kremsmünster, Austria). EEMs were generated 

using a Horiba Aqualog fluorometer (Horiba, Kyoto, Japan) with the samples aliquoted in quartz 

cuvettes (Starna 3-Q-10, Ilford, UK). 
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To supplement the carbohydrate, protein, and EEM data, Total Carbon (TC) and Total 

Nitrogen (TN) analyses were performed using a Shimadzu TOC-L and TNM-L (Shimadzu, 

Kyoto, Japan) analyzer and ultra performance liquid chromatography (UPLC) using a Waters 

ACQUITY UPLC H-Class PLUS System (Waters Corp., MA, USA).  Additionally, FTIR was 

performed on the foulant cake using a Cary 630 FTIR spectrometer (Agilent, CA, USA).   

 7.1.4 Membrane Foulant Sampling 

Foulant sampling was performed at the end of each stage of operation.  Side tube 

membrane fibers were extracted in stages 1, 2, and 3.  The main module fibers were extracted at 

the end of operation, coinciding with the end of stage 3.  The extraction procedure was the same 

for all membrane sampling events. The membrane extracts of all membrane fibers were prepared 

using 0.45µm and 0.2 µm cartridge filters, with the filtrate from each being used for TC-TN, 

carbohydrate, protein, and fluorometry analyses. 

First, any foulant cake retained on the membrane fiber after the tank was drained is 

scraped off using a stainless-steel scoopula.  Eight foulant cake samples were directly dried 

overnight in a 105℃ oven and weighed. Afterwards, four of the replicates were placed in a 

furnace at 550℃ for 15 minutes and weighed in a loss on ignition test to determine the organic 

content of the sample.  One sample from the 105℃ dehydration and one from the 550℃ ignition 

were each ground into a powder using a mortar and a pestle for FTIR analysis.  For analyses 

requiring extraction, 1 g of foulant cake was suspended in 40 mL of 0.9% NaCl, heat extracted 

and analyzed using the same the procedures applied to the mixed liquor samples. 

After the foulant was scraped off, membrane fibers were cut from the modules, trimmed 

to 203.2 mm segments if applicable, suspended in 40 mL of 0.9% NaCl, and subject to heat 

extraction at 60℃, per the optimized method developed in Chapter 6.  The side tube fibers did 
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not require trimming and were extracted in full.  The main module fibers were longer and 

required trimming. Additionally, the main module was comprised of many fibers, so sampling at 

different locations to capture possible variability due to their position along the module was 

considered.  Three 203.2 mm segments from the main module were chosen at random, with 

positions determined by a random number generator: Sample M1 was taken from the front of the 

block and the top of the module, Sample M2 was taken from the middle of the block with the 

midpoint being the center height of the module, and Sample M3 was taken from the back, 

capturing the bottom of the module.  

 7.2 Results and Discussion 

 7.2.1 System Performance 

In order to set up the fouling experiments within reasonable operating conditions that are 

representative of actual operation, COD removal performance and solids concentrations were 

tracked.  COD removal, shown in Figure 7.2a, shows that a period of 7 to 10 days of batch mode 

operation period before the permeate was able to first achieve 70% treatment efficiency, which is 

comparable to other studies (Hu and Stuckey 2006; Lim et al. 2020; Smith et al. 2013), and 

significantly faster than the months or weeks expected of anaerobic systems (Grosser 2017; Judd 

2010).  The average removal efficiency across all three stages of operation was 83±7%. This 

quick startup is likely due to having a consistent SWW substrate as well as an active inoculum 

directly obtained from an anaerobic digester.  Afterwards, COD removal continued to increase 

with time, and efficiency increased with increased COD loading from the spiked influent.  The 

system produced an average of 2000±950 mL of biogas per day over the entire period of 

operation, with an average concentration of 70.4±0.4% v/v methane. 



110 

The sludge concentration remained relatively stable throughout the entire experiment, 

with an average of 12000±2500 mg/L TSS and 7600±1400 mg/L VSS (Figure 7.2b).  

Maintaining a consistent solids concentration has important implications in a fouling experiment 

because mixed liquor solids are often considered a controversial parameter for membrane 

fouling.  While some studies confirm the conventional wisdom  that increased solids 

concentrations decrease membrane performance (Judd 2010; Meng et al. 2017), other studies 

reported performance benefits with increase in bulk solids concentrations due to improved 

filterability (Chang et al. 2002; Lousada-Ferreira et al. 2015) .  Having a stable solids 

concentration limits their impact across the different stages of operation.  It has been 

hypothesized that the composition of the mixed liquor, specifically the relative contributions of 

suspended solids, colloids, and dissolved organic matter, has a larger effect on membrane 

performance than the solids concentration itself (Bouhabila et al. 2001; Defrance et al. 2000). 

ssCOD has been suggested as being one possible analysis that could help capture the 

contribution of colloids and DOM during long term operation (Lim et al. 2020).  In this system, 

while the solids concentration in the bioreactor sludge was relatively stable, the ssCOD varied.  

ssCOD was consistently low in stage 1 but started high and decreased over time in stages 2 and 

3. While ssCOD can be a useful monitoring tool for long term operation, it has shortcomings 

when it comes to data resolution in very short-term experiments due to its lack of ability to 

distinguish each component’s contribution and practical limitations for generating data at high 

resolution during short time frames without the use of an in-line COD sensor.  This indicates the 

need for more suitable high throughput analytical methods to obtain higher resolution to capture 

the effects of various foulants in real time if the ability to show distinct trends during short time 

intervals is desired. 
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Figure 7.2 Plots of the system’s COD removal performance (A) and solids concentrations 

juxtaposed with ssCOD (B). 

 

 7.2.2 Extended Critical Flux Tests and Continuous Operation 

The first experiment performed in each stage of operation was the extended critical flux 

test (Figure 7.3).  One of the features to notice across all three stages is the steep vertical rise in 

TMP at the beginning of each cycle.  These spikes are due the permeate pump overshooting the 

flow rate to achieve the flux setpoint.  After the permeate pump stabilized, the TMP tended to 
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increase linearly through each cycle.  This dramatic TMP increase has been attributed to the 

physical formation of a cake layer (Chang et al. 2002; Lutze and Engelhart 2021). 

When incrementally increasing the flux by 5 LMH during each production cycle, the first 

instance of the flux step  (
∆𝑇𝑀𝑃

∆𝐽
) doubling was during the step to 35 LMH in stages 1 and 2, 

meaning the true critical flux lies somewhere between 30 and 35 LMH.  In both stages, stepping 

the flux back down at increments of 2.5 LMH per cycle revealed a hysteresis effect, where the 

same flux values were achieved at higher TMP values when stepping the flux down versus 

stepping it up.  At 20 LMH, the long-term operating condition for this study, the initial TMPs in 

stage 1 and stage 2 were 0.760 kPa and 1.014 kPa, respectively while the 20 LMH condition 

towards the end of the critical flux tests produced TMPs of 1.050 kPa and 1.447 kPa, for stage 1 

and stage 2 respectively, each representing a 40% increase in TMP from the initial conditions. 

Stage 3’s CFT with the spiked SWW deviated from the behavior of stages 1 and 2.  First, the 

critical flux of the system was in excess of 40 LMH but was not determined, as the  
∆𝑇𝑀𝑃

∆𝐽
 was not 

doubled from the previous step, and another cycle would likely experience TMPs above 35 kPa, 

signaling the end of the experiment to safeguard the membrane integrity.  Based on this metric 

alone, it would appear that stage 3’s performance was favorable compared to stages 1 and 2 

despite being spiked with humic acid, tryptophan, and tyrosine.  However, extending the CFT 

demonstrates that the hysteresis in Stage 3 was much more severe than in stages 1 and 2, 

experiencing a 241% increase in TMP at the 20 LMH flux condition from 0.99 kPa to 3.38 kPa.   
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Figure 7.3 Extended critical flux testing plots from Stage 1 (A) and Stage 2 (B), both of which 

used the baseline synthetic wastewater recipe, and Stage 3 (C), which was spiked with 

tryptophan, tyrosine, and humic acid 
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The repeated condition at 32.5 LMH produced nearly identical responses, confirming that the 

combination of backpulsing and gas sparging was sufficient for removing cake layer deposition 

and further bolstering the hypothesis that the hysteresis in AnMBR fouling is primarily driven by 

pore constriction.  Further evidence that pore constriction was the primary early fouling 

mechanism was that there was no visible evidence of cake layer formation when the tank was 

temporarily drained before reseeding the reactor between Stage 1 and Stage 2. 

This suggests that the hysteresis is likely due to pore constriction, which is not addressed 

by physical maintenance methods, and directly contradicts the strong form of the critical flux 

hypothesis, which states that there theoretically exists a flux below which no fouling occurs 

(Field et al. 1995).  This hysteresis effect has commonly been observed in both AnMBR and 

MBR literature overall, and decreases critical flux as membrane systems continue their service 

life (Fox and Stuckey 2015; Le-clech et al. 2006).  Considering the hysteresis, it may be useful to 

amend the critical flux hypothesis to a more practical form as follows: there exists a flux below 

which the formation of a cake layer can be mitigated solely through physical management 

techniques; reduction in membrane performance when operating in subcritical flux conditions 

are primarily due to physically irremovable pore constriction. 

 7.2.3 Membrane Foulant Samples 

Side tube membrane fiber samples were used to verify the assertion that pore constriction 

was the primary mechanism of early AnMBR fouling.  In the side tube membrane fiber samples 

from all three stages, no visible cake layer at the time of sampling, and thus no foulant cake 

sample was able to be sampled, validating the lack of solids deposition suggested from the CFT 

tests.  Because the membrane fibers were extracted as a whole, the foulants that accumulated on 

the membrane were extracted without distinguishing whether they were from inside the pores or 
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if they had built up on the membrane surface but could not be seen with the unaided eye.  The 

TC, TN, protein, and carbohydrate extraction data for the side tube membrane fibers are shown 

in Table 7.3. 

Table 7.3 Table of Total Carbon (TC), Total Nitrogen (TN), carbohydrate, and protein 

extractions from the side tube membrane fibers after the 3 days of operation of each stage.   

 Total Mass Extracted (mg) 

Side Tube 
Module TC TN Carbohydrate Protein 

Stage 1 0.192±0.019 0.048±0.001 0.062±0.033 0.25±0.044 

Stage 2 0.190±0.004 0.071±0.001 0.081±0.019 0.192±0.025 

Stage 3 0.192±0.003 0.056±0.002 0.217±0.016 0.134±0.095 

 

 The carbohydrate concentration was significantly higher in the stage 3 fiber, likely due to 

being spiked with humic acids, which can be partially captured as complex carbohydrates, but 

the protein concentration was lower despite the influent being spiked with amino acids.  UPLC 

analyses for free amino acids on each of the side tube extracts, as well as the sludge and 

permeate extracts, returned results below the detection limit, which does not necessarily rule out 

the presence of polypeptides.   

EEM data from the side tube fibers at the end of each operational stage are shown in 

Figure 7.4.  Despite free amino acids not being detected by UPLC, the EEMs from the 

membrane extracts continued to show protein-like fluorescence.  The tryptophan-like 

(fluorophore T1) and tyrosine-like (fluorophore B2) fluorescence only requires the intact 

aromatic rings, particularly the presence of indole groups, which would still fluoresce whether in 

peptide chains or as the products of amino acid degradation (Hudson and Reynolds 2007; 

Lakowicz 2006).  This suggests some biotransformation to the tryptophan and tyrosine free 

amino acid spikes while in the bioreactor, which is expected to occur under anaerobic 

fermentative and methanogenic conditions (Li et al. 2018).  With the UPLC analysis confirming 
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low levels of free amino acids and the extracted protein concentration decreasing in the spiked 

stage, it is surmised that the protein-like fluorescence from these extracts is likely from amino 

acid degradation products.  The peaks in these EEMs that are not associated with protein-like 

fluorescence are all associated with humic substances.  Fulvic-like peaks (fluorophore D) and 

marine humic-like peaks (fluorophore M) were present in all samples.  The unnamed peak 

centered around (EX 250, EM 300) that appear in the Stage 3 is distinctly associated with the 

humic acid standard (Appendix C1). 

 

Figure 7.4 Excitation-Emission Matrices (EEMs) of the side tube membrane extracts from the 

end of Stages 1 and 2, using the baseline synthetic wastewater, Stage 3, using the spiked 

synthetic wastewater, and the main module at the end of operation. 

 

The peaks were as follows: tryptophan-like (T1), tyrosine-like (B2), marine humic-like (M), 

fulvic-like (D).  EEMs and extraction data associated with the main modules are shown in Figure 

7.5 and Table 7.4, respectively; only one membrane fiber sample is shown, as the other two main 
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module samples have nearly identical EEM profiles (Appendix C3). The increased intensities for 

the humic substance peaks and tryptophan-like peak T1 in the main module, which was in 

operation for longer than the side tube modules, indicates that these were the foulants that were 

adsorbed in the membrane pores over time. Despite each membrane sample coming from 

different areas of the membrane module, both the extract concentrations and EEM characteristics 

were nearly identical.  The foulant cake tended to be built up near the top region of the 

membrane module where the fibers were potted and around the plastic fittings.  It is likely that 

these areas were benefitting less from the gas sparging, as having a physical barrier in the plastic 

fittings could prevent the removal of foulant solids, retain them, and form a cake layer. 

 

Figure 7.5 Excitation-Emission Matrices (EEMs) of the main module sample M1 and the foulant 

cake, both sampled at the end of the system’s operation. 

 

Table 7.4 Table of Total Carbon (TC), Total Nitrogen (TN), carbohydrate, and protein 

extractions from the main module membrane fibers (M1, M2, and M3) and the foulant cake, all 

sampled at the end of the system’s operation. 

Main Module TC TN Carbohydrate Protein 

M1 (mg extracted) 4.550±0.091 1.123±0.027 0.084±0.004 0.214±0.082 

M2 (mg extracted) 3.738±0.102 0.954±0.019 0.072±0.001 0.266±0.067 

M3 (mg extracted) 3.157±0.088 0.749±0.046 0.077±0.004 0.363±0.087 

Foulant Cake (mg extracted/g solid) 43.29±0.670 17.71±0.525 Not Reported* 50.1±9.218 

*Due to measurement difficulties 
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In contrast to the main module extracts, the foulant cake EEM shows a much stronger 

signature of tryptophan-like and tyrosine-like peaks and lower levels of humic-substance peaks.  

The profile observed in this study and the relatively elevated protein-like peaks concentrations 

and present, but lower humic-like peaks is similar to previous studies (An et al. 2009; Xu et al. 

2020b).  The difference in the EEM profiles between the membrane fiber extract and the foulant 

cake illustrates a difference in the partitioning of foulant components: protein-like fouling is 

more prevalent in the cake layer while humic substances dominate in pore fouling.  

 

Figure 7.6 Fourier Transform Infrared spectroscopy spectra of the cake layer foulant from the 

main module after dehydration in a 105℃ oven overnight (A) and ignition at 450℃, leaving 

only the inorganics (B) 

 

Supplementing the foulant cake EEM, the FTIR profile shows Amide II and Amide III 

peaks at 1538 cm-1 and 1652 cm-1, respectively, are both associated with the secondary structure 

of proteins, and the 3264 cm-1 peak that indicates the presence of primary amines and amides.  

The presence of regions suggesting secondary protein structure also implies that the protein-like 

fouling exists in peptide chains in the cake layer, which the high amount of protein extracted 

from the cake corroborates (Figure 7.6).  This is in contrast with the pore foulants which were 

likely degradation products.  The 1007 cm-1 peak has been associated with polysaccharides, 

aluminosilicates, calcium sulfate, and phosphates, but its predominance in the ignited foulant 
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sample as well as the dehydrated foulant sample suggest that it is largely inorganic in nature.  

These FTIR spectra signatures strongly resemble the spectra found in previous studies and 

corroborate the findings from Chapter 4.3 (Lim et al. 2020; Vincent et al. 2018; Yurtsever et al. 

2016). 

 7.2.4 Continuous Operation TMP Behavior 

Following each of the CFTs, the system was operated for three days with a flux setpoint 

of 20 LMH, well below the critical fluxes of any of the three stages in order to accumulate 

irremovable foulants on the membrane while operating at conditions below the critical flux.  

Each production cycle should ideally follow the same pattern as a critical flux test, with 

subcritical flux operation implying that cake layer formation will be negligible.  The rate of cake 

layer formation, measured by 
∆𝑇𝑀𝑃 (𝑘𝑃𝑎)

𝑡𝑖𝑚𝑒 (𝑚𝑖𝑛𝑢𝑡𝑒𝑠)
 in the linear portion of each production cycle did not 

experience an overall increase in stages 1 and 2 and had an average slope of 0.040±0.004 

kPa/min (initial slope= 0.046 kPa/min; final slope=0.041 kPa/min) and 0.059±0.017 kPa/min 

(initial slope= 0.056 kPa/min; final slope= 0.041 kPa/min), respectively.   

In stage 3, however, the rate of TMP increase accelerated from an initial slope of 0.048 

kPa/min to a final 0.067 kPa/min, a statistically significant increase (p<0.001).  This accelerating 

behavior over time is distinct from the simple rapid rise in TMP during each production cycle 

associated with cake layer formation.  Combined with the lack of solids deposition visually 

observed in the side tube membrane sample, this suggests that this TMP increase is most likely 

driven by irremovable pore constriction either directly or by contributing to solids deposition by 

providing the initial organic matter deposits for the cake layer to begin to form on, both 

phenomenon which have been  observed in ultrafiltration membrane studies (Costa et al. 2006). 
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Figure 7.7 Plot of the increasing TMP/Time slope versus production cycle, demonstrating the 

increasing rate of cake formation 

 

Taking the results of this study as a whole, the proposed mechanism for AnMBR fouling 

development in this system was that pore constriction was the primary mechanism of 

irremovable fouling in the early stages of AnMBR fouling under subcritical flux operations.  The 

extended critical flux tests show that solids deposition was manageable, but the hysteresis effect 

was observed.  As the adsorption of organic matter progresses, the rate of solids deposition onto 

the membrane surface increased, as shown in Figure 7.7.  Many previous AnMBR studies 

identified cake layer formation as the dominant fouling mechanism (Charfi et al. 2012; Dereli et 

al. 2015) indicating that after enough adsorption of organic matter has occurred, the dominant 

fouling mode may transition from pore constriction to cake layer formation as the solids deposit 

onto previously deposited foulants (Costa et al. 2006; Xu et al. 2020b).  The irremovable 

deposition of solids while operating under a constant flux condition would suggest that the 

critical flux was lowered due to pore constriction until the operating flux was above the critical 

flux threshold. 
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 7.3 Summary 

This study synthesized information from the end-of-life analysis on the membrane fibers and the 

foulant cake with data obtained from the critical flux tests and throughout regular operation 

[Chapter 2, Objective 3].  Both continuous operation data and foulant extract data were integral 

in evaluating the critical flux theory and suggest that the dominant fouling mechanism when 

operating below the critical flux was pore constriction driven by soluble organic matter [Chapter 

2, Hypothesis 1b].  As pore constriction progressed, it appears that the rate of solids deposition 

increases, which implies that the critical flux is dynamically being reduced.  If left unchecked, it 

is possible that it would continue until solids deposition can occur and become the dominant 

mode of fouling [Chapter 2, Hypothesis 1a]. Proteinaceous fouling was observed but was more 

associated with the foulant cake [Chapter 2, Hypothesis 2].  However, there were protein-like 

fluorescent peaks in the EEMs from the membrane fiber extracts.  These peaks were likely to be 

caused by the degradation products from amino acids, such as indoles, rather than free amino 

acids or proteins.  
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Chapter 8 - Conclusion and Future Research 

 8.1 Conclusion 

AnMBRs are a compelling platform for energy positive and resource recovery centric 

municipal wastewater treatment, which is likely the future of the entire sector.  The ability of the 

AnMBR to treat the organics while contributing to energy neutrality through biogas generation 

and providing the opportunity for nutrient recovery has been demonstrated at the pilot-scale 

[Chapter 2, Objective 1A; Chapter 3].  The anaerobic bacteria performed well through seasonal 

variations, answering questions on how they would perform when confronted with ambient 

temperature operation.  With its treatment performance established, the membrane performance 

of the pilot system was examined in Chapter 4, which revealed that proteinaceous foulants could 

be a key foulant due to its increased concentration in the permeate during fouling events 

[Chapter 2, hypothesis 2].  Additionally, inorganic scalants calcium phosphate and calcium 

sulfate were confirmed to be present in the cake layer using FTIR and electron microscopy.  The 

analyses on the membrane foulants could only be conducted at the end of life of the AnMBR 

system, however, due to the practical difficulty of maintaining anaerobic conditions during 

membrane sampling.  Additionally, the end-point analyses performed on the pilot-scale system 

were only conducted on the foulant cake layer, which may not provide information on the 

irreversible pore constriction. 

To further investigate fouling, a lab scale AnMBR was designed with a side-tube module 

to enable the sampling of isolated membrane fibers without disrupting the performance of the 

main system [Chapter 7].  Proteinaceous fouling appeared to be partitioned more with the cake 

layer than the membrane pores, which saw elevated humic substances.  The nature of the protein 

fouling in the cake layer likely occurs as polypeptide chains while the pore was likely from 
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amino acid degradation products such as indoles [Chapter 2, Hypothesis 2].  Synthesizing the 

continuous operation data and foulant characterization soluble organic matter was driving 

irremovable pore constriction as the dominant fouling mechanism in subcritical flux operation 

[Chapter 2, Hypothesis 1b].  As the pore constriction reduces the critical flux, it may provide the 

initial deposition sites for cake layer formation until it becomes the dominant mode of fouling 

[Chapter 2, Hypothesis 1a].  Elucidating the progression of fouling in AnMBR systems can aid 

in developing targeting cleaning strategies that appropriately address each stage. This could 

eventually pave the way for an energy positive and sustainable operation of AnMBRs paving 

their way for full scale adoption by society.  

 8.2 Future Research 

While this study made several contributions towards evaluating the hypotheses set forth 

in Chapter 2, a few components are yet to be evaluated.  First, inorganic scaling was not 

evaluated in the lab scale reactor and requires further research to determine their impact [Chapter 

2, Hypothesis 1b].  Second, while proteinaceous materials were found in the cake layers and 

adsorbed in the membrane pores, whether or not these materials were colloidal in nature has not 

been determined [Chapter 2, Hypothesis 2].  Additionally, the study raises several potential 

avenues of research to pursue in future work. 

 8.2.1 Further Investigations on Pore Foulants 

While this study largely neglected in this study was inorganic scaling in order to study 

the organic foulants, the impact of scaling is acknowledged and future studies should be 

conducted to elucidate their role in fouling development [Chapter 2, Hypothesis 1b].  The 

decision to neglect inorganic foulants in favor of studying organic foulants in this study was 

largely practical: first, few analyses can examine the foulants within the pores, and second, 
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extracting them would have consumed the limited number of side tube membrane modules 

available for this study.  The latter point can be addressed by preparing more side tube modules 

and preparing an extraction protocol that is focused on the desorption of scalants.  After 

extraction, analyses such as FTIR and ion chromatography could be utilized to analyze the 

resulting extract.  The former issue, however, would require specialized advanced analyses to 

overcome.  One such tool that has been employed, purportedly for an investigation into pore 

fouling, is atomic force microscopy, which has been used to characterize the adsorption of humic 

acid onto ultrafiltration membrane pores and investigate hardness-induced scaling in RO 

processes (Costa et al. 2006; Hilal et al. 2003).  Atomic force microscopy is still limited to 

examining the surface roughness, however, which suggests that it may not be sufficient for 

deeper investigations into the pore.  Cryo-microtomy may be one means of producing thin 

sections that can be imaged using various microscopy techniques in order to produce a true depth 

profile while preserving the foulants in-situ. 

As pore foulants appear to be the primary driver of the initial stages of AnMBR fouling, 

increased consideration should be given to them while developing maintenance strategies.  This 

requires additional characterization studies.  Evaluating the relative impact of humics, fulvics, 

and protein-like foulants can lead to specific targeted backwash cleans that can desorb the prime 

contributors to pore constriction.  Further characterization studies should also be conducted to 

determine whether or not the protein-like foulants are indeed the result of aromatic rings 

remaining from amino acid degradation; C-NMR spectroscopy or LC-MS may be appropriate 

analytical methods of determining this (Cook and Langford 1998; Gai et al. 2013).  Performing 

these analytical techniques on liquid samples that have been passed through filters of various 

sizes can develop a particle size distribution profile and ultimately evaluate whether or not the 
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colloidal species are predominant as hypothesized [Chapter 2, Hypothesis 2].  Furthermore, it 

may be possible to evaluate the interaction between foulant particle size and the membrane pore 

size distribution. 

 8.2.2 Investigating the Partitioning of Foulants in the Bulk Sludge and Membrane 

Permeate 

As the different foulant species appeared to be partitioned differently in either the cake 

layer or the pores, it may be possible to determine a relationship between the foulants, the mode 

of fouling, and the concentrations of the foulants in the permeate and bulk sludge.  Finding 

correlations between the permeate and sludge characteristics and fouling would greatly improve 

the ability for operators to dynamically respond to pre-empt fouling events, especially as 

sampling the membrane fibers anaerobically remains a practical difficulty. This was 

demonstrated in this study when the use of ssCOD analysis and EEMs in Chapter 4 improved 

performance outcomes.  Some preliminary work was also performed on the lab scale reactor to 

begin to address this point. 

The TC-TN and carbohydrate and protein extraction data are shown in Figure 8.1.  One 

note is that the sludge SMP and sludge EPS had higher concentrations of carbohydrates than in 

the permeate.  Because these products are soluble, it is unlikely that the physical mechanism of 

membrane filtration was what removed the carbohydrates, which would make sludge SMP 

carbohydrates a potentially important parameter to track and supplement ssCOD data with. 

Future studies exploring size characteristics of carbohydrates and proteins in the permeate SMP, 

sludge SMP, and sludge EPS can also be conducted to produce a size distribution profile for each 

potential foulant and determine if there is a size range, such as colloids, for proteins and 

carbohydrates that disproportionately affects membrane fouling [Chapter 2, Hypothesis 2].  
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Tracking this information can also help determine whether or not certain size fractions partition 

in the cake layer or in the pores, which can lead to more accurate early predictions of oncoming 

fouling events that can be proactively managed. 

 

Figure 8.1 A plot of the extractions of Total Carbon (A), Total Nitrogen (B), Carbohydrates (C), 

and Proteins (D) for permeate SMP, sludge S MP, and sludge EPS.  For Total Carbon and Total 

Nitrogen, all measurements were performed in triplicate and error was less than 10% on each. 

 

 8.2.3 Evaluating Chemical Cleaning Strategies 

As more data is collected on the pore foulants, it may become possible to develop 

improved cleaning strategies.  One of the first elements to examine is the choice of cleaning 

chemical.  Sodium hypochlorite is currently the most popular membrane cleaning agent, and it 

has been shown that it can effectively release dissolved organic matter, including humics, from 

the membrane pores (Sun and Liu 2021).  Cleaning with sodium hypochlorite has been 

associated with increases in toxic halogenated byproducts including chloroform and 
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trichloroethylene have been noted, however, which should be studied to determine if this poses a 

significant risk over the membrane system’s operational life (Wang et al. 2018).  The release and 

partitioning of organic compounds is also influenced by the presence of calcium, which can be 

released by anti-scalant chemical cleaning, such as citric acid backwashes, as well, which can 

lead to the formation of an irreversible gel layer forming (Wang et al. 2008, 2018). 

These complex interactions highlight the need for further fundamental studies to 

determine the partitioning and nature of the foulants in order to select better chemical cleaning 

agents and, more broadly, develop more effective membrane maintenance strategies.  These 

fundamental studies require methods to extract the foulants from the membrane pores, however, 

which implies that empirically determining what chemicals may be effective for cleaning would 

also determine which ones are suitable for use with pore extraction procedures, which could be a 

key step to advancing the fundamental understanding of foulant partitioning.   

 8.2.4 Overall Directions for the AnMBR Platform 

While this study demonstrated an AnMBR’s ability to achieve holistic wastewater 

treatment, the configuration used in this study was simply a first step and may not be indicative 

of AnMBR platform’s true potential.  While this study was able to demonstrate the recovery of 

nutrients, the chemical costs could be prohibitive with scaleup.  Researching alternative chemical 

coagulants or even entirely different recovery platforms such as electrodialysis or microbial fuel 

cells can help improve the value of the nutrient products able to be obtained from AnMBR 

permeate and ultimately contribute to increasing the economic viability of AnMBRs (Heronemus 

et al. 2021; Kannan and Parameswaran 2021; Yan et al. 2018).  Another avenue of research that 

aims to increase the economic viability of AnMBRs has been pushing the platform towards 

energy neutral or energy positive operation.  There are several methods to reach energy positive 
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operation, but one strategy that has successfully demonstrated net energy production at low 

HRTs was the use of a staged AnMBR configuration that could recycle particulate COD from a 

membrane tank to anaerobic GAC fluidized bed reactors (Shin et al. 2021).  The potential of 

AnMBRs extends beyond that of a standalone technology, however, further augmenting its 

opportunities for successful application.  One study that highlights the flexibility of the AnMBR 

as an enabler of different technology platforms for nutrient and energy recovery involved a 

microalgal reactor, which takes advantage of the nutrient rich AnMBR permeate for algae 

cultivation (Vu et al. 2020).  The different configurations of AnMBRs have their individual 

strengths and weaknesses, which necessitate further life cycle assessments (LCA) and techno-

economic analysis (TEA) studies to determine their environmental, social, and economic impacts 

(Harclerode et al. 2020).  The continued research on more effective operation of AnMBRs for 

energy and nutrient capture can only improve the technology’s outlook. 
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Appendix A - Accompanying Chapter 3 

Coagulation dosage determination through jar testing 

A standard Phipps and Bird jar tester was used. For each test, 1 L of permeate was collected.  Chemical additions were made during 

rapid mixing at 120 min-1 for 2 minutes, which was followed by slow mixing at 30 min-1 for 20 minutes. After mixing, the beaker 

contents were poured into 1-L graduated cylinders and allowed to settle for 30 minutes prior to sampling and analysis.  A 

representative testing matrix and the results are shown in Table A1. 

 

Table A1 The results and coagulant dosing conditions used to determine the approximate rates of chemical addition for the pilot 

plant’s nutrient recovery system 

FeCl3

(mg/L-Fe)

ACH

(mg/L)

Polymer Dose

 (mg/L) Results (description) pH ORP

Turbidity

(NTU)

Influent Sulfide

(mg/L)

Sludge Volume

(ml)

Residual Sulfide

(mg/L)

61 26 1.3 Failure. Black color throughout, no settling 6.8 -156 113 1.50 0 1.50

61 52 1.3

Floc formation, some settling, lots of flocs suspended still. 

Cloudy 6.8 -158 59 1.00 25 1.00

61 77 1.3 Larger flocs, better settling many suspended particles 6.8 -153 23 0.75 45 0.75

61 103 1.3 Not as many suspended flocs. Large floc size. Good settling 6.9 -144 25 1.00 55 1.00

121 26 1.3 Failure. Black color throughout; small discrete flocs 6.7 -154 97 0.85 0.1 0.85

121 52 1.3

Small or medium size flocs, suspended solids, decent 

settleability. 6.7 -131 42 0.90 20 0.90

121 77 1.3

Medium size flocs, good settability, some suspended solids, 

mostly clear water 6.7 -132 44 1.25 25 1.25

121 103 1.3

Clear water, medium size flocs, lower concentration of 

suspended solids than previous condition 6.7 -127 36 0.95 35 0.95

182 26 1.3 Ashy gray, very good settleability, low turbidity 6.5 -85 18 0.12 35 0.12

182 52 1.3 Black-green flocs, few suspended flocs 6.6 -98 15 0.13 45 0.13

182 77 1.3 Black-green flocs, very clear water, denser settling flocs 6.6 -94 9 0.13 40 0.13

182 103 1.3 Black-green flocs, very clear water, some white wispy clouds. 6.7 -93 15 0.11 85 0.11

243 26 1.3 Golden flocs, great settling, very low turbidity 6.4 -69 7 0.10 40 0.10

243 52 1.3 Golden flocs, great settling, very low turbidity 6.4 -67 5 0.10 50 0.10

243 77 1.3 Golden flocs, great settling, very low turbidity 6.4 -67 5 0.10 60 0.10

243 103 1.3 Golden flocs, great settling, very low turbidity 6.4 -68 4 0.09 85 0.09
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Figure A1 The COD associated with Volatile Fatty Acids (VFA) measured in the permeate 

between days 250 and 400.  The upset conditions from day 300 to day 355 is associated with 

elevated VFA concentration 
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Appendix B - Accompanying Chapter 4 

Table B1 Table of LSI and pH values over the first 96 days of operation.  The LSI values were 

consistently negative after the startup period, indicating that calcium carbonate scaling was not 

likely to occur. 

 

  

Days LSI pH

17      -0.07 7.05

20      0.19 7.34

24      0.24 7.44

27      -0.39 6.76

31      -0.26 6.95

34      0.01 7.10

38      -0.22 7.01

40      -0.46 6.77

47      -0.24 6.92

54      -0.29 6.88

59      -0.30 6.97

61      -0.78 6.67

66      -0.56 6.63

68      -0.51 6.68

83      -0.19 7.06

87      -0.20 7.07

96      -0.05 7.10
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Figure B1 Transmission electron microscope crystal diffraction images.  The diffraction patterns 

are diffused due to the high organic content present throughout the wastewater matrix, but 

diffraction spots can be seen in (A).  Measurements to determine d-spacing are shown in (B), 

which identified the crystalline material as calcium sulfate. 
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Appendix C - Accompanying Chapter 6 

 

Figure C1 Extraction data for activated sludge sample AS0, taken from the Manhattan, Kansas 

wastewater treatment plant.  The solids concentrations were 2640 mg/L TSS and 2320 mg/L 

VSS.  Despite the differences in sludge concentration, the general trends were consistent with 

those observed in the AS sample discussed in the main manuscript.   
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Figure C2 Excitation-Emission Matrices of AS1 (activated sludge) SMP extracted at different 

temperatures. Increasing temperatures beyond 60℃ revealed extracted fluorophores 

characteristic of marine humic-like (fluorophore M) substances, but the peak intensities are low 

and relatively comparable among all extraction temperatures tested. 

  

 

M M 
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Figure C3 Excitation-Emission Matrices of ANX (anoxic sludge) SMP extracted at different 

temperatures. The tryptophan-like peak (fluorophore T1) and marine humic-like peak 

(fluorophore M) appear slightly more intense with increasing temperature, but the peak 

intensities are low and relatively comparable among all extraction temperatures tested. 
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Figure C4 Excitation-Emission Matrices of ANA (anaerobic sludge) SMP extracted at different 

temperatures. The tryptophan-like peak (fluorophore T1) and marine humic-like peak 

(fluorophore M) appear slightly more intense with increasing temperature, but the peak 

intensities are low and relatively comparable among all extraction temperatures tested. 
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Figure C5 Excitation-Emission Matrices of ANX (anoxic sludge) EPS extracted at different 

temperatures. The tryptophan-like peak (fluorophore T1) was predominant, with an 

accompanying tyrosine-like peak (fluorophore B2), with increasing relative intensity as 

extraction temperatures progressively increased. A fulvic-like peak (fluorophore D) was also 

observed at the two higher extraction temperatures. 
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Figure C6 Extraction data for aerobic membrane bioreactor sludge sample AeMBR0 as 

measured using the phenol-sulfuric acid method and bicinchoninic acid method, respectively, as 

well as extracted total carbon and total nitrogen measurements versus extraction temperature.  

The error (n=3) was less than 10% for all datapoints.  The trends were similar to those observed 

in activated sludge extractions. 
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Appendix D - Accompanying Chapter 7 

 

Figure D1 Excitation-Emission Matrices of humic acid used in the spiked synthetic wastewater 

recipe. 
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Figure D2 Excitation-Emission Matrices (EEMs) of the amino acids, tryptophan (A) and 

tyrosine (B) used in the spiked synthetic wastewater recipe 

  

B 
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Figure D3 Excitation-Emission Matrices (EEMs) of main module membrane fiber samples M2 

and M3, which have almost identical profiles to sample M1 

 

 

   


