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Abstract

Human urine contains essential nutrient — nitrogen (N), phosphorus (P) and potassium (K)
- for crop cultivation. However, using raw human urine as a direct agricultural fertilizer
source is limited, due to its distinct odour, high pH condition, pathogen risk associated
with faecal cross-contamination, and the possible presence of high concentrations of
pharmaceuticals. Biological nitrification, a two-step biological oxidation process, is
therefore a promising technology to covert volatile and odorous ammonia into stable
odour-free nitrate, while still preserving all the nutrients. Although biological nitrification
is a well-understood process, only a few research groups have studied the application of
this process with undiluted human urine, and the experiences to optimize the nitrification

of source-separated urine without addition of alkalinity are even less.

In addition, micropollutants such as pharmaceuticals and personal care products are a
group of emerging environmental contaminants, which are structurally complex and can
cause adverse physiological effects on human health even at low concentration when
exposed for long-term. However, the current wastewater treatment technologies are not
designed to remove these compounds, and hence most of these residual pharmaceuticals
and hormones remain in the treated effluent. Therefore, it is very important that we

remove the residual micropollutants by a natural biological process.

The combined processes of powdered activated carbon - microfiltration membrane

bioreactor (PAC-MF-MBR) is thereby proposed in this work to optimize the efficiency

X1v



of biological nitrification, control membrane fouling, improve organic removal efficiency
from 88% to 96%, achieve greater than 99% removal efficiency among all targeted
micropollutants (metronidazole, acetaminophen, naproxen, ibuprofen carbamazepine and
estriol), promote more rapid biomass growth, increase sludge floc size growth by 17%
and achieve complete nutrient recovery from source-separated urine. This study
demonstrates the potential application of full-scale PAC-MF-MBR plant in treating

source-separated urine at building level for complete nutrient recovery.

Keywords: membrane bioreactor (MBR); powdered activated carbon (PAC); source-
separated urine; circular economy; resource recovery; nitrification; micropollutant;

fouling
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1 Introduction

1.1 Research background

Human urine contributes 85-90% of nitrogen load, 50-80% of phosphorus load, and 80-
90% of potassium load in only 1% of the total wastewater volume (Le et al., 2020,
Wilsenach and Van Loosdrecht, 2004). The unique composition makes it, at the same
time, a heavy burden for conventional biological sanitation. The conventional wastewater
treatment plants (WWTPs) focus on the removal of N and P to mitigate or prevent the
risk of eutrophication in the receiving water body (Preisner et al., 2021, Zhou et al.,
2022). Maurer et al. (2003) calculated that biological oxidation of NH4" into NO2™ and
NOs™ and then the reduction into N2 gas consumes 12.5 kWh kgN™!, while chemical
precipitation of PO4* consumes 8.1 kWh kgP~!. As urine contains high concentration of
nitrogen (on average 8180 mgN.L-1), phosphorous (on average 670 mgP.L-1) and
potassium (on average 2160 mgK.L-1) (Randall and Naidoo, 2018b, Maurer et al., 2003,
Maurer et al., 2006, Simha and Ganesapillai, 2017, Bhattacharyyab, 2010), the cost of
treating urine is significant (Wilsenach and Loosdrecht, 2006). Wilsenach and Loosdrecht
2006 even demonstrated that, if 50% or more urine is treated separately, conventional
wastewater treatment can achieve higher effluent quality and even being a source of net-

energy production (Wilsenach and Loosdrecht, 2006).

On the other hand, source separation of human urine has been proposed for over two
decades as a sustainable alternative solution for total nutrients recovery and reuse. For

instance, the idea to integrate sewerage system with Urine-Diverting Flush Toilet (UDFT)
1



was firstly invented in the late 20" century in Sweden (Kvarnstrém et al., 2006). The
practical application of using such water-based system includes the SANIRESCH
(SANTItaryRecycling ESCHborn) project in Germany and the UTS Sustainable Sanitation
project in Australia. Above projects investigated the barriers associated with replacing
existing sanitation systems to more sustainable urine diversion (UD) systems (Mitchell et
al., 2013). The SANIRESCH project concluded that the struvite and compost received
from the system is hygienic and safe to use for agricultural fertilization purpose and is
considered economically feasible in favourable conditions (Winker and Saadoun, 2011).
Moreover, the use of alternative sanitation system - Urine-Diverting Dry Toilet (UDDT)
- in higher density areas is of important in many ways. The Ecological Sanitation Ethiopia
project in Ethiopia concluded that the reuse of human excrete produces in agriculture
would contribute to self-sufficiency and food-security - about 25% capital and operational
cost reduction was achieved by using such waterless urine diverting systems, compared
to conventional sanitation systems. The urine application could replace or reduce the

chemical fertilizer usage and provide household additional incomes.

1.2 Contribution to the existing knowledge

Although, many studies have shown the reuse of human excrete produces in agriculture
would contribute to self-sufficiency and food-security, using raw human urine as a direct
agricultural fertilizer source is limited, due to its distinct odour, wide range of pH,
pathogen risk associated with faecal cross-contamination, the possible presence of
pharmaceuticals, and product transportability and application efficiency. Urine
nitrification via membrane bioreactor (MBR) is therefore a promising technology to

overcome these drawbacks. It can recover all nutrients that is beneficial for self-
2



sufficiency and food security, especially for crops with nitrogen deficiency. At the present,
only a few research groups have studied this process with undiluted human urine, and the
experiences to optimize the nitrification of very concentrated human urine without

addition of alkalinity are even less.

In addition, the presence of micropollutants (MPs) such as pharmaceuticals and personal
care products in wastewater streams is an emerging health and environmental concern
(Kumari et al., 2020). These compounds are structurally complex and can cause adverse
physiological effects on human health at low concentration (Gavrilescu et al., 2015, Luo
et al., 2014). However, the current wastewater treatment technologies are not designed to
remove these compounds, which leads to many residual pharmaceuticals and hormones
in treated effluents (Samal et al., 2022). Hence, it is important that we can clean off the
residual with nature and biological purification method (Chtourou et al., 2018, Qrenawi

and Rabah, 2023, Tadkaew et al., 2010).

The post-treatment such as granular activated carbon (GAC) adsorption is introduced for
additional MBR effluent purification, given that the physiochemical interactions between
adsorbent and adsorbate can effectively remove MPs. However, such approach is
unattractive due to high consumption of GAC, reduction in MPs removal efficiency due
to the competitive adsorption between nutrients and MPs, decline of GAC adsorption
capacity over time, and additional space requirement (Boehler et al., 2007, Almuntashiri
et al., 2021, Nguyen et al., 2013b, Asif et al., 2020). In contrast, the powdered activated
carbon membrane bioreactor (PAC-MBR) is an attractive alternative to remove
micropollutant via physical adsorption and biodegradation in a single step, as biological

powdered activated carbon (BPAC) formed over time via growth of stable microbial film



on PAC surface (Stoquart et al., 2012, Zhang et al., 2015). The additional benefits for
PAC-MBR system include: 1) increase urine nitrification efficiency (Ma et al., 2012,
Thuy and Visvanathan, 2006, Hu et al., 2014b); (2) control and mitigate membrane
fouling (Yang et al., 2016, Huang et al., 2021, Guo et al., 2008); (3) improve organic
matter and micropollutant removal efficiency (Chtourou et al., 2018, Qrenawi and Rabah,
2023, Tadkaew et al., 2010); and (4) promote more rapid biomass growth (Hu et al.,

2014b, Alvarino et al., 2017).

The compact and robust powdered activated carbon and microfiltration membrane
bioreactor (PAC-MBR) process is therefore proposed in this work to optimize urine
nitrification efficiency, control membrane fouling, improve organic matter and
micropollutant removal efficiency, promote more rapid biomass growth and achieve

complete nutrient recovery from source-separated urine.

1.3 Research aims and objectives.

This study aimed at exploring the potential application of integrating membrane
bioreactor with powdered activated carbon additive for complete nutrient recovery and

effective micropollutant removal from source-separated urine.

The specific objectives of the research were to:
e Conduct literature review on the membrane-based technologies in water and
wastewater treatment and its application potential for source-separated urine

resource utilization.
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Investigate the influence of nitrifying conditions on urine nitrification efficiencies
and fouling behaviour in MBR treating source-separated urine.

Investigate the effects of PAC concentration in MBR for source separated urine
nutrient recovery in terms of treated permeate quality, micropollutant removal,
and sludge mixture properties.

Conduct a feasibility study for proposed hybrid MBR-PAC. Compare its
performance with control MBR in terms of treated permeate quality, emerging

contaminants removal, membrane fouling, and sludge mixture property.

Thesis structure outline

This dissertation contains six chapters, some of which includes published materials during

the research tenure as a PhD candidate. The structure outline of the thesis is:

Chapter one provides a brief background on the need and motivation for the
research, and the main research objective and the scope of research.

Chapter two provides a detailed literature review on the application of membrane-
based technologies on urine source separation and resource utilization, challenges,
and future developments. A part of this chapter is submitted for publication as
“Nutrient in a Circular Economy: Role of urine separation and treatment.”
Chapter three assesses the application of membrane bioreactor (MBR) for source-
separated urine resource utilization. The result of this chapter was published in
Process Safety and Environmental Protection titled as “Critical flux on a
submerged membrane bioreactor for nitrification of source separated urine”. The
results from this study were also presented during the CESE International

5



Conference 2021, 6-7 November 2021 and awarded the best student oral
presentation (first place).

Chapter four studies the effect of PAC concentration in lab-scale PAC-MBR
combination process on biological and micropollutant removal performance.
Chapter five compares the performance between a powdered activated carbon -
membrane bioreactor (PAC-MBR-MF) and control MBR-MF for source-
separated urine resource utilization in terms of treated permeate quality, emerging
contaminants removal, membrane fouling, and sludge mixture property. These
chapters are submitted for publication as “Feasibility study of powdered activated
carbon membrane bioreactor (PAC-MBR) for source-separated urine treatment: a
comparison with MBR”.

Chapter six provides a summary of major conclusions from the research and
provides recommendations for further improvement of system performance in

compact and robust membrane bioreactor.



2. Literature review

[Notes: A part of this chapter has been submitted for publication and is currently under

review|

W. Shon, J. Jiang, S. Phuntsho, H.K. Shon. (Under review). Nutrient in a Circular

Economy: Role of urine separation and treatment

2.1 Urine composition and properties

Human urine contributes 85-90% of nitrogen load, 50-80% of phosphorus load and 80-
90% of potassium load in only 1% of the total wastewater volume. The biological and
chemical composition of fresh urine varies with recent fluid intake, diet, temperature,
blood pressure, general health, etc. The chemical composition of source separated urine
can change during storage (Table 2.1), as urea (CO(NH2)2) is hydrolysed to ammonia and
bicarbonate by naturally occurring bacterial urease (Equation 2.1) . The urine hydrolysis
leads to an increase in pH (around 9), conductivity and osmotic pressure. Subsequently,
resulting at least 30% of phosphorous is precipitated to the form of calcium phosphate,
struvite, and calcite (Udert et al., 2003b, Udert et al., 2003a, Randall et al., 2016) . Source
separated urine can be collected by using urine diversion, also known as source-separated
toilets and water free urinals. It helps separate collection and treatment of urine from faces,
exemplifying the high potential of energy and resource recovery from source-separated

urine at the level of a single household device.

CO(NH2)2 +2H,0 —* NH; + NH¢" + HCO5 (2.1)
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Table 2.1 The composition of fresh and stored human urine (Udert rt al., 2006, Rose et

al., 2015, Udert and Wachter, 2012)

Component (unit) Fresh urine Hydrolyzed urine
Udert et al., Rose et | Udert et al., Udert and
2006 al., 2006 Wichter,
2015 2012
Total nitrogen (mgN.L™") | 9200 4000- 9200
13900
Total ammonia (mgN.L") | 480 125-600 8100 2390 £ 250
Ammonia NH3 (mgN.L" | 0.3 2700
)
Urea (mgN.L'") 20 9300- 0
23300
Total phosphate (mgP.L"™ | 740 250-760 540 208 + 49
)
COD (mgo2.L™") 10000 6270- 10000 4500 £ 910
17500
Calcium (mg L) 190 32-320 0 16 +3
Magnesium (mg L) 100 70-120 0 <5
Potassium (mg L) 2200 750-2610 | 2200 1410 + 320
Total carbonate (mgC.L™| 0 3200
D
Sulphate (mgSQO4.L™1) 1500 1500
Chloride (mg L) 3800 3800




Sodium (mg L) 2600 2600

Alkalinity (mM) 2 490
Conductivity (mS cm™) 160-270
pH 6.2 5.5-7.0 9.1 8.69£0.11

2.2 Why reusing the nutrients in the urine

The Food and Agriculture Organization of the United Nations (FAO, 2017) reported that
the global fertilizer demand of the three primary plant nutrients - ammonia (NH3) as N,
phosphate (P,0c) as P, potash (K,0) as K- reached 201.66 million tonnes in 2020/21
(FAO,2017). From 2015 to end 0f 2020, the N demand increased annually by 1.5%, while
the demand for P and K grown at an average annual rate of 2.2% and 2.4%, respectively.
The world nitrogen capacity of fertilizers reached 160 million metric tons (mmt) in 2022.
The report for world and regional potential nutrient balance — the difference between
supply and total demand - suggested that regions such as Latin America & Caribbean,
South Asia, West Europe, and Oceania are solely relied on fertilizer import from 2006
(Figure 2.1 and Table 2.2). In addition, Maurer et al. (2003) reported that the energy
consumption in the conventional biological ammonium removal processes and struvite
precipitation to remove phosphorous is 12.5 kWhkgN ™! and 8.1 kWh kgP ™!, respectively.
Urine has a high concentration of essential nutrients (N, P, K) which makes the treatment
of urine costly (Randall and Naidoo, 2018b, Maurer et al., 2003, Maurer et al., 2006,
Simha and Ganesapillai, 2017, Bhattacharyyab, 2010). Wilsenach and Loosdrecht (2006)
found that treating 50% or more of the urine separately can result in improved effluent

quality and even net-energy production in conventional wastewater treatment. Therefore,



urine fertilization is beneficial for self-sufficiency and food security, especially for crops
with nitrogen deficiency. The urine application could replace or reduce the chemical

fertilizer usage; provide household additional incomes.

Potential N balance
Potential P balance
Potential K balance

20 —
15 M

10 H

i) bog 1l
SR

;
I__E
\

Potential N balance (million tonnes)

A
o
1

World
Africa
North America
West Asia
South Asia
East Asia
Central Europe
West Europe
Oceania

Latin America & Caribbean
East Europe and Central Asia

Figure 2.1World and regional potential nutrient balance between 2016 and 2020.

Modified from FAO (2017).

Table 2.2 World and regional potential balance of ammonia as N, phosphate as P, potash

as K between 2016 and 2020 (million tonnes). Modified from FAO (2017)

Potential nutrient balance 2016 2018 2020

World N 1277 17.40 14.48
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Africa

North America

Latin America & Caribbean

West Asia

South Asia

East Asia

11

3.98

4.10

3.53

5.23

-0.76

-3.67

1.96

7.61

-1.97

-4.78

-5.76

7.44

2.51

3.30

-7.86

-6.48

-3.36

5.45

5.71

4.19

6.70

4.46

6.46

-0.87

-2.67

1.90

9.35

-2.09

-5.33

-5.94

10.88

3.14

3.30

-8.99

-7.42

-3.75

4.56

5.85

4.14

6.62

4.30

7.20

-1.0

-2.73

1.84

9.78

-2.70

-5.79

-6.60

10.82

3.55

3.37

-9.69

-8.09

-4.18

3.42

5.98



K -8.87 -8.58 -9.32

Central Europe N 1.06 098 0.88
P -0.42 -046 -0.51
K -0.70 -0.81 -0.86
West Europe N -4.00 -3.97 -3.90
P -1.76  -1.82 -1.78
K 1.00  0.75 0.56
East Europe and Central Asia N 14.00 15.51 15.55
P 252 240 229
K 12.01 13.64 15.26
Oceania N -1.19 -1.27 -1.38
P -0.50 -0.53 -0.56
K -0.39 -039 -0.40

2.3 Types and Implementations of Urine Diversion

Urine diversion, also known as source separation, helps separate collection and treatment
of urine from faeces, exemplifying the high potential of energy and resource recovery
from source-separated urine at the level of a single household device (Larsen et al., 2016,

Panesar et al., 2006). In addition, the urine diversion systems contribute less to toilet-
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related groundwater contamination than conventional sanitation systems (Hanak et al.,
2016). The most common types of urine diversion in urban areas are urine diversion flush
toilets (UDFT) and urine diversion dry toilets (UDDT) which have been commercially
available worldwide. Figure 2.2 shows the scheme of flow streams separation, treatment,
and reuse for (a) urine diversion flush toilets treatment, and reuse for (a) urine diversion

flush toilets (UDFT) with sewerage system (b) urine diversion dry toilets (UDDT).

2.3.1 Urine-Diverting Flush Toilet (UDFT)

The idea to integrate sewerage system with UDFT was firstly invented in the late 20™
century in Sweden (Kvarnstrom et al., 2006). The practical application of using such
water-based system include the SANIRESCH (SANItaryRecycling ESCHborn) in

Germany and the UTS Sustainable Sanitation project in Australia.

GTZ and SANIRESCH program

The Federal Ministry of Education and Research funded two-phase collaborative project
for implementation of novel sanitation concepts in an urban office (Figure 2.3). The
objective of first stage GTZ program (2005-2006) was to design and construct the urine
separating system in GTZ main building. The followed SANIRESCH program executed
by MalBalsky GmbH institution, studied the feasibility of implementing ecological
sanitation (ecosan) concept for separate treatment and recycling of urine, brown- and
greywater from an urban office building (Winker and Saadoun, 2011). The system
performance was analysed in according with health and hygiene concerns, environmental
impact and local resources availability, operation and implementation complexity,

financial and economic feasibility, and social-culture acceptance. It was found upon
13



concluding the project that, (1) the product received from the system is hygienic and safe
to use for agricultural fertilization purpose; (2) the social acceptance of such system is
sound, both farmers’ and consumers’ show the willingness to use urine as a liquid
fertilizer; (3) the project is considered economically feasible in favourable conditions.
However, integration of advanced wastewater treatment technologies, such as struvite
precipitation, have not been studied yet. In addition, the technologies for reuse product in
agriculture as well as increase its transportability and application efficiency need to

investigate further.

UTS Sustainable Sanitation project

The UTS Sustainable Sanitation project conducted by the Institute for Sustainable Futures
(ISF) at the University of Technology, Sydney (UTS), in 2013, Australia, investigated the
barriers associated with replacing existing sanitation systems to more sustainable urine
diversion (UD) systems (Mitchell et al., 2013). The project consisted of UDFT, water free
urinals, piping systems for urine sampling, and tanks for urine storage and transportation.
The performances of project were analysed in accordance with regulations and
institutions, user practices, operation and implementation, agriculture trials, market, and
socio-cultural acceptance. It was found that the development of urine diversion system
could be hampered by: (1) lack policies to support or promote the urine diversion and
reuse; (2) no guidelines to regulate source-separated urine practices; (3) low market share

in sustainable sanitation business could slow down development of existing product.
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Figure 2.3 Two-phase collaborative project for implementation of novel sanitation systems in an urban office, funded by the Federal Ministry

of Education and Research, Germany. Modified from Winker and Saadoun (2011)
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2.3.2 Urine-Diverting Dry Toilet (UDDT)

Kvarnstrom et al. (2006) reported that the first modern version of the waterless system
with urine diversion became available in 1970s. As a sustainable sanitation system,
UDDT is of importance in many ways. It minimizes unpleasant odours and decreases the
occurrence of flies. It can be made from locally available materials and is suitable for use
by all users, regardless of location or personal preferences, including sitters, squatters,
washers, and wipers. The system ensures safe and hygienic handling of faces and has a
longer product lifespan compared to traditional toilets. However, issues such as pipe
blockage due to inappropriate maintenance, presence of foul-smelling, and visible excreta

pile constrain its application and promotion (Randall and Naidoo, 2018a).

Ecological Sanitation Ethiopia Project

The Ecological Sanitation Ethiopia Project funded by the German agency for technical
cooperation (GTZ) started in 2006, Ethiopia, has been demonstrated the technical
requirements and economic benefit from UDDT implementation in high population
density areas. It was concluded that the use of UDDT in multi-storey buildings and reuse
of human excrete produces in agriculture would contribute to self-sufficiency and food-
security as well as provide additional income in terms of 1.4 times higher crop yield and
productivity. About 25% capital and operational cost reduction was achieved compared
to conventional sanitation systems. This shows an advantage for use alternative sanitation
system in higher density areas (Meinzinger et al., 2009a, Meinzinger et al., 2009b,

Simpson-Hebert, 2007, Fry et al., 2015).
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Compost Toilet Trial Project

The Compost Toilet Trial Project conducted by the Wellington Regional Emergency
Management Office (WREMO) in 2012, New Zealand, has been undertaken to evaluate
the service reliability of urine separating emergency compost toilets under crisis
situations where sewage system is damaged and conventional toilet may not be
functioning, such as earthquake (WREMO, 2013). The trail was conducted for one month.
11 households and workplaces were engaged during that time. It was found that, the
compost toilet is safe and hygiene for use inside during exceptional circumstances. A user
acceptance evaluation results shown an increase in users’ satisfaction as the trial
progressed. For instance, all 11 participates shown positive attitudes after short term (1 -
2 weeks) trail period. 7 out of 11 participates chosen very comfortable or comfortable for
3 months trail. No negative feedback (uncomfortable) was received at the end. It has been
also noticed, however, that the issue of using such waterless urine diverting system could
potentially lies in high-density cites. As here space is limited for the urine and the compost
disposal as well as manual removal of compost is required at all-time which is labour
intensive (O’Neill, 2015, Zakaria et al., 2018). The true operation cost and
implementation difficulties of composting toilets have only been researched under
household level or at the single household device level, but lack of investigation at the

large scale (Anand and Apul, 2014).

2.4 Review of current membrane technologies for urine resource

utilization

Membrane filtrations utilize membrane to separate the dissolved solids from liquid

streams. It is commonly used in wastewater treatment to remove microorganisms or
19



desalination to remove salts. It is a physical separation process with no chemical
introduced. Membrane process can be summarized in 3 categories: pressure driven
membrane process, forward osmosis (FO) process, and electrodialysis (ED) and

electrodialysis reversal (EDR) process.

2.4.1 Pressure driven membrane process

The pressure driven membrane processes include micro-filtration (MF), ultra-filtration
(UF), nano-filtration (NF) and reverse osmosis (RO). Specifically, MF is usually used to
remove particulate or suspended material which have particle size between 0.1 and 10
um. UF and NF can separate particles and materials ranged in size from 0.01 to 0.1 pum
and 0.001 to 0.01 um, respectively. RO is normally deal with dissolved solids less than
0.001 pm. As the pressure required for membrane to separate water from other dissolved
material increase while the pore size of membrane gets smaller, RO usually requires
highest pressure among other pressure driven membrane processes to overcome the
osmotic pressure. For instance, the pressure used in RO can sometimes up to 150 bar,
while the pressure applied in MF and UF is in the 0.1 to 10 bar range. Consequently, MF,
UF, and NF could be served as pre-treatment process to RO (Figure 2.4)(Bonnélye et al.,

2008, Cox et al., 2008, Kaya et al., 2015).
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Figure 2.4 Pressure driven membrane filtration types

2.4.2 Forward osmosis (FO)

Compare to pressure driven membrane process utilizes hydraulic pressure to against the
osmotic pressure between the feed side to draw side. The FO technology relies on the
natural osmotic pressure to drive water molecules from the feed solution to draw solution.
This technology has been widely used for ammonium recovery in human urine. The
drawback associated with this application is that the ammonium recovery efficiency is

gradually decreased as draw solution become diluted (Figure 2.5).
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Figure 2.5 Schematic diagram of forward osmosis

2.4.3 Electrodialysis (ED)

Unlike other wastewater treatment measures, electrodialysis (ED) is an evolving
technology that removes ions from the water due to the formation of an electric double
layer (EDL) on the surface of the charged electrodes (Pekala et al., 1998, AlMarzooqi et
al., 2014, Kim and Choi, 2010a). Capacitive deionization (CDI) for instance, can remove
a wide range of charged contaminants and has been increasingly investigated for
desalination and the removal and recovery of target ions from different water sources.
Compared with other desalination technology, the CDI is determined to be efficient for
desalination of low saline water (Suss et al., 2012, Farmer et al., 1995). CDI technology
also does not require excessive chemical usage for practical application, which can be
achieved by a simple reversal of polarity for ion desorption. There are currently three
most common types of CDI in use (1) conventional CDI that uses a pair of static

electrodes, (2) membrane CDI (MCI) which uses ion exchange membranes in
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combination with static carbon electrodes (Lee et al., 2006) and (3) Flow CDI (FCDI)
which uses, slurry electrodes (Jeon et al., 2013). Among these, the MCDI with coated
layer of ion exchange polymer directly on the surface of the electrode is commonly used
by various manufacturers. The use of ion-exchange membranes with CDI drastically
improves desalination and energy efficiency (Kim and Choi, 2010b, Li and Zou, 2011).
Currently, more than half of the research activities in ED and EDR processes are focused
on developing new electrodes to improve ion desorption/adsorption performance and
reduce energy consumption. Figure 2.6 shows a schematic diagram of membrane

capacitive deionization (MCDI) set-up.

° Common cation . Common anion
° Target cation . Target anion

Cation-exchange membrane

Feed mulp
= Reusable water

Anion-exchange membrane

Figure 2.6 Schematic diagram of membrane capacitive deionization (MCDI)
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2.5 Review of alternative membrane-based process for source-

separated urine resource utilization

2.5.1 Forward osmosis-reverse osmosis (FO-RO)

The hybrid forward osmosis-reverse osmosis (FO-RO) system is firstly developed to treat
wastewater and desalination simultaneously. Through the contacted membrane, FO
generates clean water meanwhile RO desalt the undilute seawater. Figure 2.7 shows a

schematic diagram of hybrid FO-RO system.

Wastewater Diluted draw solution

H

FO RO

s clean water

Concentrated Concentrated
Wastewater draw solution

Figure 2.7 Schematic diagram of hybrid forward osmosis-reverse osmosis (FO-RO)

system
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2.5.2 Membrane bioreactor (MBR) and MBR-combined treatment process

Membrane bioreactor (MBR)

Membrane bioreactor is a technology that combines membrane filtration processes (UF,
NF, MF, etc.) with a biological process (activated sludge) to treat wastewater or recover
nutrients from it. Side-stream MBR and submerged MBR are two common configurations
used in MBR. Specifically, the membrane filtration module is placed outside the
bioreactor for easy membrane module access and cleaning. The submerged MBR has
membrane module inside the bioreactor, which requires less energy compared to the side
stream MBR but disadvantages in membrane accessibility and cleaning. Like any
membrane-assisted technologies, membrane fouling in MBR is a primary barrier to the
widespread application. It causes transmembrane pressure (TMP) increase, decline of
permeate quality and membrane performance, increase of membrane operation and
maintenance cost, and decrease of membrane module usage lifespan (Park et al., 2018b,
Kang et al., 2018). Figure 2.8 shows a schematic diagram of two common MBR

configurations.
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Figure 2.8 Schematic diagram of two common MBR configurations. (a) side-stream MBR,

(b) submerged MBR.

MBR-combined technology

There are also studies to combine biological nitrification with consecutive treatment
technology for nitrogen stabilization and complete nutrient recovery in human urine.
Udert and Wiéchter (2012) combined a lab-scale membrane-aerated biofilm reactor
(MABR) with thermal distillation to produce a nutrient-rich dry powder urine fertilizer.
However, such process is energy intensive; the thermal stability of recovery solid
products with high ammonium nitrate content could cause safety hazards during
production and processing. Volpin et al. (2020) investigated to dewater the nitrified urine
up to 20 times of its initial concentration by low-temperature direct contact membrane

distillation (DCMD) process. It was proven that the nitrified urine fertilizer and
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commercially available fertilizer have similar yield rate in lettuce and park choi growth.
However, significant organic fouling and cake layer formation was observed on the
DCMD membrane surface; the potential cost on membrane chemical cleaning needs to

be considered in long-term operation.

The studies on the removal of total antibiotics in five wastewater treatment plants
(WWTPs) showed that 22.5% - 38.2% of total antibiotics were adsorbed on the surface
of activated sludge particles, and 61.8% — 77.5% of which were degraded by bacteria.
The removal efficiency of hydrophobic MPs (logKow > 3.2 ) in acrobic MBR were greater
than 85% while the removal capacity of hydrophilic MPs (logKow < 3.2) varied
significantly (Wang et al., 2020, Chtourou et al., 2018). To further purify MBR effluent
and remove micropollutants, post-treatment methods such as granular activated carbon
(GAC) adsorption have been introduced, as they can effectively remove MPs through
physiochemical interactions. However, this method has several disadvantages, including
high consumption of GAC, reduced efficiency in removing MPs due to competition with
nutrients, decreased GAC adsorption capacity over time, and the need for additional space
(Boehler et al., 2007, Almuntashiri et al., 2021, Nguyen et al., 2013b, Asif et al., 2020).
There have also been reports of noticeable loss in essential nutrients during physical
adsorption on GAC (Kd&pping et al., 2020, Almuntashiri et al., 2021). On the other hand,
the powdered activated carbon membrane bioreactor (PAC-MBR) process is a more
attractive alternative as it can remove micropollutants through physical adsorption and
biodegradation in a single step. This is achieved by the growth of a stable microbial film
on the PAC surface, forming biological powdered activated carbon (BPAC) (Stoquart et
al., 2012, Zhang et al., 2015). The PAC-MBR system offers additional benefits such as

increased urine nitrification efficiency (Ma et al., 2012, Thuy and Visvanathan, 2006, Hu
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et al., 2014b), mitigated membrane fouling propensities fouling (Yang et al., 2016, Huang
et al.,, 2021, Guo et al., 2008), improved removal efficiency of organic matter and
micropollutants (Chtourou et al., 2018, Qrenawi and Rabah, 2023, Tadkaew et al., 2010),
and more rapid biomass growth (Chtourou et al., 2018, Qrenawi and Rabah, 2023,

Tadkaew et al., 2010).

2.5.3 Membrane distillation (MD)

Membrane distillation (MD) is an emerging alternative membrane-based technology
driven by vapor pressure to separate volatile substances based on their volatilities. In this
application, only vapor molecules can move across hydrophobic membrane pores from
hot temperature side to low temperature side. MD has the potential advantage of being
operated at low temperatures (30 - 80°C) compared to conventional distillation and low
pressure (maximum 100 psi) compared to other pressure-driven membrane separations
(Alkhudhiri et al., 2012, Onsekizoglu, 2012), thereby reducing energy use and cost. In
comparison with RO, MD is less affected by concentration polarisation (CP) or
membrane pollution, thus achieving 100% retention of non-volatile solute. The
membrane pore wetting in MD is the primary obstacle to large scale or commercial use.

Figure 2.9 shows the common configurations in MD.
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2.6 Nitrification

Nitrification is two step sequential biological oxidation process where ammonia is
oxidised to nitrate. The first step of this process involves ammonia oxidizing bacteria
(AOB). It oxidises ammonia to hydroxylamine and hydroxylamine then converting to
nitrite (Equation. 2.2). The second step involves the oxidation of nitrite to nitrate by nitrite
oxidizing bacteria (NOB) according to equation 2.3. The complete nitrification process is
shown by equation 2.4. The formation of nitrous acid releases hydrogen ions, consumes

alkalinity and cause the pH decrease (Koops et al., 2006).

NHE + 2 0, NO7 + 2H* + H:0 (2.2)

NO3 + >0, - NOj 23)
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NHI + 20, = NO3 + 2H' +H20 (2.4)

The desired product of stable urine nitrification is a solution contains equal parts of
ammonium and nitrate, which requires that nitrite is oxidised at the same rate as ammonia
(Udert et al., 2003a). The growth of both AOB and NOB bacteria can be inhibited by
temperature, pH, organic load, DO concentration, free ammonia and nitrous acid
concentration, alkalinity, hydraulic and sludge retention time, and the previous history of

the biosystem (Rusten et al., 2006, Bock and Wagner, 2013).

It reported that the main substrate for AOB is ammonia and the favourable substrate for
NOB growth is nitrite. For instance, the AOB is inhibited when FA concentration ranged
between 8 and 120 mg/L and FNA concentration ranged between 0.08 and 0.82 mg/L.
The NOB bacteria activity is inhibited when FA concentration ranged between 0.08 and

0.82 mg/L and FNA concentration ranged between 0.06 and 0.83 mg/L.

The nitrification rate is temperature dependent. Nitrification rates are hampered at
temperatures below 20 °C and will close to zero at temperatures above 40 °C (Grunditz
and Dalhammar, 2001). Hellinga (1999) also reported that NOB grow faster than AOB
in lower temperature, while AOB grow more rapidly at temperature above 16 °C.

pH represents the acid-base equilibria of NH3, NO2 and hydroxylamine (Udert et al.,
2003a) during nitrification process. The pH fluctuation indicates the instabilities of
nitrification process. Suthersand and Ganczarczyk (1986) reported that NOB have great
pH resistance than AOB. AOB will suffer irreversible activity loss during pH shocks,
while NOB activity stays unaffected. The nitrite accumulation may occur if AOB activity

is more favourable than NOB activity. The build-up of nitrite can be problematic, as it
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will poison both AOB and NOB bacteria. Therefore, it is recommended to operate
nitrification process at relatively low temperature and pH (Udert & Wiéchter, 2012;

Edefell, 2017).
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3. Critical flux on a submerged membrane bioreactor for

nitrification of source separated urine

[ Notes: This chapter was published in Process Safety and Environmental Protection

(2021)]

Jiang, J., S. Phuntsho, N. Pathak, Q. Wang, J. Cho and H. K. Shon (2021). "Critical flux
on a submerged membrane bioreactor for nitrification of source separated urine." Process

Safety and Environmental Protection 153: 518-526.

3.1 Abstract

Membrane fouling is the biggest challenge in membrane-based technology operation.
Studies on critical flux mainly focused on membrane bioreactor for municipal wastewater
and/or greywater treatment, which can significantly differ from the ultrafiltration
membrane bioreactor (UF-MBRs) to treat source separated urine. In this work, the
inhibitory factors on nitrifying bacteria activity were investigated for fast acclimation of
nitrifying bacteria with high ammonium concentration and optimization of a high-rate
partial nitrification MBR. The maximum nitrification rate of 447+50 mgN-L!-d"! was
achieved when concentration of ammonia in feed urine is approximately 4006.3+225.8
mgN-L ! by maintaining desired pH around 6.2 and FA concentrations below 0.5 mgL™.
Furthermore, for the first time, the impact of different operational and filtration conditions
(i.e., aeration intensity, filtration method, imposed flux, intermittent relaxation, biomass
concentration) on the reversibility of membrane fouling was carried out for enhancement

of membrane flux and fouling mitigation. Fouling mechanisms for minor irreversible
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fouling observed under sub-critical condition were pore blocking and polarization. To
mitigate membrane fouling, the UF module with effective membrane surface area of 0.02
m? is recommended to be operated at the aeration intensity of 0.4 m*h’!, intermittent

relaxation of 15 min, biomass concentration of 3.5 g.L".

Keywords: submerged ultrafiltration membrane bioreactor (UF-MBR); critical flux;
critical flux for irreversibility; fouling reversibility; source separated urine, improved

flux-step method

3.2 Introduction

Human urine contributes up to 90% of the nitrogen, more than half of the phosphorus and
around 90% of the potassium and yet it constitutes only about 1% of the total wastewater
volume at the wastewater treatment plants (WWTPs). This unique composition makes it,
at the same time, a heavy burden for conventional biological sanitation (Randall and
Naidoo, 2018b, Maurer et al., 2003, Maurer et al., 2006, Simha and Ganesapillai, 2017,
Bhattacharyyab, 2010). The contribution of urine to the wastewater treatment cost is
significant, since the conventional WWTPs focus on the removal of nitrogen (N) and
phosphorus (P) to meet the more stringent effluent discharge standards with the aim to
prevent the risk of eutrophication in the receiving water body (Wilsenach and Loosdrecht,
2006). Maurer et al. (2003) calculated that biological oxidation of ammonium (NH4") into
nitrite (NO2) and nitrate (NO3"), following with the reduction of nitrogen gas, consumes
12.5 kWh per kg of N. While chemical precipitation of phosphate (PO4*) consumes only

8.1 kWh per kg of P. Wilsenach and Loosdrecht (2006) even summaried that, if treat half
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of urine separately, conventional wastewater treatment can achieve higher effluent quality
and even have a potential for a net-energy production. In fact, source separation of human
urine has been proposed for over decades as a perfect solution for total nutrients recovery
and reuse. Existing projects concluded that the source-separated urine is hygienic and safe
to use for agricultural fertilization purpose. Such application is considered economically
feasible in favourable conditions, in which would replace or reduce the chemical fertilizer
usage; provide household additional incomes; and contribute to self-sufficiency and food-
security (Winker and Saadoun, 2011, Mitchell et al., 2013, Fry et al., 2015). Given that
using raw human urine as a direct agricultural fertilizer source is limited to its distinct
odour, wide range of pH, pathogen risk associated with faecal cross-contamination, and
the possible presence of high concentrations of pharmaceuticals. Source separated urine
nitrification by membrane bioreactor is therefore a promising technology to overcome
these drawbacks and achieve complete nutrient recovery (Fumasoli et al., 2015, Udert et

al., 2015, Volpin et al., 2020, Udert and Wéchter, 2012).

Like any membrane-assisted technologies, membrane fouling will continue to be a major
challenge for the application of the MBR for urine nitrification. The membrane fouling
can lead to transmembrane pressure (TMP) increase, decline of permeate quality and
membrane performance, increase of membrane operation and maintenance cost, and
decrease of membrane module usage lifespan (Park et al., 2018b, Kang et al., 2018). The
concept of critical flux and critical flux for irreversibility in submerged MBRs has been
proposed to control the membrane fouling and optimize the system treatability (Field et
al., 1995, Le Clech et al., 2003). Unfortunately, no publication has yet investigated the
reversibility of membrane fouling in UF-MBR feed with hydrolysed human urine. Most

of previous literature evaluated membrane filtration performance in submerged MBRs for
34



municipal wastewater and/or greywater treatment, which has substantially different
fouling propensities (Park et al., 2018a, Khanzada et al., 2020, Hube et al., 2020,
Tiranuntakul et al., 2011). Given the reason that fouling in submerged MBR is relate to
membrane configuration and characteristics (i.e. pore size, configuration, material, etc.),
operation conditions (i.e. aeration intensity, membrane physical cleaning and/or filtration
method, imposed flux, etc.), and biomass characteristics (floc parameters, extracellular
polymeric substances, feed solution characteristics, etc.). Compare to municipal
wastewater and/or greywater, urine is nutrients enriched in natural, but has low chemical
oxygen demand/nitrogen (COD/N) ratio and insufficient alkalinity, leading to maximum
half of the ammonia ultimately oxidized to nitrate in urine nitrification reactor without

introduction of additional alkalinity (Tian et al., 2019).

As such, for the first time, an investigation of the critical flux and critical flux
irreversibility in UF-MBR feed with undiluted source-separated urine was conducted by
an improved flux-step method incorporating with various fouling mitigation strategies.
This aspect is of major interest for membrane flux enhancement and fouling mitigation
in nitrifying MBR. Moreover, the impact of free ammonia (FA) and free nitrous acid
(FNA) concentration on nitrifying bacteria activity during UF-MBRSs’ start-up and stable
operating stage was studied, for fast acclimation of nitrifying bacteria with high

ammonium concentration and optimization of a high-rate partial nitrification MBR.
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3.3 Materials and methods

3.3.1 MBR set-up and operation

A lab scale UF-MBRs with total effective working volume of 4.5L was operated to treat
hydrolysed source separated urine. The seeding activated sludge containing mixed
nitrifying bacteria strains was taken from the Central Park Wastewater Treatment Plants,
Sydney, Australia, to initiate the cultivation of urine nitrifying sludge. Figure 3.1 shows
the schematic diagram of designate lab scale UF-MBR. The feed stream constitutes an
automatic pH controller and pump (BL7916-1, Hanna Instruments, Australia) and a pH
meter (HI6100405, Hanna, Australia) to achieve the precise dosage of stored urine and
maintain the pH of sludge mixture at approximately 6.2 during the entire operation period.
An air diffuser was placed at the bottom of the bioreactor to diffuse the incoming
compressed air from the single tubing into finer air bubbles. An air flow rate of 4 L.min"
! was set to maintain the dissolved oxygen level in a range between 4.3 and 4.5 mg. L.
The sludge retention time (SRT) was set at infinite by discharging 5 mL of sludge mixture
in a daily basis for sampling purpose only, accounting for 0.11% of total working volume.
Measurement of conductivity and pH were conducted in every 5 minutes in this study.
The probes were cleaned with commercial cleaning solution and calibrated with
corresponding pH/conductivity standard solution in every two weeks. The commercially
available braid-reinforced polyvinylidene fluoride (PVDF) hollow fibre, manufactured
by Lotte Chemical, South Korea, were used for potting UF membrane modules in this
study. It has nominal pore size diameter at 0.03 pm, inner diameter at 0.8mm and outer
diameter at 2.1 mm. Each UF membrane module that was potted in UTS lab has a total

effective area of 0.02 m? (Table 3.1). The timely TMPs were measured by Druck pressure
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transmitter PTX 1400. The LogBox-AA (Novus Automation, UK) and LogChart II
software were used for continues data logging, data configuration recording and retrieval,
and further data plotting and analyses. Figure 3.2 shows the pure water flux (PWF) of

potted UF membrane modules as a function of various TMP.
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Figure 3.1 Schematic diagram of the lab scale UF-MBR
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Figure 3.2 Pure water flux (PWF) of potted UF membrane module at different TMP
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Table 3.1 Properties of the potted UF membrane module

Characteristics

Material PVDF (braid-reinforced)
Type Hollow fiber membrane
Nominal pore size (um) 0.03

Outer diameter (mm) 2.1

Inner diameter (mm) 0.8

Number of fibres 4

Effective surface membrane area (m?) 0.02

An additional set of the potted UF membrane module was connected to an automatic
water level controller and a peristaltic pump (Cole-Parmer, UK) in series to control the
minimum and maximum water level. When water level inside the bioreactor rises well
above a maximum fixed level, the peristaltic pump is automatically switched on by the
water level sensor to pump the excess amount of nitrified urine permeate out of the
bioreactor. When the working volume decreases below a minimum fixed level, it will

refill permeate that previously stored in overflow tank back to its minimum fixed level.
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3.3.2 Characteristics of stored source separated urine

The University of Technology Sydney (UTS) installed sustainable urine diversion (UD)
systems in the Faculty of Engineering and IT building in 2013 (Mitchell et al., 2013). The
systems consist of urine-diverting flush toilet, water free urinals, piping systems for urine
sampling, and tanks for urine storage and transportation. The proposed nitrifying
membrane bioreactor was continuously fed with stored source-separated urine collected
from the urine storage tanks. The composition and corresponding ion concentrations in

stored raw urine (40 L per batch) are given in Table 3.2.

Table 3.2 Composition and corresponding ion concentrations in each 40 L stored raw

urine at room temperature

Component Batch1 Batch2 Batch3 Batch4  Average

Total Ammonia 3900.0 4300.0 3775.0  4050.0  4006.3+ 2258

Nitrogen (mg. L)
Total Phosphate (mg. L~ 262.0 ~ 298.0  245.0 289.0 27354+ 24.4
)

1185.0 1288.0 1048.0 1209.0
Potassium (mg. L") 1182.5+£99.9

44.0 56.0 37.0 50.0
Calcium (mg. L) 46.8t 8.1

1.0 2.0 1.0 4.0
Magnesium (mg. L) 20t 14
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1463.0 1919.0 1670.0  1798.0
Sodium (mg. L) 1712.5+ 194.9

1510.0 1576.0 1521.0  1555.0
Chloride (mg. L) 1540.5% 30.4

Total Organic Carbon 1644.0 1924.0 1622.0 1764.0 1738.5+ 138.5

(mg. L)

379 39.6 37.5 38.3
Conductivity (mS.cm™) 38.3£0.9
pH () 9.2 9.2 9.1 9.2 9.2

3.3.3 Determination of critical flux and the critical flux for irreversibility

The critical flux and its irreversibility were experimentally determined using an improved
flux-step method rather than continues flux-step method in literature (Le Clech et al.,
2003, Wu et al., 2008, van der Marel et al., 2009, Lan et al., 2017). Figure 3.3 shows the
typical flux versus time profile in (a) continues and (b) improved flux-step method.
Specifically, intermittent flux of 0.5 Lm™>h™! is applied in this work to incorporate the
physical cleaning technology between consecutive flux step height, allowing the
determination of critical flux and the critical flux for irreversibility with intermittent
relaxation cycle. The initial flux of 4 Lm?h"! is adopted to eliminate severe fouling
deposition on membrane at the initiation period. The maximum flux rate of 58 Lm>h! is
selected in experiments, which is more than tripled of the value in actual submerged MBR.
The effect of filtration frequency, air scouring, biomass concentration, intermittent
relaxation frequency, and imposed flux on the irreversibility of membrane fouling was

individually investigated by performing consecutive experiments. The proposed control
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and operating parameters can be found in Table 3.3. The TMPs data were measured in
every 30 s by pressure transmitter. The potted UF membrane modules were carefully
cleaned prior to conducting critical flux experiments. All used membrane modules were
firstly cleaned by 5 minutes of backwashing at 40 Lm™h! to remove the reversible fouling
on the membrane surface, followed by soaking in 0.1 M sodium hypochlorite (NaClO)
solution for 1 hour to remove the irreversible fouling on the membrane caused by pore

blocking and plugging.
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Figure 3.3 Typical flux profile in (a) continues and (b) improved flux-step method.

Table 3.3 Proposed experimental operation conditions and control parameters for

membrane critical flux study

Control Corresponding Operating Conditions

Fouling
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Corresponding Parameters Mitigation

Section in This Strategies
Paper -
Aeration MLSS Step Step
intensity . length height
(gL
(m>h) (min) ( Lm?h
)
3.2 Step Filtration 0.2 3.5 15,20, 6
length frequency 25,30
Step Imposed flux 0.2 35 15 3, 6, 9,
height 12
33 Aeration Air scouring 0.1, 0.2, 3.5 15 6
intensity 0.4
34 MLSS Biomass 0.1, 0.2, 2, 3.5, 15 6
concentration 0.4 5

3.3.4 Analytical methods

The validity of experimental results was guaranteed by taking raw urine feed solution,
sludge mixture and MBR permeate samples in every 24-hour cycle; centrifuged and
filtered through 0.2 pm filter immediately after collection, then stored at 4°C for
triplicated analyses. All samples were individually digested with corresponding Merck
Millipore ammonia (ammonium), nitrate, nitrite, and phosphate spectroquant test kit. The

concentration of total ammonia/ammonium nitrogen (NH3-N/ NH4-N), nitrate nitrogen
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(NO3™N), nitrite nitrogen (NO2—N), and total phosphate (PO4-P) was then measured by
Merck Millipore UV/VIS Spectrophotometer (Spectroquant® NOVA 60, USA). The
concentration of chloride ion (Cl") was measured by lon Chromatography (IC, Thermo
Fisher Scientific, USA), while the concentration of major cations (i.e., K*, Ca*, Mg*",
Na’) were analysed via Microwave Plasma Atomic Emission Spectroscopy (MP-AES

4100, Agilent, USA).

The concentration of total organic carbon (TOC) was measured by a TOC analyser
(Analytik Jena AG, Germany). 5 mL sludge mixture samples were taken from the reactor
fortnightly to measure the concentration of mixed liquor suspended solids (MLSS) and
mixed liquor volatile suspended solids (MLVSS) inside the bioreactor. MLSS and
MLYVSS concentrations were measured and calculated according to the standard method

in biological wastewater treatment literatures (Basile et al., 2015, Baird, 2017).

MLSS = 1000 + =2 (3.1)
\%4

where a (g) represents the weight of glass microfiber filter before filtration, b (g)
represents the weight of glass microfiber filter after drying at 110 °C for 60 minutes, and

V (mL) is the sample volume.
MLVSS = 1000 « 2 (3.2)

where ¢ (g) represents the weight of glass microfiber filter after drying at 550 °C for 30

minutes

The FA and FNA calculated by following equations:
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17 NHF —N+10PH

FA = ﬁ* e(%+oc)+10pl_l (33)
FNA = %, Noz2-N (3.4)

14 +00)

3(273 *10PH

where FA and FNA are measured as ammonia (mg.L ") and nitric acid (mg.L ),

respectively.

The total fouling rate and irreversible fouling rate were calculated by following

equations.

. _ PP 1
Total fouling rate = Eymy: (3.5)
Irreversible fouling rate = ke e (3.6)
njL At

where P represents the pressure (Pa), | (Pa.s) represents the MBR permeate viscosity at

21.5 °C. Ju is the applied flux; Jr is the benchmark flux; t is the flux step length (s).

3.4 Results and discussion

3.4.1 UF-MBR start-up and operation

Given that the FA and FNA concentrations in municipal wastewater are about 100 times
lower than that in urine, it is necessary to dilute the initial feed solution at a desired
concentration, to avoid the irreversible activity loss of nitrifying bacteria during shock
loading. The reactor was initially fed at a total ammonia nitrogen concentration ranged

between 100 and 150 mg. L'!. The pH was manually adjusted by dosing hydrochloric acid
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and sodium bicarbonate to keep the pH between the desired levels of 6 and 6.6 at the first

stage operation.

It reports that the main substrate ammonia oxidizing bacteria (AOB) is ammonia and the
favourable substrate for nitrite oxidizing bacteria (NOB) growth is nitrite. AOB is
inhibited when FA concentration ranged between 8 and 120 mg. L' and FNA
concentration above 0.08 mg. L. On the other hand, NOB bacteria activity is inhibited
when FA concentration listed between 0.08 and 0.82 mg.L! and FNA concentration
exceed 0.06 mg.L! (Zhang et al., 2014, Anthonisen et al., 1976). Cho et al. (2016)
concluded that NOB have a higher growth rate than AOB and are more resistant to pH
changes. AOB will suffer irreversible activity loss during pH shocks, while NOB have a
relatively good recovery of nitrifying activity (Kurisu et al., 2007, Im et al., 2014, Liu et

al., 2015).

The nitrite accumulation occurs when AOB activity is more favourable than NOB activity.
The build-up of nitrite can be problematic, as it will poison both AOB and NOB bacteria
(Udert & Wichter, 2012; Edefell, 2017). The desired product of stable urine nitrification
is a solution that contains equal parts of ammonium and nitrate. For this to happen,
ammonia is oxidised to nitrite at the same rate as nitrite transferred to nitrate (Udert et al.,
2003a). The growth of both AOB and NOB bacteria can be inhibited by several factors
including temperature, pH, organic load, dissolved oxygen (DO) concentration, FA and
FNA concentration, alkalinity, hydraulic and sludge retention time, and the previous

history of the biosystem (Rusten et al., 2006, Bock and Wagner, 2013).
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To investigate the influence of the pH and ammonia nitrogen dosage on AOB and NOB
bacteria activity, pH data was continuously recorded in every 5 minutes during the
experimental period, while the concentration of nitrogen compounds (NH3-N/NHa-N,
NOs N, NO27N) in the urine feed tank, bioreactor and permeate tank was analysed in
every 24-hour cycle. It can be observed in Figure 3.4 that the reactor pH firstly increased
and then decreased every time after change to the new total ammonia nitrogen loading
(i.e., day 0, 11, 17, 22). This is because the nitrifying bacteria have an inefficient cell
growth and therefore needed more time to adapt to the new feed environment and total

nitrogen loading (Fumasoli et al., 2017, Anthonisen et al., 1976).
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Figure 3.4 (a) pH profile during the MBR start-up and stable operation stages. (b) all-time

concentration of inorganic nitrogen compounds in feed urine and MBR permeate
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The impact of FA and FNA concentration on AOB and NOB also showed profound pH
changes in UF-MBR. It can be observed from Figure 3 that the first nitrite accumulation
occurred within the first 19 days of operation when pH of reactor fluctuated at relatively
higher range. This implies that the pH change could lead to the FA and FNA inhibition
on nitrifying bacteria activity (AOB and NOB). The specific growth rate of AOB is higher
compared to that of NOB growth rate within the discussed pH range, resulting in the

accumulation of nitrite intermediate.

The second nitrite accumulation was observed from day 30 to 64 when the reactor pH
was maintained at the desired pH value of around 6.2. One reason for this observation
could be due to the large amount of FA available in the reactor. The increase of FA to 2.3
mgN.L-1 concentration under ammonium nitrogen shock loading inhibited the NOB
activity, resulting unbalanced growth between AOB and NOB (Zhang et al., 2018). The
permeate water quality in Figure 3.4(b) and Figure 3.5 also demonstrates this effect of
shock ammonium nitrogen loading on nitrification performance and nitrifying bacteria
activity. For instance, the ammonium nitrogen loading increased from 1,010 to 3, 200 mg.
L' between day 22 and 30, which caused the excess amount of FA presents in system. As
a result, the nitrate nitrogen concentration decreased from 1,180 to 395 mg. L™ between
day 32 and 58 after the nitrite concentration reached to more than 200 mg. L™!. It matches
with above discussion - NOB is less FA tolerant than AOB. The NOB growth was
inhibited by the high FA concentration. Three measures then used between day 32 and 42
to mitigate the nitrite accumulation: 1) reduce the SRT from infinite to 150 days by
discharging 30 mL of sludge mixture every day; 2) reduce the feed nitrogen concentration
by switching off feed pump every other day; 3) add sodium bicarbonate as external

alkalinity dosage to boost the AOB and NOB activity, thus increase the nitrification rate.
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Figure 3.5 Concentration of FA and FNA during the MBR start-up period and stable

operation, and corresponding nitrite accumulation phenomenon.

The UF-MBR adopted full strength stored human urine from day 87 and the system was
maintained at the desired pH level at around 6.2 for stable operation. pH readings always
fluctuate after the pH electrode cleaning and calibration, while the nitrification process
remains stable. This is evidence that the pH reading in urine nitrification process is
extremely sensitive. The pH fluctuation can be an indicator that reflects the instabilities
of nitrification to some extent. But FA and FNA concentrations are more useable to
control inhibitory effects and maintain the system stability. For instance, there is no sign
of the excess amount of FA and FNA in the system between day 87 and 140 at the pH

shocking moment (Figure 3.5). The changes in pH does not necessary imbalance the
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system and cause nitrite accumulation. The system remained to its optimal equilibrium
condition from day 106 that approximately 50% of ammonia in the feed is converted to
nitrate by nitrification, without the introduction of additional alkalinity. The ammonium
nitrogen and nitrate nitrogen in the nitrified urine reached a concentration ratio of 1:1.
The optimal urine nitrification rate of 447+50 mg N-L™!-d"! was achieved with a total

nitrogen concentration of approximately 4006.3+225.8 mg N-L'in the feed.

3.4.2 Effect of step length and height on critical flux

The effect of various step length and step-height on UF-MBR critical flux was assessed
in consecutive experiments, while the other operating parameters remain unchanged. It
can be seen from Figure 3.6 that the critical flux values decrease with longer filtration
duration. The critical flux is about 58 Lmh™!' under step length of 15 min but decreases
to 54 Lm™h™! at a step length of 30 min. On the other hand, the higher the step height, the
lower the critical flux value was observed. For example, the critical flux value dropped
by 8 Lm2h'! as the step height increased from 3 to 12 Lmh!. The critical flux was 59
Lm~h"! under step height at 3 Lm™h"!, in contrast with that value of 53 Lm>h™! under 12
Lm~h! step height. Above results imply that the faster and mostly irreversible fouling
deposition is formed on the membrane by the increased step height or step length (Le
Clech et al., 2003) at the initiation period in an UF-MBR feed with full strength stored
urine. Subsequent experiments for critical flux assessment were therefore conducted at
moderate step length (15 min) and relatively small step height (6 Lmh™) to avoid large

error of flux averaging and rapid irreversible fouling on membrane at the early stage. In
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addition, it is important to use constant step height and step length between consecutive

experiments when verifying the effects of other parameters on critical flux.
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Figure 3.6 Effects of various flux step length and step height on critical flux when aeration
intensity at 0.2 m3h-1, biomass concentration at 3.5 g. L-1, initial flux rate at 4 Lm-2h-1,

and reference flux rate at 0.5 Lm-2h-1.

3.4.3 Effect of aeration intensity on critical flux

The continuous aeration supplies dissolved oxygen for micro-organisms growth without
oxygen transfer limitation and assists membrane bioreactor to be operated at higher
biomass concentration. Moreover, it functions as air scouring that helps remove or slow
down solid build-up on the membrane surface, and thus reduced the problematic
membrane reversible fouling and improved the membrane’s critical flux value. From
results presented in Figure 3.7, the range of critical flux was improved from 40-46 Lm"

2h! to 52-58 Lmh™! when the aeration intensity is raised from 0.1 m*h™ to 0.4 m*h! at
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MLSS concentration set at 3.5 g. L'. Similar trend also observed when biomass

concentration at 2 and 5 g.L'!. The aeration intensity has therefore a positive effect on

critical flux.
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Figure 3.7 Effects of various aeration intensity and biomass concentration on critical flux
when initial flux rate at 4 Lm-2h-1, reference flux rate at 0.5 Lm-2h-1, flux step length at

15 min, and step height at 6 Lm-2h-1

3.4.4 Effect of sludge concentration on critical flux

Figure 3.7 also shows that the critical flux increases at higher aeration intensities and
lower sludge concentrations. For instance, under the same aeration intensity at 0.3 m’h’!,

the critical fluxes for the sludge concentrations at 2, 3.5, and 5 g.L"! are 58, 56, and 51
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Lm2h"!, respectively. The relationships between critical flux and aeration intensity (i.e.,
0.1, 0.2, 0.3, 0.4 m*h!) under various biomass concentration (2, 3.5, 5 g.L!) were then
fitted by linear mathematic equations as presented in Table 3.4. At a sludge concertation
of 2, 3.5, and 5 g.L'!, their R? values are 0.898, 0.952, and 0.966, respectively. Based on
the profile of various aeration intensity on critical flux under different biomass
concentrations, it implies that the critical flux decreases with increasing sludge
concentration, and it can be improved through intensive aeration irrespective of biomass
concentrations. Higher aeration intensity is more favourable for a sludge-rich submerged
UF-MBRs to maintain critical flux at certain values and eliminate the degree of membrane

fouling.

Table 3.4 The linear relationship between various aeration intensity and its corresponding

critical flux value

Sludge concentration (g.L™!) Linear Regression equations R?

2 y=32x +48.5 0.898
3.5 y =40x +43 0.952
5 y=32x+41.5 0.966

3.4.5 Fouling reversibility

The profile of critical flux and its irreversibility at various aeration intensities is discussed

in this section in accordance with Figure 3.8. At the aeration intensity of 0.1 m*h! for

52



instance — shown in Figure 6(a) - the real time TMP values proportionally increased
between the first 5 consecutive flux heights (4 to 28 Lmh"); the total fouling rates (Frotal)
remain zero before flux reached to 28 Lm~h!. This indicates that the reversible fouling
was predominantly on the membrane surface at the early stage of improved flux-step
assessment. The physical cleaning method using intermediate flux of 0.5 L m 2h'! is
effective in reducing the influence of fouling history on membrane. However, an increase
in real time TMP was observed from flux-step 6, suggesting fouling cannot be physically
removed by proposed intermittent relaxation cycle. Once imposed flux exceed 28 Lm~h"

!, the membrane irreversible fouling starts.

It is worth mentioning that the initial TMP did not completely return back to its original
baseline TMP after flux step 5, 6 and 7. For instance, after flux step 5, there was a small
amount of irreversible fouling occurred at the irreversible fouling rate (Fir) of 0.00089
m's™. After flux step 6, the irreversible fouling on membrane continually increased with
slower irreversible fouling rate (0.00045 m™'s™!). The initial TMP then returned to a new
baseline after flux step 7 without the presence of additional irreversible fouling (zero
irreversible fouling rate). This observation could be due to the combination process of
pore blocking and concentration polarization. Specifically, due to the interaction between
membrane and soluble particles (colloidal and macromolecular matters), the local
deposition is build-up within membrane pores. Then ultimately deposits on membrane
surface. The development of polarization layer adjacent to the membrane surface will
increases the filter resistance and consequently reduces membrane flux, which would

exacerbate this phenomenon further.
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Furthermore, the incremental irreversible fouling rate and total fouling rate does not
exceed the critical fouling rate (Fcrit) at all times when aeration intensity is 0.1 m*h™!. This
implies that neither critical flux nor critical flux for irreversibility were reached among
all flux-stepping. The formation of cake layer on membrane surface remains removable
up to the maximum imposed flux of 58 Lm™h"!. Similar observations have been found in
the other two sets of aeration intensity as presented in Fig 3.8 (b) and (c). Hence, the
conclusion can be drawn that due to adsorption of macromolecular or colloidal organic
matter inside membrane pores and formation of polarization layer at adjacent membrane
surface, a small amount of irreversible fouling was gradually build-up on the membrane,
despite the membrane filtration was operated at sub-critical conditions. To operate
nitrifying UF-MBR under sub-critical rate does not prevent the gradual development of
the fouling on membrane. This finding is consistent with previous works on the sub-
critical filtration method regardless MBR type, i.e. Ognier et al. (2002), Ognier et al.

(2004), Wu et al. (2018), Jang et al. (2021).

In addition, the influence of fouling on membrane can be alleviated by intermediate
relaxation and/or moderate aeration intensity (air scouring). The measurement of critical
flux and the critical flux for irreversibility in Figure 3.8 showing almost no fouling
occurrence when aeration intensity of 0.4 m*h™! and intermediate flux of 0.5 Lm ~h™! were

adopted.
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Figure 3.8 Profile of TMP, total fouling rate (FTotal), irreversible fouling rate (FIrr) and
critical fouling rate (FCrit) on membrane determined by the improved flux-step method
among various aeration intensity (a) 0.1 m3h-1, (b) 0.2 m3h-1, and (c) 0.4 m3h-1. The
biomass concentration at 3.5 g.L"!, initial flux rate at 4 Lmh"!, reference flux rate at 0.5

Lm~h!, flux step length at 15 min, and step height at 6 Lm~h™".
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3.5 Conclusions

The UF-MBR feed with source separated stored urine has been operated at a maximum

nitrification rate of 447+ 50 mgN-L'-d™! in this work. The critical flux and flux for

irreversibility were evaluated by conducting consecutive flux-step experiments. The
effects of parameters such as aeration intensity, biomass concentration, step length, and
step height of incremental flux on the critical flux have been successfully identified. It
can be concluded that the aeration intensity has a positive effect on critical irrespective
of sludge concentrations, while the critical flux decreases at higher biomass
concentrations. Higher aeration intensity is therefore recommended for UF-MBRs
containing higher MLSS concentration. The critical flux also decreased by the increased
step height or step length, due to rapid fouling on membrane surface at initial flux-step.
It is recommended to choose the moderate step length (15-20 min) and small step height
(3-6 Lm?h) to initiate the critical flux study under same sludge concentrations. The
influence of fouling on membrane surface can be reduced by introducing intermediate
relaxation or large aeration intensity. A small amount of irreversible fouling is observed
in all the cases studied where applied flux is below the critical flux, due to adsorption of

macromolecules, pore blocking and plug, and cake layer formation on membrane surface.

The limitation of this work is that the filtration performance and critical flux analyses
were studied with lab-scale UF-MBRs. Although the system was fed with full strength
raw urine, the fouling behaviours and corresponding mechanisms may not closely reflect
the real case scenario. The critical flux and its irreversibility on membrane were measured

for the short-term operations in this study.
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4 Effects of PAC concentration in membrane bioreactor

(MBR) for source-separated urine treatment

[Notes: A part of this chapter has been submitted for publication and is currently under

review]|

J. Jiang, A. Almuntashiri, W. Shon, S. Phuntsho, Q. Wang, S. Freguia, I, ElI-Saliby, H.K.
Shon. (Under review). Feasibility study of powdered activated carbon membrane

bioreactor (PAC-MBR) for source-separated urine treatment: a comparison with MBR.

4.1 Materials and methods

4.1.1 Laboratory scale PAC-MBR operation

Two lab scale membrane bioreactors, labelled ‘low PAC-MBR’ (0.5 g. L'! of PAC) and
‘high PAC-MBR’ (2 g. L'! of PAC), were operated in parallel to treat hydrolysed source
separated urine for 73 days. Each of them has total effective working volume of 26 L
(Figure 4.1). The composition of source-separated urine is shows in Table 4.1. The
dissolved oxygen (DO) level is monitored by DO meter in a range between 4.3 and 4.5
mg. L1, The sludge retention time (SRT) was set at 62.5 days by discharging 415 mL of
sludge mixture every day. The hydraulic retention time (HRT) was maintained at 3.5 days.
Measurement of conductivity and pH were conducted in every 5 minutes in this study.
The probes were cleaned with commercial cleaning solution and calibrated with

corresponding pH/conductivity standard solution in every two weeks.
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The commercially available braid-reinforced polyvinylidene fluoride (PVDF) hollow
fibre, manufactured by Lotte Chemical, South Korea, were used for potting MF
membrane modules in this study. It has nominal pore size diameter at 0.1 um, inner
diameter at 0.8mm and outer diameter at 2.1 mm. Each MF membrane module that was
potted in UTS lab has a total effective area of 0.02 m*. The timely TMPs were measured
by Druck pressure transmitter PTX 1400. The LogBox-AA (Novus Automation, UK)
and LogChart II software were used for continues data logging, data configuration

recording and retrieval, and further data plotting and analyses.

The wood-based powdered activated carbon used in this work was purchased from local
shop with mean particle size (D50) of 34.2 pm and 1110 m?/g specific surface area. The
PAC was firstly rinsed with DI water to remove the impurity. After that, dried it out in
oven at 105 °C for 1 hour. Then cooled down to the room temperature inside a desiccator
before directly dose proposed PAC concentration into the hybrid PAC-MBR. An extra
0.21 g pre-treated PAC was added into the proposed low PAC-MBR every day,
corresponding a PAC replenishment ratio at 1.6%. Similarly, an extra 0.83 g pre-treated
PAC was added in high PAC-MBR in the same time interval to maintain the same

frequency of PAC replacement.

Six pharmaceuticals - carbamazepine (CBZ), naproxen (NPX), acetaminophen (ACE),
ibuprofen (IBP), metronidazole (MDZ) and estriol (E3) - were selected in this work
according to their molecular size, structural complexity, and the likelihood in source-

separated urine.
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Figure 4.1 Schematic diagram of proposed hybrid PAC-MBR

4.1.2 Analytical methods

The sludge mixture samples and permeate samples were collected in every 24-hour cycle
to monitor the performance of control MBR and proposed PAC-MBR. All samples were
centrifuged and filtered through 0.2 um filter immediately after collection, and then stored
at 4°C for further analysis. The concentration of major cations (Na*, K, Mg**, Ca*") and
major anions (SO4>", PO4", CI') were analysed by Ion Chromatography (IC, Thermo Fisher
Scientific, USA) and Microwave Plasma Atomic Emission Spectroscopy (MP-AES 4100,
Agilent, USA), respectively. The ammonia concentration in nitrogen (NH4-N), nitrite

concentration in nitrogen (NO2-N), and nitrate concentration in nitrogen (NO3-N) were
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measured via test kit and UV-VIS spectrophotometer (Spectroquant® NOVA 60, USA).
The concentration of DOC was analysed by TOC analyser (Analytik Jena AG, Germany).
The Hach HQD digital multimeter (HQ40D) was used to record readings of pH,

conductivity, TDS and DO during operation.

For the analysis of presence of selected pharmaceuticals in stored urine and permeate, 1
M stock solution was prepared in methanol solution then stored at -30°C in dark. The
standard solutions at various concentrations (0, 5, 10, 50, 75, 100, 250, 500, 750 and 1000
ng/L) were prepared by diluting stock solution with DI water. Collected samples were
stored at 4°C and analysis within 2 weeks sampling. The pharmaceuticals in liquid
samples were preconcentrated and separated by solid phase extraction (SPE) using Oasis
MCX 3 cc Vac Cartridge (Waters, 60mg, 3cc) with 3 mL methanol and 3 mL deionised
water. Then elute with methanol. I mL of individual final extract from SPE was used for

liquid chromatography-mass spectrometry (LCMS-8060 Shimadzu).

The liquid chromatography was performed using ORTECS C18+Column, 2.7 pum, 2.1
mm %75 mm (Waters). A sample injection volume of 10 uLL was used at an optimized
flow rate of 0.6 mL.min!. Mobile phases were 100% methanol (A) and ultrapure water
(B). Optimised gradient elution conditions were concluded as follow: 50% mobile phase
B between 0.01 and 0.10 min; a linear ramp from 50% to 95% from 0.10 to 1.50 min;
stay at 95% from 1.50 to 3.5min; gradual back to 50% from 3.51 to 5.50 min. The multiple
reaction modes (MRMs) selected for the analytes were: acetaminophen (152 >110, ES+),
metronidazole (172 >128, ES+), carbamazepine (237 >194, ES+), ibuprofen (205 >161,
ES-), naproxen (229 >185, ES-).
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4.2 Results and discussion

4.2.1 Effect of PAC dosage on membrane permeate water quality

Table 4.1 shows the composition and corresponding ion concentrations in 0.5 g. L' PAC-
MBR and 2 g. L' PAC-MBR. The urine nitrification performance was improved with
increased PAC dosage. Average 42.8% of ammonia in feed urine was biological oxidized
to stable nitrate in low PAC-MBR, while that number is increased by 5.2% to 48% in
high PAC-MBR. This is due to the interception effect of the membrane and the adsorption
and carrier properties of PAC sludge flocs increases the concentration and activity of

nitrifying bacteria, resulting in an enhanced nitrification performance (Yang et al., 2016).

Table 4.1 Composition and corresponding ion concentrations in source-separated urine,

low PAC-MBR permeate and high PAC-MBR permeate.

Source- 0.5g. L1 2g.L!
separated PAC-MBR PAC-MBR
urine
NH4-N mg. L' 4250+216.5 1919.2 + 146.62 1987.7 £205.5
NOs-N mg. L' N/A 1817.6 £ 102.43 1973.3 £178.9
NO2-N mg. LT N/A N/A

61



PO4-P mg. L1 264.1+26.8 138 £4.24 2355+2.8
K* mg. L1 1253.4+£120.5 1092.0+24.6 1082.1 +4.7
Ca** mg. L1 29+0.7 0 0

Mg2* mg. L' 21.7+02 19.0+ 0.9 14002
Na* mg. L1 1113.9+£41.1 701.8 + 84.5 7352 +£69.3
Cr mg. L1 14759+ 117.0 1379.9+49.1 1377.6 £6 3.0
SO4* mg. L1 8993=x21.5 859.3+£5.7 813.7+£9.3
COD mg. L' 5013.0£240.0 351.0=70.0 202.0+70.4
COD  Removal % N/A 92.5+4.7 96.0 £2.8
rate

pH ; 9.2 6.2 6.2

4.2.2 Effect of PAC dosage on organic matter removal

Figure 4.2 shows COD removal performance overtime in proposed PAC-MBRs. It has
been shown that the overall COD removal rate was improved with increased PAC dosage,
1.e., the COD removal rates were 92.5 £ 4.7 % and 96.0 + 2.8 % in low PAC-MBR and
high PAC-MBR, respectively. It is worth noting that the highest COD removal rate in

first 19 days of operation was achieved in high PAC-MBR, implying that the physical
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adsorption of foulant to PAC was predominated in high PAC-MBR at the early stage to
remove organic particles. In comparison, no obvious improvement of COD removal in
low PAC-MBR was observed at that time. This was probably due to the relatively low
concentration of PAC additive in the system, which leads to the rapid reaching of its
equilibrium adsorbate concentrations. The increase of COD removal rate in low PAC-
MBR up to 95.9% between day 1 and 31 is thereby resulted by simultaneous adsorption
and biodegradation. This was consistent with the results reported in previous work
regardless the treated water source (Ying and Ping, 2006, Hu et al., 2014a, Zhang et al.,

2017)
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4.2.3 Effect of PAC dosage on micropollutant removal

The removal efficiency of targeted pharmaceuticals and hormones between low PAC and
high PAC additives MBR is discussed in this section. As can be seen in Figure 4.3,
acetaminophen, naproxen, ibuprofen and estriol were fully removed in low PAC-MBR,
while metronidazole and carbamazepine were removed at various removal efficiency.
The removal of metronidazole and carbamazepine in low PAC-MBR were at 79 + 5%
and 97 + 1%, respectively. In contrast, greater than 99% removal efficiency was observed
among all targeted micropollutants in high PAC-MBR, indicating that the addition of 2
g. L' of PAC at 1.6% PAC replenishment rate was sufficient to remove targeted
pharmaceuticals and hormones. The formation of biological powdered activated carbon
(BPAC) over time via growth of stable microbial film on PAC is thereby the dominating

removal mechanisms in micropollutants removal.
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Figure 4.3 Overall micropollutants removal rate in low PAC-MBR and high PAC-MBR
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4.2.4 Effect of PAC dosage on sludge mixture properties

Figure 4.4 shows the change of biomass concentrations and their corresponding
MLVSS/MLSS ratio in each PAC-MBR. At day 73, the biomass concentration was
increased from 4.4 to 6.2 g. L' in low PAC-MBR, while that number increased from 5.1
g. L1 t05.72 g. L' in high PAC-MBR. The MLVSS/MLSS ratio in both PAC-MBRs did
not change much and increased slightly over time indicating a stable biodiversity of
microorganisms. Low MLVSS/MLSS ratio in the high PAC-MBR suggests that high
PAC additive in MBR promotes the rapid growth of microorganisms, maintaining a
relatively stable system operation without sacrificing the targeted micropollutants’
removal efficiency. It was also noticed that, in both PAC-MBRs, the MLVSS
concentration dropped immediately after PAC dosing, implying that the virgin PAC has
a strong ability to physically adsorb organic or volatile foulants from the activate sludge

mixture.
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4.3 Conclusions

In conclusion, high PAC dosage promote more rapid biomass growth, lower
MLVSS/MLSS value and lower sludge viscosity compared to the low PAC dosage. The
nitrification efficiency, COD removal performance and selected micropollutants removal
efficiency were improved in high PAC additive. The addition of 2 g. L' of PAC in MBR
at 1.6% PAC replenishment rate could be beneficial for better removal of targeted

pharmaceuticals and hormones without compromising the nutrient recovery efficiency.
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5. Feasibility study of powdered activated carbon membrane
bioreactor (PAC-MBR) for source-separated urine

treatment: a comparison with MBR

[Notes: This chapter has been submitted for publication and is currently under review]

J. Jiang, A. Almuntashiri, W. Shon, S. Phuntsho, Q. Wang, S. Freguia, I, EI-Saliby, H.K.
Shon. (Under review). Feasibility study of powdered activated carbon membrane

bioreactor (PAC-MBR) for source-separated urine treatment: a comparison with MBR.

5.1 Abstract

Micropollutants (MPs) such as pharmaceuticals and personal care products are a group
of emerging environmental contaminants, which are structurally complex and can cause
adverse physiological effects on human health at low concentration (Gavrilescu et al.,
2015, Luo et al., 2014). This study demonstrated that a hybrid process of powdered
activated carbon and microfiltration membrane bioreactor (PAC-MBR) could be utilized
for efficient removal of metronidazole, acetaminophen, naproxen, ibuprofen,
carbamazepine, estriol (> 99%) from source-separated urine via physical adsorption and
biodegradation in a single step, without compromising the operating system stability.
Further, it improved organic removal efficiency from 88.6 + 2.9% to 96.0 +1.2%,
promoted rapid biomass growth, increased sludge floc size growth by 17% and reduced

membrane fouling propensities.
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Keywords: fouling; micropollutant; powdered activated carbon; urine; membrane

bioreactor

5.2 Introduction

The presence of micropollutants (MPs) such as pharmaceuticals and personal care
products in wastewater streams is an emerging health and environmental concern. These
compounds are structurally complex and can cause adverse physiological effects on
human health at low concentration (Gavrilescu et al., 2015, Luo et al., 2014). However,
the current wastewater treatment technologies are not designed to remove these
compounds, which leads to many residual pharmaceuticals and hormones in treated

effluents. These further contaminates natural water systems and its aquatic ecosystems.

Microfiltration membrane bioreactor (MBR) technology is recommended in treating MPs
with advantages such as compact operation space, less sludge waste production, longer
sludge retention time (SRT), and improved effluent quality (Iorhemen et al., 2016,
Grandclément et al., 2017, Caluwé et al., 2017). Previous studies on the removal of total
antibiotics in five wastewater treatment plants (WWTPs) showed that 22.5% - 38.2% of
total antibiotics were adsorbed on the surface of activated sludge particles, and 61.8% —
77.5% of which were degraded by bacteria. The removal efficiency of hydrophobic MPs
(logKow > 3.2 ) in aerobic MBR were greater than 85% while the removal capacity of
hydrophilic MPs (logKoew < 3.2) varied significantly (Wang et al., 2020, Chtourou et al.,
2018). For instance, the removal rate of carbamazepine, naproxen, metronidazole,

acetaminophen, ibuprofen and estriol with MBR treatment of synthetic wastewater at pH
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7 were 32 £ 17%, 45 £ 15%, 40 £ 26%, 87 = 7%, 96 + 4% and 97 + 2%, respectively
(Gutiérrez et al., 2021, Nguyen et al., 2013b, Tufail et al., 2021). Therefore, post-
treatment such as granular activated carbon (GAC) adsorption was introduced for
additional MBR effluent purification, given that the physiochemical interactions between
adsorbent and adsorbate can effectively remove MPs. However, such approach is
unattractive due to high consumption of GAC, reduction in MPs removal efficiency due
to the competitive adsorption between nutrients and MPs, decline of GAC adsorption
capacity over time, and additional space requirement (Boehler et al., 2007, Almuntashiri

etal., 2021, Nguyen et al., 2013b, Asif et al., 2020).

The combined process of powdered activated carbon and microfiltration membrane
bioreactor (PAC-MBR) seems to be an ideal approach to remove MPs via physical
adsorption and biodegradation in a single step. This due to the continuous formation of
biofilm on the adsorbent over time. To date, the removal efficiency of pharmaceuticals
from urine in a PAC-MBR process and its effect on MBR biological and filtration
performances have not yet been investigated. Therefore, this work studied the effect of
powdered activated carbon (PAC) additive on biomass production, removal capacity of

six selected MPs, and membrane fouling.

5.3 Materials and methods

5.3.1 Experimental setup
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Two lab-scale membrane bioreactors, labelled ‘control MBR” and ‘hybrid PAC-MBR”,
were operated in parallel to treat hydrolysed urine - collected from the CBI11 urine
diversion system at the University of Technology Sydney, Australia - for 73 days. Each
of them had 26 L effective working volume (Figure 5.1). The composition of stored urine
is shown in Table 5.1. The dissolved oxygen (DO) level was controlled by DO meter at
4.3 mg. L!. The sludge retention time (SRT) was set at 62.5 days equivalent to discharge
415 mL of sludge mixture every day. The hydraulic retention time (HRT) was maintained

at 3.5 days.

The commercial braid-reinforced polyvinylidene fluoride (PVDF) hollow fibre
membrane with 0.1 um nominal pore size, purchased from Lotte Chemical (South Korea),
was used in this study. Each MF membrane module was then potted in UTS lab to a total
effective area of 0.02 m?. The Druck pressure transmitter PTX 1400 was used to measure
the timely transmembrane pressure (TMP). The LogBox-AA (Novus Automation, UK)

and LogChart II software were used for timely data logging and retrieval.

The powdered activated carbon, purchased from a local shop, had 1110 m?/g specific
surface area and 34.2 um mean particle size (D50). The PAC was initially rinsed with
deionized (DI) water to remove loose dust particles, then it was dried in an oven at 105
°C for 1 hour. The PAC was allowed to cool down to room temperature inside a desiccator
before being added at a dose of 2 g/L into the hybrid PAC-MBR. An extra 0.83 g pre-
treated PAC was added into the proposed hybrid PAC-MBR every day, corresponding a

PAC replenishment rate of 1.6% per day.
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Figure 5.1 Schematic diagram of (a) control MBR and (b) hybrid PAC-MBR

Table 5.1 Composition and corresponding ion concentrations in source-separated urine,

control MBR permeate, and hybrid PAC-MBR permeate

Source- Nitrified urine Nitrified urine
separated after control after hybrid
urine MBR PAC-MBR
NH4-N mg/L 4250+216.5 18945+ 117.9 1987.7 £ 205.5
NOs3-N mg/L N/A 1796.0 £ 115.5 1973.3 +178.9
PO4-P mg/L 264.1 £26.8 238.5+5.0 235.5+2.8
K* mg/L 1253.4 + 1099.7 + 38.2 1082.1 £ 4.7
120.5
Ca®* mg/L 29+0.7 34+1.5 0.0
Mg?* mg/L 21.7+0.2 22.6+0.8 7.0+0.2
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Na“® mg/L

Cr mg/L
SO4* mg/L
COD mg/L

COD Removal rate %

pH -

1113.9+41.1

1475.9 +

117.0

899.3 +21.5

5013.0 +

240.0

N/A

9.2

809.3 £46.7

1338.3+£354

899.3 +£3.1

569.6 £ 50.0

88.6+29

6.2

735.2+69.3

1377.6 + 63.0

813.7+£9.3

202.0 £70.4

96.0 £2.8

6.2

5.3.2 Water quality analysis

The mixed liquor samples and permeate samples were collected every day to monitor the
performance of control MBR and PAC-MBR. All samples were filtered through 0.2 um
filter and stored at 4°C prior to analysis. The concentration of major cations (Na‘, K",
Mg?', Ca**) and major anions (SO4*, PO4, CI') was analysed by Ion Chromatography
(IC, Thermo Fisher Scientific, USA) and Microwave Plasma Atomic Emission
Spectroscopy (MP-AES 4100, Agilent, USA), respectively. Ammonia (NH4-N), nitrite-
nitrogen (NO2-N) and nitrate-nitrogen (NO3-N) were measured via test kit and UV-VIS
spectrophotometer (Spectroquant® NOVA 60, USA). The concentration of chemical
oxygen demand (COD) was analysed by multi N/C 3100 TOC analyzer from Analytik

Jena GmbH. The Hach HQD digital multimeter (HQ40D) was used to record readings of

pH, conductivity (EC), total dissolved solids (TDS) and DO during operation.
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5.3.3 Micropollutant analysis

Six representative MPs, purchased from Sigma Aldrich (Australia), were measured in the
raw and treated urine: metronidazole (MDZ), acetaminophen (ACE), naproxen (NPX),
ibuprofen (IBU), carbamazepine (CBZ), estriol (E3).They were chosen in this work
according to their molecular structures and properties, acidity, hydrophobicity of
molecular compounds, and likelihood in source-separated urine. A 1 M stock solution
was used as standards for each MPs and was prepared in methanol solution and stored at

-30°C in dark to avoid the photodegradation.

For the analysis of presence of selected MPs in stored urine and permeate, standard
solutions at various concentrations (0, 5, 10, 50, 75, 100, 250, 500, 750, and 1000 ug/L)
were prepared by diluting stock solutions with DI water. Collected samples were stored
at 4°C and analysed within 2 weeks of sampling. The analytes in liquid samples were
preconcentrated and separated by solid phase extraction (SPE) using Oasis MCX 3 cc
Vac Cartridge (Waters, 60mg, 3cc) with 3 mL methanol and 3 mL DI water, then elute
with methanol. 1 mL of individual final extract from SPE was used for liquid
chromatography-mass  spectrometry (LCMS-8060 Shimadzu). The liquid
chromatography was performed using ORTECS C18+Column, 2.7 pm, 2.1 mm X75 mm
(Waters). A sample injection volume of 10 pL. was used at an optimized flow rate of 0.6
mL/min. Mobile phases were 100% methanol (A) and ultrapure water (B). Optimised
gradient elution conditions were concluded as follow: 50% mobile phase B between 0.01
and 0.10 min; a linear ramp from 50% to 95% from 0.10 to 1.50 min; stay at 95% from

1.50 to 3.5 min; gradual back to 50% from 3.51 to 5.50 min. The multiple reaction modes
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(MRMs) selected for the analytes were: MDZ (172 >128, ES+), ACE (152 >110, ES+),
NPX (229 >185, ES-), IBU (205 >161, ES-), CBZ (237 >194, ES+), E3 (287>171, ES-)

(Table 5.2).

Table 5.2 MRM table for proposed LC-MS/MS analysis

Compound Precursor Transition Polarity Retention
(m/z) (m/z) time

Metronidazole 172 128 + 0.39

(MDZ)

Acetaminophen 152 110 + 0.37

(ACE)

Naproxen (NPX) 229 185 - 1.9

Ibuprofen (IBU) 205 161 - 2.5

Carbamazepine 237 194 + 1.28

(CB2)

Estriol (E3) 287 171 - 1.15

The lipophilicity and hydrophilicity of MPs compounds were determined according to
equation below. Specifically, logP represents the partition coefficient of unionised
compound in neutral state in water-n-octanol system. logD is the distribution coefficient
of ionised MPs molecule as a function of the pH between two phases. pK, is the acid
dissociation constant used to indicate the molecular acidity. The percent ionization (%)

was used to measure the strength of acids/bases.
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unionzed—solute]octanol

logP = logag [[unionzed—solute]water (.1)
logDycias = logP + log (m) (5.2)
logDyuse = logP + log (m) (5.3)
% inoized = @% (5.4)

5.3.4 Fouling models analysis

The membrane fouling mechanisms were evaluated based on four single models
(Hermia’s model) and five combined models. Briefly, cake filtration represents particles
build up on the membrane surface as thickness increases over time; complete blocking
means that the membrane pores are completely blocked by particles; intermediate
blocking accounts for both cake filtration and complete blocking, where part of the
membrane pores are blocked; and standard blocking occurs when particles accumulated
within the membrane pores. The simulation between theoretical data and experimental
data were performed and fitted in Python based on the fouling model equations (Table
5.3) and sum of squared error (SSE) value (Asif et al., 2020, Huang et al., 2020, Bolton

et al., 2006)

75



Table 5.3 Membrane fouling models and corresponding equations at constant flux

Model

Equations

Fitted parameters Fouling model illustrations

Single models

Cake filtration

P
— =1+KJt

K. (s-m™2

| m
Intermediate P Ki(m™)
P_o = exp (KiJoD)
blocking
Complete blocking P 1 Kp(s™)
P, 1-—Kpt
Standard blocking P KgJot, _, Ks(m™")
P, 2
Combined models
Cake-complete P 1 K.J? K¢ (s-m™32),
p o (1-— Jo In(1 — Ky0)) ¢ ( )
' P, 1-Kpt&  Kp
blocking Kp(s™)
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Cake-intermediate P K J? Kc (s-m™2),
— =exp (KjJot)(1 + (exp(KiJot) — 1)

: Py K;
blocking K,(m™1)
Complete-standard P_ 1 Kp(s™),
p0 _ Ks]O _ 2
blocking (1 —Kpt) (14 sz) In (1 — Kp)b) K (m-),
Intermediate- P exp (KiJot) Ki(m™),
Po  (q_XKs _ 12
standard blocking 1 2K; exp(KiJot) — 1) K (m™),
Cake-standard P — (- KS]Ot)_2 FKJ20 K. (s-m™2),
P, 2
blocking K,(m™1)

77



5.4 Results and discussion

5.4.1 Comparison of permeate water quality

The composition and corresponding ion concentrations in source-separated urine, control
MBR permeate, and hybrid PAC-MBR permeate were shown in Table 5.1. Compared to
control MBR, the enhanced growth of ammonia oxidising bacteria (AOB) and nitrite
oxidizing bacteria (NOB) on PAC surface was beneficial to urine nitrification and
ammonia removal in hybrid PAC-MBR. For instance, on average, 43% of ammonia was
converted into nitrate in control MBR, while 48% was biologically oxidised in PAC-
MBR. This implied that the higher specific space introduced by PAC is more favourable
to proliferation of nitrifying bacteria in a carbon-deficient environment, thereby
enhancing the overall nitrification oxidation rate. The unfavourable nitrite accumulation
was also mitigated at 2 g/ PAC dosage during the system operation because more
sheltered space was created to protect sensitive nitrifying bacterial from losing their
activity at the event of sudden change of temperature, pH, toxicity, or excessive nitrogen
loading. This observation was consistent with other studies in that the nitrification occurs
in higher efficiency with PAC addition to MBR (Ma et al., 2012, Thuy and Visvanathan,
2006, Hu et al., 2014b). As compared to the nutrient composition in permeate, since the
PAC surface is negatively charged in aqueous solution with unpaired electron, positively
charged compounds and ions were rapidly absorbed by strong electrostatic attraction,
resulting in more favourable adsorption of calcium and magnesium (divalent cations) in

PAC-MBR than control MBR (Mailler et al., 2015, Zhang et al., 2019).
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5.4.2 Comparison of organic matter removal

Figure 5.2 shows chemical oxygen demand (COD) removal performance overtime in
MBR with and without PAC dosage. The average COD removal rates in control MBR
and PAC-MBR for 73 days operation was 88.6 + 2.9% and 96.0 +1.2%, respectively.
The overall increased in COD removal by 7.4% with the PAC addition indicated that PAC
additives were beneficial to effectively remove organic matter and consistently maintain
a high quality permeate. It is worth to note that the COD removal rate in MBR slightly
fluctuated between 87% and 90%, while that number in PAC-MBR initially increased
from 96.5% to 98.5% at day 19, followed by a decrease in COD removal performance,
then rebounded to 97% at the end of operation. The first 19-day’s observations in PAC-
MBR indicated that the organics were mainly removed by PAC adsorption rather than
biodegradation. The reduced COD removal performance between day 19 and 31 could be
explained by PAC surface saturation and the adsorption equilibrium of organic and
inorganic pollutants on PAC surface. The increase in COD removal rate from day 31
implied the emergence and gradual adaptation of heterotrophic microorganisms in
carbon-deficient environment, which attached to PAC surfaces as microbial communities
and contributed to the elimination of biodegradable organics. As such, COD was likely

removed through a combination effect of physical adsorption and biodegradation.
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Figure 5.2 Variation of COD removal efficiencies in (a) control MBR, and (b) hybrid

PAC-MBR in 73 days

5.4.3 Comparison of biomass growth

Figure 5.3 shows the change of biomass concentrations and their corresponding ratio of
mixed liquor volatile suspended solids to mixed liquor suspended solids (MLVSS/MLSS)
in each reactor. On day 73, 36.4% more rapid growth of biomass was observed in MBR,
suggesting PAC provided large surface area for rapid microbial propagation. It’s worth
noting that the MLVSS/MLSS ratios in control MBR were consistently higher than that

ratio in PAC-MBR. Between day 0 and day 73, the MLVSS/MLSS ratio in control MBR
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slightly increased from 0.80 to 0.86, while that ratio maintained around 0.73 in PAC-
MBR. This again indicated that PAC dosage had no impact on the stable operation of the
membrane bioreactor. Compared to the control MBR, the floc size (D50) increased from
35+ 3 umto 41 + 5 pm after introducing 2 g/L of PAC, corresponding to 17% growth of
sludge floc size. Also, MLVSS concentration immediately dropped after PAC dosing in
PAC-MBR, implying that the virgin PAC had higher capacity to physically adsorb
organics or volatile foulants in activate sludge mixture at the early stage of the operation.
Similar observations were reported in previous study regardless the treated wastewater

types (Hu et al., 2014b, Alvarino et al., 2017).
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Figure 5.3 Variation of MLSS concentration and MLSS/MLVSS ratio in (a) control

MBR and (b) hybrid PAC-MBR in 73 days
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5.4.4 Membrane performance

As mentioned earlier, the occurrence of unfavourable membrane fouling is caused by four
single fouling mechanisms (cake filtration, standard blocking, complete blocking,
intermediate blocking,) and five combined fouling mechanisms (cake-complete blocking,
cake-standard blocking, cake-intermediate blocking, complete-standard blocking, and
intermediate standard blocking). As such, changes in TMP at any time (Pt) were measured
periodically over 5 minutes and fitted to all fouling models to assess the membrane
fouling propensities in control MBR and PAC-MBR. Membrane fouling mechanisms
will be discussed in this section in accordance with Figure 5.4. and Table 5.4. The results
in Table 5.4 shows that the cake-complete model was the best fitting model causing MBR
membrane fouling with the minimal SSE value of 0.035. Given the value of fitting
constant K¢ in combined cake-complete fouling model was greater than Kby, it indicated
that the membrane pore blocking led to the build-up of cake layer on the membrane
surface at the early stage of filtration. Membrane fouling propensity was further
exacerbated as the cake layer developed, the cake blocking became the dominant fouling
model among other fouling models in MBR. This observation was consistent with
previous studies where the cake-complete fouling mechanism plays a major role in MBR

treating synthetic wastewater (Huang et al., 2020, Xiong et al., 2019).

The TMP increase in control MBR was significantly faster than that in PAC-MBR. For
instance, the change of TMP (Pv/Po) in MBR at the end of 150-day operation was 2.26
times higher than that value in PAC-MBR, while there was no obvious TMP sharp jump

in PAC-MBR throughout the experiment, suggesting that no severe irreversible fouling

82



was present after adding PAC (Figure 5.4). This could be explained by adsorption of
organic foulants (polysaccharides and proteins) onto PAC which reduced the potential of
pollutants deposition on the membrane surface and formation of thick cake layer. Besides,
the sediment structure on membrane surface was improved as the cake layer attached on
the membrane surface was continuously scrubbed out by PAC. Moreover, the 1.6% of
PAC replenishment rate applied in proposed hybrid PAC-MBR also contributed to the
decrease in number of organic pollutants in cake layer. Given the fact that continuously
adding virgin PAC into the system maximized the interaction between PAC and activated
sludge, thus, reducing the membrane fouling propensities from pore blocking or pore
constriction caused by particles adsorption in the membrane. This observation was
consistent with previous studies that the PAC addition in MBR reduced the activated
sludge viscosity, resulting in lower membrane filtration resistance, improved critical flux
and permeate quality, and longer system operation at higher flux in all types of wastewater
treatment (Yang et al., 2016, Huang et al., 2021, Guo et al., 2008). This again proved the
previous observations that 2 g/I. of PAC addition reduced the MLVSS concentration in

activated sludge mixture without affecting the stability of the system.
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Table 5.4 Theoretical model fitting results and SSE values for the single and combined membrane fouling modules.

Control MBR PAC-MBR

Model fitting constants (10-5) SSE Model fitting constants (10-5) SSE
Single models

0.062

K. (s-m™2) K, (s-m™2) 188727671.08
Cake blocking 670598213.71 1.73
Intermediate blocking K;(m™1) 1850.53 0.07 K,(m™) 743.58 0.017
Complete blocking K,(s™) 0.0052 1.87 K,(s™h) 0.0029 0.0013
Standard blocking K,(m™) 158393.96 158.12 K,(m™) 159330.60 53.04
Combined models

K. (s-m™2) 166265833.37 0.0567 K, (s-m™2) 33640386.53
Cake-intermediate blocking K;,(m™) 1000.00 K;,(m™) 560.73 0.013

K. (s-m™%) 237237157.78 0.035 K. (s-m™2) 10466522.39 0.0011
Cake-complete blocking K,(s™1)  0.0031 K,(s™1  0.0027
Complete-standard blocking K,(s™) 0.0057 1.57 K,(s™) 0.0030 0.0011
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fouling models in (a) control MBR and (b) hybrid PAC-MBR.
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5.4.5 Removal of micropollutants by MBR

The influent concentration of metronidazole (CcsHoN30O3), acetaminophen (CsHoNO2),
naproxen (Ci14H1403), ibuprofen (Ci3sHisOz2), carbamazepine (CisHi2N20), and estriol
(C18H2403) in stored urine was measured at 1.2 £ 0.7 pg/L, 657.6 £ 217 ng/L, 15.0 £ 2.7
ng/L, 276.0 = 39.0 ug/L, 24.5 + 2.7 pg/L, and 8.0+ 1.2 pg/L, respectively. The removal
efficiency of micropollutant compounds and their hydrophobicity and persistent properties in

control MBR and hybrid PAC-MBR at pH 6.2 are shown in Table 5.5 and Figure 5.5. As can be
seen, there was significant variation in the removal efficiency of targeted pharmaceuticals
and hormones in the control MBR, ranging from 41% to 97%. For instance,
metronidazole, acetaminophen, naproxen, and carbamazepine with logDe2 values less
than 3.2 were not effectively removed through aerobic biological treatment, with the

average removal efficiency of 82 + 6%, 83 + 7%, 73 + 12%, and 41 + 14%, respectively.

The low removal efficiency of carbamazepine in control MBR was probably due to its
moderate hydrophobicity (logDs2 = 1.89) and strong resistance to biodegradation,
resulting in its partial adsorption onto activated sludge. The lower removal efficiency of
CBZ (36.2 + 6.8%) by sorption on activated sludge in MBR operation was also reported
by Chtourou et al. (2018) in treating industrial wastewater. In addition, it was suggested
in literature that the molecular functional groups in the compound also influenced its
removal efficiency (Nguyen et al., 2013a, Hai et al., 2011, Tadkaew et al., 2011). The
presence of amide functional group - strong electron withdrawn group (EWG) — in CBZ
thereby governed a low removal efficiency. The hydrophobic ibuprofen, on the other hand,

containing strong electron donating group (EDG) was efficiently removed (97 = 4%) in
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control MBR. Furthermore, Tadkaew et al. (2010) reported that the pH in sludge mixture
could significantly affect the removal performance of ionizable compounds (naproxen
and ibuprofen) due to the change of their physicochemical properties. At 6.2 pH in this
work, the ionization percentage in naproxen and ibuprofen was 95.82% and 98.4%,
respectively. This indicated their hydrophobicity under proposed acidic condition and
thereby they were rapidly adsorbed onto activated sludge. As compared to control MBR,
greater than 99% removal efficiency was achieved among all targeted micropollutants in
hybrid PAC-MBR. This observation was again consistent with literature that the
dominating mechanism for removal of targeted hydrophilic compounds in MBR is
biodegradation rather than sorption by activated sludge (Chtourou et al., 2018, Qrenawi

and Rabah, 2023).
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Figure 5.5 Targeted micropollutant removal rate and logDe.2 value in control MBR and
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Table 5.5 Physicochemical properties of targeted micropollutants and their corresponding removal efficiencies

Compound | Pharmaceuti | Structure | Molecul | pK. | log | logDs | % Concentrati | Concentrati | Concentrati
cal classes ar P 2 Ionizatio | on in stored | on in on in PAC-
weight n urine (ng/L) | control MBR (pg/L)
(g/mol) MBR (ug/L)
Metronidazol | Antibiotics . 171.15 144 | - -0.14 | 0.00 1.2+0.7 0.2+£0.04 0.01 +£0.01
0N~y ! CH;
e (CeHoN303) 4 0.1
OH 4
Acetaminoph | Pain reliever . | 151.16 9.86 {04 |0.48 |0.02 657.6 £217 | 111.8+15.2 | 0.12+£0.15
en " 8
(CsHoNO2)
Naproxen OO "ol 230.26 484 128 |15 95.82 15.0+2.7 4.1+03 0.004 +
(C1aH1403) | Analgesics | 8 0.003
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Ibuprofen I 206.28 441 |35 |17 98.40 276.0+39.0 | 83+1.6 0.008 +
. LT

(C13Hi1502) Analgesics ‘. 0.016
Carbamazepi — 236.27 139 | 1.8 | 1.89 |0.00 24.5+2.7 145+04 0.015 +

Antiepileptic m
ne pricp PN, 4 9 0.016
(Ci1sH12N20)
Estriol (E3) Hormones " e 288.38 102 |25 253 |0.01 8.0+1.2 0.2+0.02 0

R0
ag - 5 3
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5.5 Conclusion

In conclusion, the proposed hybrid PAC-MBR system was an ideal approach for complete
nutrient recovery at the building level. To add 2 g. L' PAC in MBR at 1.6% replenishment
rate removed micropollutant via physical adsorption and biodegradation in a single step,
without compromising the system operating stability. Furthermore, it improved organic
matters removal efficiency from 88.6 + 2.9 to 96.0 +1.2%, maintained consistent high-
quality effluent, increased 17% growth of the mean sludge floc size, and promoted more
rapid biomass growth. Compared to control MBR, the formation of biological powdered
activated carbon (BPAC) over time via growth of stable microbial film on PAC
guarantees >99% removal efficiency among targeted micropollutants. The removal
efficiency of carbamazepine, for instance, was improved from 41 £ 14 % (control MBR-

MF) to 100 + 4% (hybrid PAC-MBR-MF).
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6 Conclusions and recommendations

6.1 Conclusions

This study aimed at exploring the potential application of integrating membrane
bioreactor with powdered activated carbon additive for simultaneous nutrient recovery
and micropollutant removal from source-separated urine. The major findings from the

work are summaries as below.

Chapter 3 studies the application of membrane bioreactor (MBR) for source-separated
urine resource recovery. It concluded that the maximum nitrification rate of 447+50
mgN-L!-d"! was achieved, where approximately 50% of total ammonia (NH3 and NH4)
in the feed is converted to nitrate by ammonia oxidation, without the introduction of
additional alkalinity. Free ammonia (FA) and free nitrous acid (FNA) concentration are
more critical than pH readings to control inhibitory effects and maintain the system
stability. The influence of fouling on membrane can be alleviated by intermediate

relaxation and/or moderate aeration intensity.

Chapter 4 studies the effect of PAC concentration in lab-scale PAC-MBR combination
process on biological and micropollutant removal performance. It concluded that high
PAC dosage promotes more rapid biomass growth, lower MLV SS/MLSS ratio and lower
sludge viscosity. Compared to low PAC, the nitrification rate was increased by 5.2% to
48% with high PAC dosage and greater than 99% removal efficiency was observed

among all targeted micropollutants. Thus, it is recommended to operate proposed PAC-
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MBR at a high PAC concentration and a 1.6% replenishment rate to achieve better
micropollutant removal efficiency and nitrification rate without compromising the

nutrient recovery efficiency.

Chapter 5 compares the performance between a powdered activated carbon - membrane
bioreactor (PAC-MBR-MF) and control MBR-MF for source-separated urine resource
utilization in terms of treated permeate quality, emerging contaminants removal,
membrane fouling control, membrane flux improvement, and biomass property. It
concluded that the proposed hybrid PAC-MBR system was an ideal approach for
complete nutrient recovery at the building level. Compared to control MBR, the formation
of biological powdered activated carbon (BPAC) over time via growth of stable microbial
film on PAC guarantees >99% removal efficiency among targeted micropollutants.
Furthermore, it improved organic matters removal efficiency from 88.6 £ 2.9 to 96.0
+1.2%, maintained consistent high-quality effluent, increased 17% growth of the mean

sludge floc size, and promoted more rapid biomass growth.

6.2 Limitations and recommendations

The limitations and recommendations include,

e The filtration and biological performances were studied in laboratory scale.
Although the proposed hybrid PAC-MBR-MF system were fed with full strength
raw urine, the fouling behaviours and biodiversity of biomass community may not

closely reflect the real case scenario.
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Although the PAC dosage in MBR was studied individually at low and high
concentrations in terms of micropollutant removal, fouling mitigation, water
quality, biomass growth and nitrification efficiency, the optimization of PAC
concentration and its replenishment rate regrading long term operating cost is
recommended in the next study.

The use of PAC additive in MBR technology for effective removal of
micropollutants from source-separated urine is quite recent, the acknowledgement
of optimized system configurations and operational parameters, long term system
stability, water treatment performance, and economic feasibility are unknown.
The aged PAC in proposed hybrid PAC-MBR-MF system cannot be recycled or
reused except landfilled, the proper waste treatment method with cost
consideration for PAC amended sludge disposal is thereby needs to be considered.
The storage cost and logistics cost in distortion urine-based fertilizer accounts to
a large portion in expenses when consider the product commercialization.
Therefore, it is recommended to combine proposed PAC-MBR-MF system with
other technology, i.e., membrane capacitive deionization (MCDI) or membrane
distillation (MD) technology for complete nutrient recovery and concentration
from the source separated urine, concentrated urine-based fertilizer production,

and clean water regeneration.
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Appendix A Code for fouling model simulations and
automatically calculating sum of squared error (SSE) and

model fitting constants

[Notes: Appendix A has been submitted for publication and is currently under review]

J. Jiang, A. Almuntashiri, W. Shon, S. Phuntsho, Q. Wang, S. Freguia, I, El-Saliby, H.K.
Shon. (Under review). Feasibility study of powdered activated carbon membrane

bioreactor (PAC-MBR) for source-separated urine treatment: a comparison with MBR.

Code:

jO = data[~np.isnan(data).any(axis=3)]

data = np.genfromtxt('./data.csv', delimiter=",")
data = data[~np.isnan(data).any(axis=1)]

T, P = np.transpose(data)

# T *= 86400

V=P /P[0]

T = T.astype('float128")

V = V.astype('float128'")
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assert len(T) == len(V)

assert np.isnan(T).any() == False
assert np.isnan(V).any() == False
assert np.isinf(T).any() == False

assert np.isinf(V).any() == False

minimum_error, minimum_function = np.inf, ""!
functions, function names =[], []
def cake blocking(t, kc):

return 1 + ke * jO**2 * t

def predict _and plot cake blocking():
kc = curve_fit(cake blocking, T, V, bounds=(0, 1e10))[0][0]
_ =plt.plot(T, prediction(cake blocking, [kc]))

return kc
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functions.append(predict and plot cake blocking)

function names.append('Cake blocking')

_ =plt.plot(T, V)

kc = predict_and plot cake blocking()

error = sse(cake blocking, kc)

if error < minimum_ error:

minimum_error = error

minimum_function = function_names|[-1]

print("Kc:\t\t\t", kc)

print("SSE with predicted Kc:\t", error)

def intermediate blocking(t, ki):

return np.exp(ki * jO * t)

def predict and plot intermediate blocking():

ki = curve_fit(intermediate blocking, T, V, bounds=(0, 1e¢4))[0][0]

_ =plt.plot(T, prediction(intermediate blocking, [ki]))
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return ki

functions.append(predict_and plot intermediate blocking)

function names.append('Intermediate blocking')

_ =plt.plot(T, V)

ki = predict_and plot intermediate blocking()

error = sse(intermediate blocking, ki)

if error < minimum_ error:

minimum_error = error

minimum_function = function_names|[-1]

print("Ki:\t\t\t", ki)

print("SSE with predicted Ki:\t", error)

def complete blocking(t, kb):

return 1 /(1 - kb * t)

def predict and plot complete blocking():
114



kb = curve_fit(complete blocking, T, V, bounds=(0, 1 / T[-1]))[0][0]

_ =plt.plot(T, prediction(complete blocking, [kb]))

return kb

functions.append(predict and plot complete blocking)

function_names.append('Complete blocking')

__ =plt.plot(T, V)

kb = predict and plot complete blocking()

error = sse(complete_blocking, ki)

if error < minimum_ error:

minimum_error = error

minimum_ function = function_names|[-1]

print("Kb:\t\t\t", kb)

print("SSE with predicted Kb:\t", error)

def standard blocking(t, ks):

return (1 - (ks * jO * t) / 2)**.2
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def predict and plot standard blocking():

ks = curve_fit(standard blocking, T, V, bounds=(0, 1€6))[0][0]

_ =plt.plot(T, prediction(standard blocking, [ks]))

return ks

functions.append(predict and plot standard blocking)

function names.append('Standard blocking')

__ =plt.plot(T, V)

ks = predict _and plot standard blocking()

error = sse(standard_blocking, ks)

if error < minimum_ error:

minimum_error = error

minimum_function = function_names|[-1]

print("Ks:\t\t\t", ks)

print("SSE with predicted Ks:\t", error)
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def cake intermediate(t, ke, ki):

return np.exp(ki *jO * t) * (1 + (kc * jO / ki) * (np.exp(ki * jO * t) - 1))

def predict and plot cake intermediate():

ke, ki = curve _fit(cake intermediate, T, V, bounds=((0, 0), (110, 1e3)))[0][:2]

_ =nplt.plot(T, prediction(cake intermediate, [kc, ki]))

return ke, ki

functions.append(predict_and plot cake intermediate)

function_names.append('Cake + Intermediate')

_ =plt.plot(T, V)

ke, ki = predict_and plot cake intermediate()

error = sse(cake intermediate, kc, ki)

if error < minimum_ error:

minimum_error = error

minimum_function = function_names|[-1]

print("Kc, Ki:\t\t\t\t", (kc, ki))
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print("SSE with predicted Kec, Ki:\t", error)

def cake complete(t, ke, kb):

return 1 /(1 - kb * t) * (1 - ke * j0**2 / kb * np.log(1 - kb * t))

def predict_and plot cake complete():

ke, kb = curve_fit(cake complete, T, V, bounds=((0, 0), (1e10, 1 / T[-1])))[0][:2]

_ =plt.plot(T, prediction(cake complete, [kc, kb]))

return kc, kb

functions.append(predict and plot cake complete)

function_names.append('Cake + Complete')

__ =plt.plot(T, V)

ke, kb = predict_and plot_cake complete()

error = sse(cake complete, kc, kb)

if error < minimum_ error:

minimum_error = error

minimum_function = function_names[-1]
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print("Ke, Kb:\tt\tt", (ke, kb))

print("SSE with predicted Kc, Kb:\t", error)

def complete standard(t, kb, ks):

return 1/ ((1-kb * t) * (1 + ks *j0 /2 / kb * np.log(1 - kb * £)**2))

def predict and plot complete standard():

kb, ks = curve_fit(complete standard, T, V, bounds=((0, 0), (1 / T[-1], 1e10)))[0][:2]

_ =plt.plot(T, prediction(complete standard, [kb, ks]))

return kb, ks

functions.append(predict_and plot complete standard)

function names.append('Complete + Standard")

_ =plt.plot(T, V)

kb, ks = predict_and plot complete standard()

error = sse(complete_standard, kb, ks)

if error < minimum_ error:

minimum_error = error
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minimum_ function = function_names|[-1]

print("Kb, Ks:\t\t\t\t", (kb, ks))

print("SSE with predicted Kb, Ks:\t", error)

def intermediate standard(t, ki, ks):

return np.exp(ki * jO * t) / ((1 - ks /2 / ki * (np.exp(ki * jO * t) - 1))**2)

def predict and plot intermediate standard():

ki, ks = curve_fit(intermediate standard, T, V, bounds=((0, 0), (4e2, 1¢2)))[0][:2]

_ =nplt.plot(T, prediction(intermediate standard, [ki, ks]))

return ki, ks

functions.append(predict and plot intermediate standard)

function_names.append('Intermediate + Standard')

__ =plt.plot(T, V)

ki, ks = predict_and plot intermediate standard()

error = sse(intermediate standard, ki, ks)
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if error < minimum_ error:

minimum_error = error

minimum_function = function_names|[-1]

print("Ki, Ks:\t0\it", (ki, ks))

print("SSE with predicted Ki, Ks:\t", error)

def cake standard(t, kc, ks):

return (1 - ks *jO * t/2)**-2 + kc * jO**2 *

def predict _and plot cake standard():

ke, ks = curve_fit(cake standard, T, V, p0=(1,1), bounds=(0, 1e10))[0][:2]

_ =plt.plot(T, prediction(cake standard, [kc, ks]))

return kc, ks

functions.append(predict and plot cake standard)

function names.append('Cake + Standard')

__ =plt.plot(T, V)

kc, ks = predict and plot cake standard()
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error = sse(cake standard, kc, ks)

if error < minimum_ error:

minimum_error = error

minimum_function = function names[-1]

print("Kc, Ks:\t\t\t\t", (kc, ks))

print("SSE with predicted Kc, Ks:\t", error)
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Appendix B Theoretical fouling models results (Control MBR)

[Notes: Appendix B has been submitted for publication and is currently under review]

J. Jiang, A. Almuntashiri, W. Shon, S. Phuntsho, Q. Wang, S. Freguia, I, El-Saliby, H.K.
Shon. (Under review). Feasibility study of powdered activated carbon membrane

bioreactor (PAC-MBR) for source-separated urine treatment: a comparison with MBR.

Single model

Cake Intermediate Standard
blocking blocking Complete blocking blocking

Time

(day) Pt/p0 (kPa)  Pt/p0 (kPa) Pt/p0 (kPa) Pt/p0 (kPa)

0 1.00 1.00 1.00 1.00

5 1.08 1.05 1.03 1.17

10 1.16 1.09 1.05 0.12

15 1.24 1.14 1.08 0.04

20 1.32 1.20 1.12 0.02

25 1.40 1.25 1.15 0.01

30 1.48 1.31 1.18 0.01

35 1.55 1.37 1.22 0.01

40 1.63 1.43 1.26 0.00

45 1.71 1.50 1.30 0.00

50 1.79 1.57 1.35 0.00
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55

60

65

70

75

80

&5

90

95

100

105

110

115

120

125

130

135

140

145

150

1.87

1.95

2.03

2.11

2.19

2.27

2.35

243

2.50

2.58

2.66

2.74

2.82

2.90

2.98

3.06

3.14

3.22

3.30

3.38

1.64

1.72

1.79

1.88

1.96

2.05

2.15

2.25

2.35

2.46

2.57

2.69

2.81

2.94

3.08

3.22

3.37

3.52

3.68

3.85

1.40

1.45

1.51

1.57

1.63

1.70

1.78

1.87

1.96

2.07

2.19

2.32

2.47

2.63

2.83

3.05

3.31

3.62

3.99

4.45
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0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00



Combined models

Cake- Cake- Complete- Intermediate- Cake-
complete intermediate  standard standard standard
blocking blocking blocking blocking blocking

Time

(day)  Pt/p0 (kPa)  Pt/p0 (kPa) Pt/p0 (kPa)  Pt/p0 (kPa) Pt/p0 (kPa)

0 1.00 1.00 1.00 1.00 1.00

5 1.04 1.04 1.03 1.03 1.03

10 1.09 1.09 1.06 1.07 1.07

15 1.14 1.14 1.09 1.11 1.11

20 1.19 1.19 1.13 1.15 1.15

25 1.24 1.25 1.16 1.19 1.19

30 1.30 1.30 1.20 1.24 1.24

35 1.35 1.36 1.24 1.29 1.29

40 1.41 1.43 1.28 1.34 1.34

45 1.48 1.49 1.33 1.39 1.39

50 1.54 1.56 1.38 1.45 1.45

55 1.61 1.63 1.43 1.51 1.51

60 1.68 1.70 1.48 1.57 1.58

65 1.76 1.78 1.54 1.64 1.65

70 1.84 1.87 1.60 1.71 1.72

75 1.92 1.95 1.67 1.79 1.80

80 2.01 2.04 1.74 1.87 1.89

85 2.10 2.14 1.82 1.96 1.98

90 2.20 2.24 1.91 2.06 2.07
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95

100

105

110

115

120

125

130

135

140

145

150

2.30

2.41

2.53

2.65

2.78

2.92

3.06

3.22

3.39

3.56

3.75

3.95

2.34

2.45

2.56

2.68

2.81

2.94

3.08

3.22

3.37

3.53

3.70

3.87

2.00

2.10

2.21

2.34

2.48

2.64

2.82

3.03

3.28

3.58

3.95

4.42
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2.16

227

2.39

2.51

2.65

2.80

2.96

3.14

3.33

3.54

3.77

4.02

2.18

2.29

2.42

2.55

2.69

2.85

3.02

3.21

3.41

3.63

3.88

4.15



Appendix C Theoretical fouling models results (Hybrid PAC-

MBR)

[Notes: Appendix C has been submitted for publication and is currently under review]

J. Jiang, A. Almuntashiri, W. Shon, S. Phuntsho, Q. Wang, S. Freguia, I, EI-Saliby, H.K.
Shon. (Under review). Feasibility study of powdered activated carbon membrane

bioreactor (PAC-MBR) for source-separated urine treatment: a comparison with MBR.

Single model
Cake Intermediate Complete Standard
Time blocking blocking blocking blocking
(day) Pt/p0 (kPa)  Pt/p0 (kPa) Pt/p0 (kPa) Pt/p0 (kPa)
0 1.00 1.00 1.00 1.00
5 1.02 1.02 1.01 1.14
10 1.04 1.04 1.03 0.12
15 1.07 1.06 1.05 0.04
20 1.09 1.07 1.06 0.02
25 1.11 1.09 1.08 0.01
30 1.13 1.11 1.10 0.01
35 1.16 1.13 1.11 0.01
40 1.18 1.16 1.13 0.00
45 1.20 1.18 1.15 0.00
50 1.22 1.20 1.17 0.00
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55

60

65

70

75

80

&5

90

95

100

105

110

115

120

125

130

135

140

145

150

1.25

1.27

1.29

1.31

1.33

1.36

1.38

1.40

1.42

1.45

1.47

1.49

1.51

1.53

1.56

1.58

1.60

1.62

1.65

1.67

1.22

1.24

1.26

1.29

1.31

1.34

1.36

1.38

1.41

1.44

1.46

1.49

1.52

1.54

1.57

1.60

1.63

1.66

1.69

1.72
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1.19

1.21

1.23

1.26

1.28

1.30

1.33

1.36

1.38

1.41

1.44

1.47

1.51

1.54

1.57

1.61

1.65

1.69

1.73

1.78

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00



Combined models

Time (day)

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85

90

Cake-
complete

blocking

Pt/p0 (kpa)
1.00
1.02
1.03
1.05
1.06
1.08
1.10
1.12
1.13
1.15
1.17
1.19
1.22
1.24
1.26
1.28
1.31
1.33

1.36

Cake-

intermediate

blocking

Pt/p0 (kpa)

1.00

1.02

1.04

1.05

1.07

1.09

1.11

1.13

1.15

1.17

1.19

1.22

1.24

1.26

1.28

1.31

1.33

1.36

1.38

129

Complete-
standard
blocking
Pt/p0
(kpa)
1.00
1.02
1.03
1.05
1.06
1.08
1.10
1.12
1.13
1.15
1.17
1.19
1.22
1.24
1.26
1.28
1.31
1.33

1.36

Intermediate-
standard

blocking

Pt/p0 (kpa)
1.00
1.02
1.03
1.05
1.07
1.09
1.11
1.12
1.14
1.16
1.18
1.21
1.23
1.25
1.27
1.30
1.32
1.35

1.37

Cake-
standard
blocking
Pt/p0
(kpa)
1.00
1.02
1.03
1.05
1.07
1.09
1.11
1.12
1.14
1.16
1.18
1.21
1.23
1.25
1.27
1.30
1.32
1.35

1.37



95

100

105

110

115

120

125

130

135

140

145

150

1.39

1.42

1.44

1.48

1.51

1.54

1.58

1.61

1.65

1.69

1.73

1.77

1.41

1.43

1.46

1.49

1.51

1.54

1.57

1.60

1.63

1.66

1.69

1.73

130

1.39

1.41

1.44

1.47

1.51

1.54

1.57

1.61

1.65

1.69

1.73

1.77

1.40

1.43

1.45

1.48

1.51

1.54

1.57

1.61

1.64

1.68

1.71

1.75

1.40

1.43

1.45

1.48

1.51

1.54

1.57

1.61

1.64

1.68

1.71

1.75
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