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ABSTRACT

DEVELOPMENT OF HYBRID MEMBRANE PROCESSES
FOR ENERGY AND WATER RECOVERY FROM
MUNICIPAL WASTEWATERS

Ozlem OZCAN
Ph.D. in Material Science and Mechanical Engineering
Advisor: Prof. Dr. Nigmet UZAL
Co-advisor: Prof. Dr. Erkan SAHINKAYA
June 2024

This thesis study aims to develop a hybrid innovative membrane-based process that
maximizes circular benefit with the recovery of energy, nutrients, and water from
municipal wastewater (MWW). This process was designed to be a sustainable
alternative to the widely used advanced biological wastewater treatment plants
(WWTP). For this purpose, the wastewater samples from the pre-sedimentation tank
effluent of the Kayseri WWTP were used in laboratory-scale membrane-based process
applications. In the first stage of the study, pre-concentration studies were performed to
concentrate the organic matter and nutrients in the wastewater using the chemically
enhanced primary sedimentation+direct ceramic microfiltration (CEPS+DCMF)
process. Wastewater concentrated up to 8 times in the CEPS+DCMF process was fed to
the anaerobic fluidized bed ceramic membrane bioreactor (AnFCMBR), which is the
second stage of the study. The performance of the reverse osmosis (RO) process was
evaluated for nutrient recovery performance in permeates of AnFCMBR and
CEPS+DCMF processes. Chemical precipitation was performed on RO concentrate
samples to recover struvite. With the innovative membrane-based hybrid wastewater
treatment process, a net energy recovery potential of 0.126 kWh/m® was attained by
operating the AnFCMBR process at 6 hours hydraulic retention time, while an energy
requirement of 0.08 kWh/m> was attained and thus, an energy-positive process for

treating MWW has been developed.

Keywords: Flocculation, direct ceramic microfiltration, anaerobic fluidized bed

membrane bioreactor, ceramic membrane, energy-positive wastewater treatment



OZET

EVSEL ATIKSULARDAN ENERJi VE SU GERIi
KAZANIMINDA HiBRiIT MEMBRAN PROSESLERIN
GELISTIRILMESI

Ozlem OZCAN
Malzeme Bilimi ve Makine Miihendisligi Anabilim Dali Doktora
Tez Danismani: Prof. Dr. Nigmet UZAL
Es-Danisman: Prof. Dr. Erkan SAHINKAYA
Haziran-2024

Bu tez calismasi, evsel atiksudan enerji, niitrient ve su geri kazanimi ile dongiisel
faydayr maksimize eden hibrit yenilik¢i membran esasli bir proses gelistirilmesi
hedeflemistir. Bu proses ile yaygin olarak kullanimda olan konvansiyonel ileri biyolojik
atiksu aritma tesislerine (AAT) siirdiiriilebilir bir alternatif olarak tasarlanmistir. Bu
amacla, laboratuvar olcekli membran esasli proses uygulamalarinda Kayseri Ileri
Biyolojik AAT 6n ¢okeltim havuzu cikisindan alinan atiksu Ornekleri kullanilmistir.
Calismanin ilk asamasinda organik madde ve niitrientin konsantre edilmesi i¢in ileri
kimyasal 6n c¢oOktiirme+dogrudan seramik mikrofiltrasyon (CEPS+DSMF) prosesi
uygulanmistir. CEPS+DSMF calismalarinda 8 kata kadar konsantre edilen atiksu,
calismanin ikinci asamasi olan anaerobik akiskan yatakli seramik membran biyoreaktor
(AnFSMBR)’e beslenmistir. AnFSMBR ve yumaklastirma+DSMF proseslerinin
permeatlarinda niitrient geri kazanim c¢aligmalari i¢in ters osmoz (RO) uygulanarak, bu
prosesin performansit degerlendirilmistir. CEPS+DSMF prosesi ile evsel atiksuda
organik madde konsantre hale getirilmistir. RO konsantresinde striivit geri kazanimi igin
kimyasal ¢oktiirme uygulanmistir. Yenilik¢i membran esasli hibrit atiksu aritma prosesi
ile 0,08 kWh/m>'liik enerji gereksinimine karsilik AnFSMBR prosesinin 6 saat hidrolik
bekletme siiresinde isletilmesi ile 0,126 kWh/m?*’liik net enerji geri kazanimi potansiyeli

saglanmig ve dolayisiyla enerji pozitif bir evsel atiksu aritma prosesinin gelistirilmistir.

Anahtar kelimeler: Yumaklastirma, dogrudan seramik mikrofiltrasyon, anaerobik

akiskan yatakli membran biyoreaktor, seramik membran, enerji pozitif atiksu aritimi
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Chapter 1

Introduction

The impact of demographic scaling up, urbanization, improved living standards,
and technical progress has resulted in a remarkable increase in water demand. This
demand is not limited to municipality usage but also includes agricultural and industrial
sectors. It is also anticipated that about three-fourths of the world's population to live in
urban regions by 2050. In addition to urban growth, water used for food production and
irrigation imposes considerable tension on freshwater resources, in which the
agricultural sector accounted for >70% of global freshwater withdrawals, and in some
fast-growing economies, it increased up to 90% [1]. Currently, around two billion
people globally lack access to potable water [2], while around half of the global

population faces significant water scarcity at some periods of the year [3].

Considering that high water consumption increases the volume of wastewater
generated, MWW is one of the main alternative sources for water reclamation and
reuse. However, wastewater treatment and the use of effluents have two major
advantages, including the reduction of environmental contamination and, hence, health
risks, and conserving the limited freshwater reserves [4]. Consequently, it is essential to
develop cutting-edge treatment techniques that are based on the concept of reusing

wastewater to reduce the health and ecological risks of reclaimed water [5].

Beyond the environmental and health challenges, conventional methods of
treating MWW involve significant energy input during the main stages of wastewater
treatment plants. These stages include collecting and transferring wastewater to the
plant, as well as physical and chemical treatment, biological treatment, treatment of

sludge, and discharge [6]. In a conventional wastewater treatment plant, the



consumption of energy in the processes accounts for 25-40% of the operating costs [7],
while the aeration process accounts for 75% of the total energy required. In addition, it
has been stated that the nitrification process consumes approximately the same amount

of oxygen and energy for the decomposition of organic substances [8].

In our country, approximately 71% of MWW treatment plants are categorized as
advanced biological treatment plants that require a significant amount of energy. This
emphasizes the necessity for further investigation into alternative approaches that place
a higher emphasis on energy and water recovery during operations [9]. Essentially,
recovering organic matter and nutrients in wastewater is crucial to minimize energy
consumption and preserve resources. Ultimately, in the transition from linear to circular
cycles through energy-saving and resource recovery systems wastewater treatment
plants should be transformed into water and resource recovery facilities by recovering
resources (water, energy, and nutrients) and, at the same time, reducing operating costs

[10].

The use of membrane technologies to effectively and safely reuse MWW has
gained widespread acceptance as an effective strategy [11, 12]. In membrane processes,
the type of membrane plays a significant role, just as much as the type of process or the
design of the membrane. The use of ceramic membranes in the treatment of MWW has
received considerable attention in recent years. These materials provide exceptional
qualities, like high fluxes, mechanical and chemical stability, as well as ease of
cleaning, which make them very ideal for this specific function [12, 13]. Ceramic
membrane-based wastewater treatment processes have demonstrated encouraging
outcomes in laboratory-scale investigations and have been reported to go further than

the performance of polymeric membranes [14-16].

Regarding the process type or configuration, MBRs are being recognized as a
viable option for treating and reusing MWW, specifically targeting the effective
removal of contaminants [17]. Therefore, reliance on aerobic biological treatment for
wastewater reuse systems, which uses considerable energy, is currently shifting to
anaerobic treatment, which instead produces bioenergy and high-quality effluent [18].
AnMBRs have received particular interest for wastewater reuse, in which an anaerobic
bioprocess is combined with a membrane separation process. Research on both

laboratory and pilot scales has revealed that AnMBRs offer potential as an alternative to



conventional processes for treating MWW [19]. Compared to aerobic MBRs, the
AnMBRs have a smaller footprint and can be operated at a shorter HRT. Importantly,
the AnMBRs can produce bioenergy in the form of methane that can be reused in the

system operation or as other forms of alternative energy sources [20, 21].

Although AnMBRs offer numerous benefits, the anaerobic treatment of MWW
faces a barrier because of its low organic content. This can limit the effectiveness of
removing COD and producing biogas. Research has shown that MWW frequently
includes a limited amount of organic carbon, which makes it less suitable for anaerobic
treatment [22, 23]. Therefore, a different process integration is required to facilitate
further development and optimization of AnMBR technology for MWW treatment.
Recent studies have focused on pre-concentration or up-concentration of MWW to help
solve the problem of low COD content in MWW for anaerobic treatment [24-28]. With
the recent decrease in membrane pricing and improvement in membrane performance,
there has been a lot of interest in the DMF of wastewater concerning various driving
forces (e.g., pressure, osmosis, thermal, and electrical driving forces) [29]. A DMF
system's high water recovery rate and excellent permeate quality result from membrane

separation's function efficiently rejecting nutrients and organics from wastewater.

Despite continuous developments in the field of AnMBR technology, the state-of-
the-art of this technology is not yet appropriate for MWW treatment to reach reuse
quality effluents and lower COD content, due to investment costs and high shear stress
on the biomass. Moreover, AnMBRs still face a significant challenge in controlling
membrane fouling. Biogas sparging is the most commonly used strategy to manage
membrane fouling. This process involves recirculating the produced biogas into the
reactor to enable scouring effects. However, the energy demands associated with gas
sparging, which range between 0.6 and 1.6 kWh/m®, reduce the attractiveness of
AnMBRs [30]. Compared to AnMBRs, the AnFMBR has several benefits. The
AnFMBR integrates the advantages of anaerobic fluidized bed reactors with membrane
systems, resulting in enhanced efficacy in the treatment of wastewater. AnFMBRs have
proven to be highly effective in reducing COD to levels below 20 mg/L and TSS to
levels below 1 mg/L during the treatment of MWW [31]. Moreover, AnFMBRs have
exceptional proficiency in managing low-concentration wastewater, proving them

feasible for a diverse array of wastewater treatment purposes [32]. Incorporating GAC



AnFMBRs effectively manages membrane fouling while minimizing energy
consumption, hence improving their overall operating efficiency [33]. Furthermore,
nutrient-rich effluent of AnFMBRs effectively concentrates nutrients for subsequent
recovery for fertilizer production [34]. However, it will be still necessary to implement

additional advanced treatments to gather the nutrients that remain in treated MWW.

As an advanced treatment technology, the implementation of membrane
processes, including RO and NF, which possess remarkable rejection capabilities,
enable its potential reuse for irrigation and potable water [35, 36]. Moreover, RO
membranes have shown high efficiency in treating MWW, resulting in improved
rejection of ammonium which is essential for further nutrient recovery process [37].
Nevertheless, apart from the purified effluent stream, the RO process generates a
membrane concentrate that is a highly concentrated wastewater stream with the
potential to include abundant nutrients, salts, microorganisms, and organic compounds.
Consequently, membrane concentrate treatment plays a crucial role in membrane-based
wastewater purification, considering both its environmental impact and resource

efficiency [38].

Various techniques for recovering nutrients from wastewater have been suggested
and evaluated in the literature, including chemical precipitation [39], electrodialysis
[40], enhanced biological phosphorus removal [41], adsorption processes [42], and gas
permeable membranes [43]. Struvite precipitation, which is one of the most widely used
processes for nutrient recovery, has the capability of simultaneously recovering
ammonium and orthophosphate [44]. With the addition of a proper Mg source, NH4"
and PO4>~ can be precipitated as struvite (MgNH4PO4-6H20).

Based on the information that has been provided, it is evident that wastewater
should be seen as a valuable resource rather than just waste. Consequently, it is
imperative to develop alternative integrated methods to accomplish this goal. Therefore,
this study aims to develop a novel membrane-based treatment process that generates its
energy and maximizes its circular beneficial effects by recovering the organic matter,
nitrogen, phosphorus, and water present in wastewater. This approach can be an
alternative to the commonly used advanced biological treatment plants for MWW

treatment.



There is an increasing perception of the environmental concerns associated with

conventional methods of wastewater treatment technologies.

Conventional MWW treatment processes need to be renovated by adopting new
process applications focusing on resource circularity and energy-self-sufficient
processes. In this study, the development of a new integrated treatment process has been
investigated (DCMF-AnFCMBR-RO) that facilitates water and nutrient recovery and is
energy-self-sufficient, serving as an alternative to conventional MWW treatment
methods. In accordance with this overarching purpose, a set of specific objectives were

defined as follows:

v Achieving water quality that satisfies the criteria for discharge by implementing
the DCMF, in addition to using it as a pre-concentration process to produce
concentrated wastewater with the aim of enhancing the energy potential of
AnFCMBR process. Enhancing the filtration and rejection efficiency of the
DCMF process through the incorporation of polyelectrolytes.

v Reaching a state of energy self-sufficiency in the treatment process, owing to the

methane generated by the organic matter removal in AnFCMBR.
v" High water and nutrient recovery rates using the RO process.

v' Enhancing nutrient recovery from RO concentrates through struvite

precipitation.

The objectives mentioned above have been addressed in 7 chapters and the

chapters are structured as follows (Figure 1.1):

The first chapter describes the topic, summarizes the goals and motivations that
prompted this research, and provides an outline of the thesis structure. Chapter 2
provides a thorough analysis of the current body of literature and research, with
particular attention paid to highlighting the gaps in the literature. Chapter 3 deals with
evaluating the performance of PAM assisted direct ceramic membrane filtration process

for municipal wastewater treatment and OM recovery in the concentrated stream. The



DCMF process was tested in two stages: (i) optimization of flocculant concentration and
dosing point and (ii) optimization of operational conditions to control membrane
fouling. Chapter 4 critically evaluates the long-term operating of the CEPS+DCMF
process with the aim of developing a sustainable and effective up-concentration process
for further energy recovery processes. To determine the optimum conditions, the effects
of flux, membrane cleaning procedures, and the number of membranes used in the
reactors were investigated. Chapter 5 presents the impact of different HRTs on the
removal efficiency, membrane fouling, and energy potential during the operation of
AnFCMBR system. Chapter 5 also provides a comparison of two different types of
AnFCMBRs. These reactors’ performances were compared at the HRT values that

maximized the performance.

Chapter 6 discusses the effects of various operating conditions on the RO process
to enhance the nutrient recovery rate and improve the quality of effluent, to underline
the environmental benefits of optimizing resource use and minimizing waste. The
performance of the RO system was evaluated using a mixture of effluents collected
from the AnFCMBR and CEPS+DCMF processes, with a mixing ratio of 80% to 20%,
respectively. Following the determination of optimal operating conditions in the RO
process, further investigations were performed on RO concentrate samples to recover
nutrients through struvite precipitation. Chapter 7 concludes the thesis with a general

discussion and summarizes the conclusions, along with directions for future research.
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Chapter 2

Literature Review

2.1 Bibliometric analysis

Bibliometric analysis is a statistical method that could quantitatively analyze the
research papers concerned with one special topic via mathematical ways. It could also
assess the quality of the studies, analyze the key areas of research, and predict the
direction of future studies [45]. Therefore, in order to review the research on sustainable
MWW treatment from a bibliometric perspective, this study aims to identify the current
advancements in this field and specifically analyze the trends and other significant
indicators by surveying articles published on Scopus. The global literature about
“MWW treatment” published between 2019 to 2024 was scanned in the Scopus
collection database. The search terms applied to identify the closest matching
publication included “MWW treatment” and “sustainable MWW treatment” which were

used as the keywords in the titles, abstracts, and keywords of publications.

The information for the documents that meet the requirements contained year of
publication, language, journal, title, author, affiliation, keywords, document type,
abstract, and counts of citations which were exported into CSV format. The date of the
retrieval was 23rd Feb 2024. VOSviewer (version 1.6.20, Leiden University) was used
to analyze the co-occurrence. Two standard weight attributes are applied which are

defined as “links attribute” and “total link strength attribute” [46].

The use of VOSviewer software provides a graphical analysis of bibliometric data

and visualization of research results. All keywords that assisted with the full counting



method have been considered as an element of the analysis while conducting co-
occurrence mapping. To obtain a more accurate result, the study set some constraints in
the analysis. The number of keywords to be used can be adjusted by removing less
relevant keywords. A minimum of five occurrences of a keyword was applied as a
limiting factor. A VOSviewer thesaurus file can be used to indicate that different names
refer to the same researcher, to merge terms, synonyms, and abbreviated terms with full
terms, to correct spelling differences, and well ignore terms [47]. Thesaurus files have
also been used to perform data cleaning in the study. A cluster of co-occurring
keywords was generated by analyzing the Scopus data using VOSviewer. The final
analysis incorporated keywords that were provided by the researchers in the Scopus

database and were shown to be present in more than five occurrences within the same

paper.

The Scopus database identified a total of 6,797 publications including 5,444
original research articles on the topic of “MWW treatment” which were identified in the
Scopus database between 2019 and 2024. The shown Figure 2.1 illustrates the results of
the analysis, whereby a minimum threshold of 683 keywords was adopted. Each term in
the network is represented by a circle, with the scale of the circle directly proportional
to the number of papers containing the term. Each color corresponds to a cluster of
terms, with the length of curved lines indicating the frequency of term recurrence and
the thickness representing the strength of connections between topic areas or keywords.

The clusters demonstrate the correlation between different topics.
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Figure 2.1 The co-occurrence network visualization of “MWW treatment”

The software evaluates each term by computing its total link strength and co-
occurrence with other keywords. Occurrences represent the frequency of publications in
which the keyword was detected. Keywords that have occurrence scores above 50 are
presented in Appendix, Table S1.1. According to the findings, anaerobic digestion is the
treatment process that is the most occurrence after wastewater treatment with a 151
occurrences score. It is reasonable that the articles present a tendency in the anaerobic
digestion process, as it is a more environmentally friendly option than CAS treatment
for removing organic materials in wastewater [48]. When assessed from the point of
view of sustainability, the following terms were identified as having occurrence scores
that were higher than 50: resource recovery, water reuse, wastewater reuse, circular

economy, and life cycle assessment.

By enhancing the effect of the keyword "sustainable" to "MWW treatment," it is
possible to refine the outcomes of the search and obtain further details for the present
investigation. The Scopus database identified a total of 884 publications including 588
original research articles on the topic of “sustainable MWW treatment” which were
identified in the Scopus database between 2019 and 2024. Figure 2.2 represents the

network visualization found in the scientific literature about “sustainable MWW
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treatment”. Based on the information presented in Figure 2.2, we can draw the
following conclusions: (i) Circular economy has received significant attention in
research across different sustainability frameworks; (ii) Resource recovery is closely
linked to sustainable wastewater treatment technologies; (iii) Special attention should be

given to anaerobic digestion, life cycle assessment, and energy recovery.
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Figure 2.2 The co-occurrence network visualization of “sustainable MWW treatment”

Keywords that have occurrence scores above 10 are presented in Appendix, Table
S1.2. Based on the results, it can be observed that the circular economy keyword shows
the highest occurrence, with a score of 31 occurrences, following non-specific keywords
that are similar to the search term "wastewater treatment, MWW, and wastewater". In
recent years, there has been a growing acceptance of the concept that wastewater should
be converted into several different types of valuable substances, consequently providing
significant economic impact and value. Regardless, the main driver of this approach is
the concept that recovering materials or reusing wastewater will effectively mitigate the

pressure on natural resources [49].
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The findings of the bibliometric analysis indicate that the approach used in this
study aligns with the current global research trends and current research hotspots in the
field of sustainable MWW treatment. Anaerobic digestion was found to be the fifth and
ninth most significant keywords in both the general analysis of “MWW treatment” and
the specific analysis of “sustainable MWW treatment”. Anaerobic wastewater treatment
has been widely accepted as a reliable and advantageous approach in terms of both

energy and environmental considerations [50].

2.2 Conventional wastewater treatment to resource

recovery

Adequate water quality is crucial for the overall physical and mental wellness of
beings. The quality of water is crucial not only for the survival of humans, animals, the
ecosystem, and the agricultural sector but also for advancement in society and
the economy. On a global scale, more than 80% of MWW is discharged into aquatic

bodies without sufficient treatment [51].

MWW contains a great variety of pollutants, such as nutrients, oil and grease,
detergents, biowastes, household chemicals, heavy metals, bathing and kitchen waste,
salts, pathogens, medicinal constituents, and soluble and particulate organic matter [52].
The pollutants contribute to increasing levels of COD in water along with altering the
pH, hardness, inorganic constituents, and pathogen load of the water. Untreated MWW
is a threat to aquatic and marine animals, affects the yield of crops, and is the cause of
several waterborne and water-related diseases. Such water-related diseases remain
widespread across the country because almost less than 5% of wastewater emanating
from urban settings and municipal use undergo pre-treatment before releasing to the
environment [53]. When sources of water like rivers, lakes, ponds, and other sources
become contaminated with oxygen-demanding wastes and pathogens, the water
becomes unfit for human consumption unless disinfected. Safely managed wastewater is

an affordable and sustainable source of water and energy.

The assessment of wastewater characteristics plays a crucial role in the design and

operation of wastewater treatment facilities. This is because different types of

12



wastewaters require specific treatment methods to effectively eliminate or reduce their
levels in the wastewater before its discharge or reuse. Table 2.1 presents an overview of
the characteristic attributes commonly observed in MWW. The proper management of
MWW is of crucial significance to mitigate potential health hazards and reduce
environmental pollution [54]. Nutrients, specifically, present a substantial concern since
they play a role in the main cause of eutrophication, a phenomenon that can have
serious impacts on aquatic environments [55]. Therefore, it is crucial to remove them
from MWW. According to the data presented in Table 2.1, the concentrations of
phosphorus vary between 4 and 15 mg/L, whereas the concentrations of ammonia
nitrogen range from 12 to 50 mg/L. The main determinant of the treatment process is
the effluent quality criteria that are required by regulatory requirements. As an example,
the European Water Framework Directive sets a maximum permissible concentration of
nitrogen in effluent at 1 mg/L (for populations between 10,000 and 100,000) and
phosphorus at 2 mg/L (for populations above 100,000) [56].

Table 2.1 Typical MWW composition [57]

Concentration (mg/L)
Pollutant Low Medium High
strength strength strength
Total solids 350 720 1200
TSS 100 220 350
TDS 250 500 850
Ammonia nitrogen 12 25 50
TN 20 40 85
Phosphorus 4 8 15
COD 250 500 1000
Sulphate 20 30 50
Chlorides 30 50 100

The conventional approach to treating MWW involves a first treatment phase,
which is then followed by a secondary treatment phase. This secondary treatment phase
often utilizes biological processes to remove organic contaminants and ensure
compliance with discharge regulations. [58]. Presently, CAS stands as the prevailing
wastewater treatment technology owing to its capacity to effectively manage significant
and considerably fluctuating quantities of diluted wastewater while maintaining an
acceptable HRT. CAS is widely regarded as a dissipative treatment method, as it
involves the metabolism of organic chemicals by suspended bacteria or their conversion

to CO; through aerobic processes, which need a significant amount of energy [59].
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These conventional treatment processes generate significant amounts of sludge,
which can be a challenge to manage [60]. Additionally, the removal of nutrients like
nitrogen and phosphorus using conventional MWW treatment systems can be costly
[61]. The use of potable water for waste conveyance and the incomplete removal of
contaminants are recognized drawbacks of conventional MWW systems [62]. Municipal
WWTPs are known sources of organic micropollutant discharges into the environment
[63]. The effluent quality of these treatment plants plays a crucial role in selecting
appropriate treatment technologies and influencing the ecology of receiving water
bodies [64]. Furthermore, municipal sewage treatment plants primarily rely on
biological processes designed to remove conventional contaminants like BOD and SS

[65].

However, municipal WWTPs play a crucial role in transitioning towards a circular
economy by focusing on resource recovery. The concept of circular economy
emphasizes the creation of self-sustaining production systems where materials are
reused continuously [66]. In the context of WWTPs, this involves shifting from a linear
to a circular economy operation, facilitating resource recovery and more sustainable
waste management [67]. WWTPs are increasingly being viewed as water resource
recovery facilities, highlighting the shift towards considering wastewater as a source of

resources rather than just contaminants [68].

The current treatment methods have limitations in effectively extracting the
valuable materials included in wastewater. In recent literature, there has been a notable
change in viewpoint, commonly referred to as 'zero-liquid discharge' [69] and
'integrated resource recovery' [70]. This transition represents a departure from the
conventional removal of impurities towards the proactive recovery of valuable
resources. A key benefit of this methodology is in its capacity for WWTPs to produce
their sustainable energy, while also providing supplementary motivations for enhanced
water treatment via more effective nutrient control. Although the existing technology
facilitates the purification of wastewater to an acceptable level, so permitting its
utilization as a viable water source for both potable and non-potable applications, the
techniques for extracting energy and nutrients from wastewater are not as well

developed.
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The economic feasibility of energy and nutrient recovery practices continues to be
the fundamental obstacle to their wide implementation. The data presented in Figure 2.3
illustrates that wastewater generally has solids with a concentration of less than 0.5%.
These solids mostly consist of energy in the form of organic carbon, as well as ammonia
and phosphorus. Considering the significantly small quantities, the economic feasibility
of recovering these components in their diluted state is questionable. As a result,
conventional methods of wastewater treatment have mostly concentrated on removing
or reducing the amount of these constituents from wastewater to comply with effluent

quality regulations or enable the reuse of water.

Furthermore, the studies on the economic value of wastewater resources have
revealed that the non-water components (nutrients, energy, and metals) are anticipated
to constitute 55% of the overall value, assuming full recovery [71]. Therefore, investors
are confronted with acceptance, given that the precise capital and operational costs
remain uncertain, and the economic advantages might not become clear for

several years.

Ammonia; 4% Phosphorus;
2% Solids ; 0.5%

Energy: 6%

Economic resource value (%) Content (%)

Figure 2.3 The evaluation of resource composition and its associated economic value in

the context of MWW [72]

The direct benefits for both humans and the environment of conserving freshwater
and decreasing the consumption of non-renewable resources are indisputable. Several
factors can operate as accelerators for the transition toward resource recovery, exerting a
substantial impact on decisions on the management of wastewater. Although water
recovery from wastewater gets higher treatment costs in comparison to conventional

water sources, the benefits of avoiding pollution far surpass the financial commitment.

15



As a result, the process of water recovery has become a crucial aspect of contemporary
WWTPs. Furthermore, a similar situation can be expected in terms of the recovery of
nutrients and energy. The reason for this forecast is the increased restrictions on
effluent, which has led to a higher consumption of energy and an increased demand for

renewable energy and alternating sources of phosphorus.

2.3 Water, energy, and nutrient recovery from

municipal wastewater

In response to the growing water demands, suppliers are continuously exploring
the most economically viable strategies to augment their water resources [73]. In earlier
periods, the process of transporting surface water over longer distances or drilling
deeper wells into freshwater aquifers was commonly employed [74]. However, the
advent of climate change has introduced significant unpredictability to these evaluations
of costs and benefits. Consequently, there has been a growing interest in alternate
methods, particularly the reuse of MWW, due to their ability to withstand drought
conditions [75].

Considering the projected growth in urban population in the foreseeable future,
there is going to be a corresponding rise in the requirement for water resources in urban
areas, primarily due to the leading quantities of wastewater. According to Qadir et al.
[76], the global production of wastewater is projected to reach 470 billion m? by 2030,
representing a rise of 24% compared to the current amount. Furthermore, by 2050, it is
likely to reach 574 billion m>, representing a 51% increase compared to the current level
(Figure 2.4). These scenarios indicate that there will be an increasing amount of
wastewater in the future, which presents a chance to deal with water scarcity in arid
regions by collecting, treating, and utilizing wastewater for agricultural, aquacultural,
agroforestry/landscaping, aquifer resupply, industrial, and direct or indirect drinking

purposes.
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Figure 2.4 MWW production across regions in 2015 and predicted until 2050 [76]

With wastewater volumes increasing, there is huge potential for fit-for-purpose
treatment and use as an unconventional water source for both potable and non-potable
applications (Figure 2.5) [77, 78]. Depending on the treatment and quality standards
required by regulation, wastewater can be recovered and safely used for drinking water,
industrial applications, such as cooling power plants, manufacturing, such as textile
production, irrigation of agriculture and/or municipal parks, recreational use,
replenishing aquifers, returning in a good state to waterbodies to maintain

environmental flows.
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Figure 2.5 Concepts and illustrations for wastewater and reuse [79]

Furthermore, by 2030, the demand is anticipated to surpass the supply by 160 %
[80]. Simultaneously, the amount of wastewater is rising. For context, the expected
annual production of wastewater (more than 360 billion m?) is more than ten times
greater than the world's desalination capacity (34.6 billion m* in 2019), according to
Jones et al. [81]. The potential of wastewater is not being fully utilized, even though
there is a prediction that the intended reuse of treated municipal water will increase by

271% from about 7 billion m°.

Apart from the advantages associated with treated wastewater reuse, the process
of distributing reusable water has impacts on the environment as it requires energy and

infrastructure. [82]. However, urban regions typically meet their water requirements by
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distributing water sourced from rural areas, which increases the environmental impact
of water supply [83]. At this point, decision-makers should assess its distribution using

region-specific criteria, considering its environmental impacts.

In conventional wastewater treatment, energy consumption is another essential
issue. However, most WWTPs that are operational today are designed and built without
considering energy demand, possibly because energy prices are not a major concern
[84]. However, according to The International Energy Outlook 2016, the projected
increase in global energy demand from 2012 to 2040 is estimated to be around 48%,
with fossil fuels predicted to account for nearly 80% of this demand [85]. As a result,
emissions related to fossil fuels are expected to rise by a comparable quantity. The need
to significantly reduce the energy intensity of WWTPs is driven by these estimates. This
can be achieved by developing treatment processes that prioritize energy efficiency and

recovery.

CAS-based biological treatment systems have come under closer examination due
to their comparatively high energy requirements, which typically range from 0.3 to 0.6
kWh/m? [9]. These requirements are influenced by factors such as process setup, COD,
and ammonium concentrations. Undoubtedly, energy consumption specifically
associated with aeration might potentially make up to 50% of the overall energy needed
in wastewater treatment plants [86]. As a result, a significant quantity of energy is used
in order to promote the biological oxidation of organic and nitrogenous substances [87,
88]. Furthermore, it is crucial to recognize that the energy consumption for MWW
treatment may increase even more if processes are enhanced to include advanced
treatment methods in order to comply with strict effluent discharge criteria that are

common in many nations [89, 90].

Wastewater treatment plants can produce the energy needed to treat wastewater
and contribute to the energy needs of cities and municipalities that generate waste
streams. As the volume of wastewater increases over time, the energy embedded in
wastewater in 2030 would be enough to fulfil the energy needs of 196 million
households, increasing to 239 million households by 2050.
According to Verstraete et al. [91], utilizing the anaerobic conversion of organic carbon
found in wastewater to produce methane, assuming that all the energy from the

wastewater can be recovered, it is estimated that 380 billion m* of wastewater can yield

19



53.2 billion m® of methane, which has a caloric value of 1,908 billion MJ. There is
enough energy in wastewater—1,908 billion MJ—to power 158 million homes, based
on the average electricity use of 3,350 kWh per household [92]. These forecasts are
derived from the highest achievable levels of energy recovery, without taking into
account any technical or economic constraints in the energy recovery procedures from
wastewater or current energy coverage networks. However, certainly, there is an urgent
requirement for increased focus on the advancement of energy-efficient methods for

the recovery of MWW.

The population growth will lead to a rise in water demand, wastewater production,
and energy consumption for wastewater treatment, as well as an increase in the demand
for agricultural production. The agricultural industries rely heavily on phosphorus and
nitrogen. The current extraction of phosphorus, which is one of the most important
resources in society, comes from non-renewable phosphate reserves and is therefore not
sustainable [93-95]. If there is not a significant shift in the way that phosphorus is
handled as a resource, it is possible that phosphate sources that can be obtained at
reasonable prices will be depleted in the not-too-distant future [96, 97]. The increasing
demand for sustainable nutrient management and pollution control has prompted the
advancement of innovative technologies aimed at recovering nutrients from wastewater.
However, a significant portion of the methods that are in use currently require a
significant amount of chemical use in addition to an extensive use of energy in order to

accomplish significant nutrient recovery [98]

Nitrogen is found in various forms in nature, including NH4", N2, organic nitrogen
molecules (such as amino acids and nucleic acids), and nitrogen oxides (NO3~, NO2",
NO, and N2O). Despite the abundance of N in the atmosphere, only a limited number of
organisms in terrestrial and marine habitats have the ability to exploit this inert
molecular nitrogen. Nitrogen-fixing prokaryotes, such as Azotobacter, Klebsiella, and
Rhizobium, transform inert atmospheric N> into active ammonium molecules by the
process of biological nitrogen fixation [99]. Figure 2.5 illustrates the primary chemical

and biological processes that impact the global nitrogen cycle.
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Figure 2.6 Illustration of the nitrogen cycle, depicting both natural and anthropogenic

transformations [100]

The primary contributors to nitrogen pollution in aquatic ecosystems, from an
environmental perspective, are the discharge of unutilized ammonium nitrogen due to
the application of organic and inorganic nitrogen fertilizers in agricultural practices, as
well as the release of nitrogen from domestic wastewater [101-103]. Furthermore,
nitrogen-rich wastes include urea, leachate from landfills, and the liquid phase produced
during the dewatering process of anaerobic digester sludge [104, 105]. WWTPs
commonly employ nitrification and denitrification procedures to transform reactive
ammonium nitrogen into inert nitrogen gas. Nevertheless, the process of nitrification
necessitates aeration, while denitrification requires an electron donor. The process of
nitrification-denitrification significantly amplifies the energy demand and treatment
expenses, which is why nitrogen removal is affected [8]. Furthermore, the effectiveness
of biological treatment techniques in removing nutrients relies on the careful tuning of

various parameters, including SRT, HRT, pH, and alkalinity [106].

Phosphorus, similar to nitrogen, is a vital element for living creatures, but it also
serves as a significant pollutant for aquatic habitats. The vital form of phosphorus for
living organisms is phosphate. Phosphate is a constituent of nucleic acids,

phospholipids, and ATP/ADP and is required for the proliferation of live cells. Figure
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2.2 illustrates the movement of phosphorus from phosphate mines to water bodies in the
global phosphorus cycle. Phosphorus can be removed from wastewater
utilizing precipitation, adsorption, and/or biological processes. Cell creation requires
minute quantities of phosphorus in biological processes. Hence, the effective removal of
phosphorus from wastewater mostly necessitates enhancing biological treatment
methods and implementing chemical treatment. Furthermore, the removal of phosphate
through precipitation and adsorption necessitates adherence to specific operational
conditions, including maintaining suitable pH levels and ensuring the presence of ions
such as iron or calcium at the proper concentration within the surrounding environment

[106].
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Figure 2.7 Schematic representation of the phosphorus cycle [107]

Nitrogen and phosphorus are predominantly utilized in fertilizers to enhance soil
fertility and achieve greater yields from cultivable areas, which is progressively
diminishing due to modern agricultural practices [108]. Due to the growing worldwide

population, there is a rising demand for chemical fertilizers each year in order to
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guarantee food security. Indeed, nitrogen is a renewable resource. Nevertheless, a select
few organisms have the capability to directly utilize molecular nitrogen, which is
abundant in the atmosphere. Consequently, fertilizer nitrogen is derived by transforming
atmospheric nitrogen into ammonium nitrogen via the energy-intensive Haber-Bosch
process. Phosphorus is scarce in nature, unlike nitrogen, and is mostly present in
phosphate rocks as P>Os. The global production of phosphorus for commercial purposes
is projected to reach its maximum level by the year 2033. Furthermore, the reserves of
phosphorus are expected to be completely exhausted within a timeframe of 50 to 100

years [109]. Hence, it is imperative to assess sustainable alternative nutrient sources.

According to the calculations made by Qadir et al. [76], 16.6 million tonnes of
nitrogen, 3 million tonnes of phosphorus, and 6.3 million tonnes of potassium are
present in the total volume of municipal wastewater that is generated each year.
Depending on the level of treatment and the specific nutrient recovery procedure used, it
is possible to extract anywhere from 10 to 80 percent of nitrogen and 33 to 96 percent of

phosphorus from wastewater streams [110].

On a global scale, the substitution of industrial fertilizer with nutrients generated
from wastewater is still occurring at a relatively low rate. Kok et al. [111] determined
that, at its highest capacity, the recovery of phosphorus from urban wastewater alone
could satisfy nearly 20% of the world's agricultural phosphorus requirement, which
amounts to around 19.1 million tons per year. Despite recent improvements in nutrient
recovery from wastewater streams, the existing nutrient recovery methods have not

achieved complete efficiency levels of 100% [112, 113].

In our country, according to the data of the Ministry of Agriculture and Forestry,
1,241,209 tons of N-P-K equivalent fertilizer were produced in 2023, while 2,390,417
tons were consumed [114]. In 2023, 87,194 tons of P equivalent to the total P>Os
consumption is imported. Based on the 2022 wastewater data, approximately 4.6 billion
m> out of the total 5.4 billion m®of wastewater released from the sewage network
underwent treatment in wastewater treatment plants [115]. Assuming an average P
content of 11 mg/L [116], there is a possibility of recovering 50,948 tons of P. The
significance of recovering phosphorus from wastewater in reducing Turkey's

dependency on imported phosphorus-based fertilizers is noticeable.
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2.4 Technologies water, energy, and nutrient recovery

from municipal wastewater

Approximately 99% by weight of the substances present in MWW is water [117].
Therefore, recycling and utilizing this water could be a more environmentally friendly
choice compared to methods such as desalination or transferring freshwater across great
distances [118]. Moreover, the primary motivation behind the recovery and reuse of
residential wastewater is the scarcity of water resulting from the unequal distribution of
fresh water worldwide and the water stress produced by climate change [119].
Secondary wastewater treatment processes incompletely remove BOD and only achieve
a 95% reduction in TSS from discharges. These discharges still contain amounts of
organic micropollutants, including pharmaceuticals, polychlorinated biphenyls, and
pesticides. In order to comply with the stringent regulatory requirements regarding the
levels of microorganisms and micropollutants in reclaimed water, it is necessary to
commit the discharge from secondary wastewater treatment operations to additional
processing on advanced treatment systems [120]. Figure 2.7 illustrates the
categorization of treatment systems into filtration, disinfection, and advanced oxidation
processes. The use of gray shading indicates the widespread implementation of
techniques in municipal WWTPs, whilst the unshaded boxes represent technologies that

are less frequently utilized.
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Figure 2.8 Different technologies are employed for reclaiming water from municipal

WWTPs. [121]

The recovery of organic matter as a source of energy remains another significant
concern, similar to the recovery of water from MWW. Although it may not be possible
to fully recover all the energy from wastewater due to inherent losses in the conversion
process, it is becoming more and more possible to create WWTPs that are energy-
neutral or even produce more energy than they consume [122]. According to Shen et.al
[123], a minimum of 12 plants in Europe and the USA have achieved energy self-
sufficiency levels exceeding 90%. The Powerstep European research project is currently
creating plans for WWTPs that are capable of producing as much energy as they
consume, or even more, in six different real-life scenarios [124]. The process of
capturing methane to generate electricity usually compensates for 25-50% of the energy
needs of a wastewater treatment plant, assuming that traditional treatment methods are
used [9]. In addition, combining the recovery of thermal energy from effluent with the
recovery of chemical energy can result in achieving carbon neutrality or even better

results [125]. Nevertheless, the water industry's significant focus on energy
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sustainability has received criticism for potentially shifting attention away from

optimizing the hydrological cycle in favor of energy and climate considerations [126].

As shown in Figure 2.8, it is feasible to extract fuels from wastewater using
varying methods. The chemical energy content found in typical MWW is around 17.8
kJ per gram of COD [127]. This quantity surpasses the amount of electrical energy
needed to operate the CAS process by approximately fivefold. However, in the CAS
process, a significant amount of the energy stored in the COD is released as heat during
microbial metabolism. As a result, the current configuration of the CAS process falls
short of achieving energy self-sufficiency, generally ranging from 30% to 50%,

depending on the country's issue at hand [128].

Anaerobic digestion plays a significant role in energy recovery from MWW,
offering a sustainable and efficient method for treating organic matter while generating

valuable biogas for energy production [129].
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Figure 2.9 Methods that can be used to recover energy from municipal WWTPs [121]

The nutrient recovery approaches transform wastewater into a valuable resource,

in addition to recovering energy and water, rather than treating it as just waste. The
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primary objective of nutrient recovery from wastewater is to render the ammonium and
phosphorus present in the wastewater suitable for agricultural purposes. Simultaneously,
it permits the conservation of energy that is often consumed during the process of
converting ammonium to molecular nitrogen by nitrogen recovery [130]. The recovery
of ammonium nitrogen, typically present in wastewater, is achieved using methods such
as adsorption, ammonium stripping, struvite precipitation, and membrane processes

[131].

Extensive research has been conducted on nutrient-recovery methods, resulting in
the development of several solutions (Figure 2.10). The effectiveness of recovering
nutrients tends to decline as concentrations in the wastewater stream decline,

consequently, a three-step sequential mechanism has been suggested:

I.  Accumulation of nutrients through biological, chemical, or physical
processes.
II.  Nutrient extraction through biological, chemical, or thermal processes.
III.  Extraction and recovery of nutrients in the form of highly concentrated

fertilizer, using chemical or physical processes.
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Figure 2.10 Examples of technology for extracting nutrients from municipal WWTPs.
The use of grey shading represents methods that have been implemented extensively in
municipal WWTPs. Methods that do not have widespread application are indicated by
not-shaded boxes. [121]

The following Sections between 2.4.1 and 2.4.8 provide comprehensive
knowledge on recourse recovery processes, the challenges for these processes, and

mitigation strategies for overcoming challenges.

2.4.1 Membrane filtration applications

Membrane processes are reliable and essential technologies for improved
wastewater treatment and reuse methodologies. Their advantages involve reduced area
requirements, acting as a physical barrier for particulate matter, and effectively
preventing microorganisms without causing resistance or generating by-products.
Membranes are integral components of various prominent large-scale advanced
treatment systems employed globally for artificial groundwater recharging, indirect

potable reuse, or industrial process-water supply.
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Generally, three approaches are common in the reuse of domestic wastewater
through membrane processes: (i) direct treatment of raw wastewater using integrated
processes (ii) the integration of various processes with membrane processes following
primary treatment, and (iii) the implementation of membrane processes as an advanced
wastewater treatment process following secondary treatment. Table 2.2 provides a
comprehensive overview of the research conducted on the utilization of various
membrane processes for the purpose of generating reusable water from untreated,

primarily treated, or secondarily treated wastewater.

UF membranes effectively remove colloids, organic matter, proteins,
polysaccharides, most kinds of bacteria, and even certain viruses, resulting in the
production of higher-quality treated effluents [132]. Membrane techniques such as NF
and RO are effective in separating ions and dissolved particles from water due to their

advantage of having smaller pore sizes [133].

MBRs are a combination of the activated sludge process with microporous
membranes used for separating solids from liquids. They are commonly used on a pilot
or real scale for treating MWW [134-137]. MBRs have several beneficial properties,
including the ability to independently manage sludge and HRT, as well as the capability
to maintain a higher level of mixed liquor-suspended solids. These advantages enable
the use of smaller areas. However, MBRs also have some drawbacks when compared to
the CAS treatment. These include increased process degree of complexity, sludge that is
more difficult to remove water from, and a higher susceptibility to shock loading.
Furthermore, MBRs are linked to increased expenses for equipment and operations,
mostly due to the need for membrane cleaning and, in cases of high loading rates,

greater aeration demands [138].
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Table 2.2 Membrane processes for MWW reuse applications

Process Feed Operating e . Application
(scale) Wastewater Conditions Feed Characteristics | Permeate Quality/Removal Rate for Reuse References
Secondary TMP: 0.1-0.7 bar TSS: 96-165 mg/L TSS: 3-9 mg/L
UF effluent of UF: 0.03 pm COD: 167-307 mg/L COD: 42-103 mg/L Crops 139
(pilot scale) | WWTP PO4—P: 1.0-3.9 mg/L PO4—P: 0.8-3.4 mg/L irrigation
NH4—N: 3.0-33 mg/L NH4—N: 4.0-33 mg/L
) pH: 6.3-7.5 e
Prefilter +UF Secondary UF: 0.01 um EC: 1584-1950 Turbld'lty. <0.2NTU ‘
(pilot scale) effluent of Cross flow uS/em TSS: <0.2 mg/L A.gr.lculjtural 140
P WWTP Inlet flow: 10 m*/h : COD: 20-60 mg/L irrigation
TMP: 0.3-1.2 bar TSS: 1°8 mg/L
T COD: 2669 mg/L
UF: 1 kDa (tubular); %3&?;5;3732%/ . COD: 64.38-80.4%
Synthetic | 25 kDa (spiral wound) Y ’ Turbidity: 96.75-99.61%
Prefilters NTU o Non-potable
secondary | UF modes: cross-flow ) Color: 0-53.49%
+UF TSS: 13-30 mg/L reuse (not 141
. sewage TMP: 1.0-3.3 bar ) Absorbance (254 nm): 76.6-91.94% .
(pilot scale) offluent Flow velocity: 0.2 m/s Color: 41-81 detailed)
Y W VEIOETy: B EC: 320-366 puS/cm
pH: 7.7-7.81
Secondary , pH: 7.62-8.02 Turbidity: 0.1-0.4 NTU, 100%
treated MEF: 022 pm TSS: 4-20 mg/L TSS: 100%
GAC+MF | water of the Flux: 98 LMH ; & ) ) ’ o Not
(lab scale) sewage TMP: 0-0.4 bar COD: 10-30 mg/L COD: 8-25 mg/L, 53% mentioned 142
treatment ' ' TN: 30-50 mg/L TN: 2040 mg/L 15%
plant TP: 15-30 mg/L TP: 10-20 mg/L, 13%
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Process

Feed

Operating

Application

A ee aracteristics ermeate Quality/Removal Rate eferences
(scale) Wastewater Conditions FeedlOu Isti P Quality/R IR for Reuse Ref
Coafll\l/};tlon Secondary Coagulant: Turbldl%:,rlgjiw'g Turbidity: 0.11-0.13 NTU, >93%;
effluent 10-50 mg/L alum y TOC: 1.30-1.56 mg/L, 23.5-35.5% Not
(lab scale) TOC: 7.2+6.5 mg/L . 143
from MF: 0.1, 0.22 um:; pH: 7.040.2 mentioned
WWIP TMP:0.34bar | 16614 4425 8 me/L
Seconda UF: 50 kDa pH: 7.4 COD: 13.33-21 mg/L
Coagulation . fﬂuemI:y TMP: 1 bar Turbidity: 18 NTU Turbidity: 0.5-0.8 NTU Not
+ PAC + UF from Coagulant: FeCl3 TSS: 35 mg/L mentioned 144
(lab scale) WWTP COD: 77 mg/L
EC: 1350 uS/em
Coagulants: Alum and
Ferric chloride
i pH: 7.34+0.20 e
CEPS+NF Spiral-wound NF | .gq 356 59 1o/t Turbidity: 0.92 NTU Non-potable
. MWW membrane: 0.002 pum; ] COD: 20.88 mg/L [145]
(pilot scale) COD: 358+29 mg/L reuse
TMP 8 bar; flow rate: POS 2541 me/L TDS: 100.84
12.24 L/h ‘o &
MEF: 0.2 um, hollow
Secondary fiber, 0.2—0.8 bar
MF+UF effluent (TMP) Turbidity: 4-20 NTU Turbidity: 0-0.9 NTU Not [146]
(pilot scale) | from urban UF: 0.05 pum, flat TSS: 11-87 mg/L TSS: 1-7 mg/L mentioned
WWTP sheet, 0.2-0.6 bar

(TMP)
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l::g:fe s)s Wafteef;ia ter ((j) (?Ifg?tiznngs Feed Characteristics | Permeate Quality/Removal Rate Af?)f lll::l:;(;n References
Mixed | MTDARD Jatsheet | pH: 7.350.62 SS: <5 mg/L, >98% iec‘ézzdwz";r
municipal by SS: 223432 mg/L COD: 41-51 mg/L, >75% ProFess Wt
MBR MLSS: 1600-2300 : in industries,
) and COD: 250+64 mg/L : [134]
(pilot plant) industridl mg/L cleaning, and
tu t HRT: 8 h recreational
wastewater SRT: 25 days water supplies
MBR+ GAC |  Primary UF: 0.04 m BODs: 46.2-262.1 BODS: < 1.9 mg/L, >96% Non-potable
HRT: 3.2 h (MBR) mg/L : !
(real scale) effluent of COD:<48.3 mg/L, >65.9% [135]
MWW olent |+ 0-58 1 (GAC) COD: 142-512 mg/L SS. <79 mall ~g50,
p SS: 47.5-240 mg/L P e Mg, o070
Use for
UF: 0.02 um/300 kDa | COD: 200-800 mg/L COD: 9.4 mg/L, 97%: municipal
SS: 100-600 mg/L i o purposes or
MBR Flux: 75150 LMH 1 (1 N 10-30 me/L 55: nd,100%; indirect use
(pilot scale) | MWW HRT: 5d Tort iy 50_7% NH;-N: 0.2-1.3 mg/L, 96.2%; for i [136]
priot scale SRT: 5-30 days b NTYU Turbidity: <2 NTU o Yy
pH: 7.5-8.5 pH: 8.2 additional
treatment
UF: 0.45 pm COD: 232+41 mg/L COD: 9.0+£3.6 mg/L, 96%
MBR Flux: 6.2 LMH TSS: 220+52 mg/L TSS: 220452 mg/L Usban or rural
(pilot scale) | MWW HRT: 8 h TN: 4245 mg/L TN: 10.6+2.6 mg/L, 74% e [147]
priot scale SRT: 60 days TP: 3.2+0.4 mg/L TP: 0.7+0.2 mg/L, 78%
pH: 7.3+0.1 pH: 7.3
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l::g:fe s)s Waftee(s’;ia ter ((j) (?Ifg?ttii)nngs Feed Characteristics | Permeate Quality/Removal Rate Afgf th:l?s(;n References
UF: 200 kDa, hollow EC: 117442 uS/cm
fiber pH: 7.240.1 EC: 397 uS/cm Acricultural
NF: 150-300 Da, TSS: 488448 mg/L pH: 8.06 I%‘rigation
MBR- NF MWW after TMP: 0.1-0.5 bar Turbidity: 248+11 TSS: 0 mg/L (50% of MBR
(pilot scale) primary (UF); 41 bar (NF) NTU Turbidity: 0.23 NTU offluent and [137]
p treatment COD: 478+132 mg/L COD: < 5 mg/LF—: n.a. mg/L A
NOz :64.35 mg/L NO27: 0.3728 mg/L 30% of NF
PO, 9.631+1.428 PO ": n.a. mg/L permeate)
mg/L
Synthetic Inner
MWW after UF: 30 kDa, PES COD: 243.34 mg/L COD: 3.68 mg/L industrial
UFANF aerobic NF: 270 Da, PA TP: 7.53 mg/L TP: 0.19 mg/L reuse [148]
activated TMP: 1-6 bar NH3-N: 0.67 mg/L NH3-N: 0.14 mg/L Gar de’n
sludge NH2-N: 4.32 mg/L NH2-N: 0.14 mg/L o
irrigation
process
Secondary | o) Vi ko CFU-T00/mL EC: 1 mS/
: or : m : 1 mS/cm .
( 1?1?) t+ Iljit) efffrl(‘:;m Flux: 3.3 0r 6.6 LMH |  TSS: <1 mg/L SAR: 1.98 meg/L Aigrgc‘;g;rfl [149]
protp WWTP for NF Turbidity: 0.22 NTU &
EC: 5.33 dS/m
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Process Feed Operating . . Application
(scale) Wastewater Conditions Feed Characteristics | Permeate Quality/Removal Rate for Reuse References
" IniTtiﬁPI;:r;jaE;ﬁ | TOC: 6.0-8.0 mg/L TOC: 91-98%
Y COD: 12-13 mg/L EC: 96-98% Not
RO from 3.6 LMH- bar ] . [150]
domestic TSS: <2 mg/L mentioned
EC: 631-894 puS/cm
wastewater
The EC£)1{5-6 2158/ m EC: 37 S /m
UF/NF/RO secondary UF: 25‘and 30 LMH TDS: 360 mg/L TDS:. 19 mg/L Imga‘uog and
} NF: 30 LMH COD: 2 mg/L industrial [151]
(pilot scale) MBR ) COD: <20 mg/L 3
RO: 30 LMH - PO4”: 0.45 mg/L purposes
effluent NHs: <0.4 mg/L Turbidity 0.08 me/L
PO4™: 2.6 mg/L y vl mg
Seconda MF: 26 m*/d; 0.4 pm TSS: 2 mg/L TSS: <2 mg/L
o dry RO: 19 m¥/d COD: 23 mg/L COD: <2 mg/L Both for
MF+RO offluent NH3-N: 4.7 mg/L NH3-N: 0.71-1.43 mg/L potable and [152]
(pilot scale) TDS: 364 mg/L TDS: 17-24 mg/L non-potable
from
Sewase pH: 7.2 pH: 5.3-5.5 reuse
8 Turbidity: 0.6 NTU EC: 24-33 pS/cm
TSS: 100-1930 mg/L
Prima UF: 0.04 pm, hollow Turbidity: 7-308 TSS: <1 mg/L
MBR+RO treate‘('iy fiber NTU Turbidity: 0.01-0.13 NTU Not [153]
(pilot scale) MWW TMP: 0.42 bar (UF), COD: 122-2205 DOC: 1.04—4.1 mg/L mentioned
15.2 bar (RO) mg/L TN: 17-21 mg/L
TN: 12.6-205 mg/L
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Process Feed Operating . . Application
(scale) Wastewater Conditions Feed Characteristics | Permeate Quality/Removal Rate for Reuse References
Flux: COD: 400 mg/L Ammonium-N: 2.1 mg/L Discharge to
Synthetic 20 LMH NH34-N: 45 mg/L PO4—P: 0.03 mg/L reservoirs for
AnMBRIRO | “lrary PO4-P: 5 mg/L TOC: 0.13 mg/L indirectly [154]
(lab scale)
EC: 47 uS/cm potable reuse
Sucrose: 210 mg/L )
AnMBR + Synthetic Meat extract: 41.7 TOC: 9'17i0'02 mg/L
) NHs—N: 0.81+0.09 mg/L NEWater
RO (lab MWW UF: 0.02 um mg/L ) [155]
) PO4+P: <0.01 mg/L product
scale) Peptone: 60 mg/L EC- 24.19+1 21 uS/em
NH4CI: 95.5 mg/L EAAE
COD: 389+169 mg/L
NF: 200-300 Da NH3s—N: 40.9+4.5 NF permeate:
N Flux: 10 LMH mg/L COD: 99.6+0.8% Not
MBRARO MWW MLSS: 513+96 mg/L NH3-N: nd DOC: 0.5-2.5 mg/L, 97.5%+1.8% mentioned [156]
PO4>: 23.6+3.2 mg/L
EC: 859.5+18.9
mS/cm
. pH: 7.9+0.5 )
Primary ) ] pH: 6.0 £1.9
treated AnMBR: 8 h HRT TDS:410.4+64.8 TDS: 37.5+11.7 (93 %) Indirect
RO Hollow fiber UF mg/L ] o
effluent ) COD: 1.9 £2.5 (96 %) potable water [157]
(bench scale) from membrane, 0.04 um COD: 218+59 mg/L TN: 5.3 £1.8 (86 %) reuse
sewage 10 LMH TN:31.3+4.5 mg/L. PO4-P: 0.3 0.3 (95 %)

PO4-P:3.94+1.4 mg/L
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Despite the advantages of membrane processes in terms of water recovery,
membrane fouling remains the main bottleneck of the process to be solved, which is

discussed below in detail.

2.4.2.1 Membrane fouling

Membrane processes have the ability to produce very high-quality effluent that
can be used for several types of wastewater reuse, but they can be quite cost-intensive to
maintain. Membrane fouling is a major obstacle in wastewater applications, especially
when flux rates are high. Choosing lower flux rates can reduce operational expenses,
but it will require a higher initial investment due to the need for extra membrane units

[158].

Membrane technology is characterized by complex interactions between the
surfaces of the membrane, operating factors, and the chemical composition of the
wastewater being treated [34, 145, 159, 160]. Membrane fouling, regardless of
its characteristics, is a complex phenomenon that is influenced by multiple variables.
Although it is difficult to create a clear rule for membrane fouling, several elements
influence the rate at which fouling occurs. These factors include membrane properties,
operational parameters, feed composition, as well as the properties of biomass for
MBRs. Although it is difficult to establish a single rule for membrane fouling in MBRs,
MEF/UF, and NF/RO membranes, there are several groupings of elements that affect the
rate at which fouling occurs [161, 162]. These factors include the constituents of the
feed and biomass, the operating conditions, and the membranes themselves. Table 2.3

summarizes several factors that are outlined within these groups.
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Table 2.3 Overview of the impacts of various parameters on membrane fouling in different membrane processes

Membrane | Feed and Biomass Characteristics Membrane properties Operational conditions
Processes | Factors Impact on fouling Factors Impact on fouling Factors Impact on fouling
The accumulation of fine Order of antifouling resistance: When MBR is operated at constant
. . - . ; Membrane ceramic membranes > permeate flux, fouling is noticed by
Fine particles particles, organics, colloids, . : Mode of . hile wh .
and colloids Bs, and #H8PooroanfB material and composite membranes > Operation TMP increase, while when operating
[l 63,] composition | polymeric membranes [164, MBR at constant TMP, fouling is
) 165] noticed by flux decline [166, 167].
At high MLSS viscosities, MBR fouling is much more Rate of Aeration and biogas sparging tend to
Viscosity of the membrane fouling rate | Water significant in hydrophobic aeration or reduce fouling in MBRs but will
Sludge in MBRs will increase Affinit membranes than in hydrophilic | biogas increase their operational cost [170,
g y ydrop
[168]. ones [169]. sparging 171].
Homogenous MBR surfaces are
The existence of less likely to foul as compared Generally, increasing SRT will reduce
Extracellular hvdrophilic and Surface to irregular surfaces. MBRs fouling in MBRs because of MLSS
Polymeric hy drophobic species in EPS | rouchness with protruding projections have | SRT and accumulation and raising sludge
Substances yarop pecie & . antifouling properties. MBRs HRT viscosity [174].
MBRs
has an amphoteric influence | and porosity 1 . . oy .
(EPS) on fouling [172] with higher pore aspect ratios Decreasing HRT will increase fouling
& ' have a lower fouling tendency in MBRs [175].
[169, 173].
N Higher salinity wastewater Slnce.the MBR’s surfac.eils Food/Micro- High F/M ratios can result in elevatlpg
Salinity of will increase the foulin Surface negatively charged, positively oreanisms EPS amounts because of high bacterial
Wastewater tendency in MBRs [17 ég] charge charged ions in the influent (F%M) substrate utilization. High F/M will
y ) result in inorganic fouling [177]. increase fouling in MBRs [178].
Small flocs easily adhere to Fpuhng can't be linked to pore
the membrane and increase size alone; influent cgmpqmtmn . . L
Sludge floc size | hydraulic cake and osmotic | Pore Size and membrane material will OLR Higher OLR will result in higher

pressure-induced
resistance. [179]

influence the relation between
MBR fouling and pore size
[180].

fouling in MBRs [181].
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Membrane | Feed and Biomass Characteristics Membrane properties Operational conditions
Processes | Factors Impact on fouling Factors Impact on fouling Factors Impact on fouling
The adherence and At higher water flux larger volume of
multiplication of Membrane surface water permeated through the
Presence of microorganisms on Water hydrophilicity has a negative Permeate membrane and thus greater amount of
microorganisms | membrane surfaces can Affinity impact on membrane fouling by | flux foulants brought towards the
lead to the development of natural organic matter [184]. membrane surface due to the water
biofilm [182, 183]. convection [184].
Humic When the surface and the . . .
substances foulant have similar charges A higher cross-flow velocity permits a
ol sacchz;ri des Significant flux decreases electrostatic repulsion forces, decrease of the concentration
proi,eins livids > | in RO membranes can be Surface between the foﬁlan ts and the polarization by elevating the mass
Eucleic z,lcilcjls > | caused by organic fouling, charee membrane prevent the foulant CFV transfer rate and mitigating membrane
and amino which is composed of & deposition g 1 the membrane fouling by enhancing the back
. . organic matter [185, 186]. p . . transport of foulants, thus improving
NF/RO acids, organic thereby reducing the fouling .
acids [187] flux behavior [188, 189]
. The effect of temperature on
. Inorganics may exceed the L
Different equilibrium solubility and membrane fouling is virtually through
minerals d Y . the influence of hydrodynamic
includin become supersaturated. Membranes with rougher conditions (initial water flux level and
calciumg This can lead to the Surface surfaces are observed to be more mass transfer of foulant) and
carbonate deposition of these roughness favorable for attachment of Temperature thermodynamic conditions (solution
calcium 51’11 fute substances on the surface or & foulants resulting in faster osmotic yressure foulant
o > | within the pores of the fouling rates [191, 192]. uep o
and silica membrane. leadine to solubility/stability, and foulant-
precipitate scaling [1 9’ 0] & foulant/foulant-membrane interactions)
' [193-195].
. C01101da'11 fouling refers to The different geometry/configuration
Inorganic the fouling of the |
of the spacer influenced turbulence at
foulants and membrane caused by the .
. . . Feed spacer | the membrane surface and that, in turn,
organic colloids or particles . L0,
o affected concentration polarization
macromolecules | depositing on the host

materials [196].

[197].
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Membrane | Feed and Biomass Characteristics Membrane properties Operational conditions
Processes | Factors Impact on fouling Factors Impact on fouling Factors Impact on fouling
Membrane fouling is
mostly caused by low- Running the NF/RO below the critical
DOM . . .
molecular-weight DOM Pressure pressure will reduce fouling [197].
[198]
Lowering the pH reduces the negative
H charge on particles, causing aggregate
p formation that deposits on the
membrane surface [197].
Depending on the particle
;;ﬁ};hebpaéilgéiilfangfeu:e Membrane The smaller the membrane pore
£y & pores, pore size, size, the better pollutant removal . .
narrowing pores, or . ; . The permeate flux increased with a
Particle size forming cakes. Some other | Dore S2¢ rate can be achieved in Temperature | low d f fouling at high
fac torsgare alsc.> important distribution, | conventional MF/UF, with peratu ¢ W egiee o fouling at ghet
such as pH, ionic sl‘zreng th’ and pore alleviated membrane fouling cmperatures
ME/UF and particle electric charges geometry [201].
[199, 200].
. Concentration polarization . .
Ellc)srsoellZ?c(ian d occurs when dissolved ?1gher cro sil-lﬂow Vg}oc?y leatfl ; t(zia
£a and/or colloidal materials o eerease In the combination ot fee
organic Hydrophilic membranes are solids in the gel layer mainly because
concentrate on or very near | Surface
compqnents, the membrane surface hydrophobici thought to have. a lower - Cross-ﬂow th'ese components become more
bacteria, . N membrane fouling potential than | velocity widely diffused back towards a bulk,
. while fouling is the gradual | ty . . .
colloids, and build-up of contaminants hydrophobic membranes [203]. which leads to a reduction in the
suspended on the membrane surface as overall concentration polarization
solids effect

gel layer formation [202].

39




Membrane
Processes

Feed and Biomass Characteristics Membrane properties Operational conditions

Factors Impact on fouling Factors Impact on fouling Factors Impact on fouling

Biologically The adherence and

actlve' ml.lltlphcatlfm it Transmembr | The force of the fluid flowing into the
organisms, microorganisms on . .

. . ane pressure | membrane increases as the TMP rises,
mainly bacteria | membrane surfaces can (TMP) resulting in a hicher bermeate flux
and (in some lead to the development of £ gherp
cases) fungi biofilm [204].

The charge on the

membrane, the charge on
the particles, conformation,
and stability of, and thus
adhesiveness of
particles/molecules, as well
as the size of the cake, are
all influenced by the pH
and ionic strength of the
feed [205-207]

pH and ionic
strength of the
feed
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Recent improvements in membrane studies have demonstrated potential in
overcoming the issue of membrane fouling in several wastewater treatment processes.
The significance of optimization of feed characteristics, operational parameters, and

membrane properties for mitigation of membrane fouling that mentioned before in

Table 2.3.

The primary strategy involves improving pre-treatment methods for wastewater
before membrane filtration. To prevent fouling and improve treatment effectiveness, the
lifespan of the membrane can be lengthened by modifying the composition of
wastewater and conducting effective pre-treatment procedures [208]. Methods such as
pre-coagulation, pre-adsorption, pre-filtration, pre-oxidation, and the use of novel
membranes have been investigated in recent years in research publications [209-213].
However, it appears that pre-coagulation is predominantly mentioned in the literature.
Another possible pre-treatment strategy to reduce fouling is the creation of membrane-
based hybrid systems that integrate various membrane technologies. These integrated
strategies not only enhance the effectiveness of treatment but also present opportunities
for the recovery of resources and the implementation of circular economy approaches
[214]. By combining the best functions of several membrane technologies, these
integrated systems can overcome the challenges of fouling [215]. Lastly, using
advanced materials and surface modifications to improve the resistance of membranes
against fouling. Researchers make an effort to enhance membrane function by using
nanomaterials or modifying the surface characteristics of membranes to minimize the

adhesion of foulants. [216].

2.4.4 Anaerobic digestion

Currently, the most prevalent approach for energy recovery involves the
generation of biogas through anaerobic sludge digestion, which is being applied
globally on different scales [217]. Around 80% of the biodegradable COD fraction in
the sludge can be transformed into usable biogas in fully mixed reactors [9]. Utilizing
advanced reactor topologies can improve the efficiency of biodegradation and make it

easier to collect dissolved methane from the broth [218]. However, if the methane that
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has been recovered is not used in the same location, it requires the process of increasing
its pressure and transporting it to customers. In areas where biogas is easily accessible
and supplied over a widespread pipeline network, this method can be excessively costly
[219]. Heating is a major expense when it comes to digesters, as much as 40% of the
produced methane might be dissolved in the liquid mixture at moderate temperatures.
The emission of this dissolved methane has the potential to contribute to climate
change. Hence, it is crucial to exert meticulous management over anaerobic wastewater
treatment and sludge digestion in order to mitigate the potential for methane emissions

[59].

Anaerobic microorganisms aid in the degradation of organic compounds through a
sequence of activities (Figure 2.6). An essential stage in this metabolic route is
hydrolysis, when organic substances are decomposed into less complex molecules of
reduced molecular weight, allowing them to be absorbed by microbial cells.
Microorganisms accomplish this by excreting specialized proteins called enzymes
(enzymatic hydrolysis) outside their cells. Enzymes facilitate hydrolysis reactions, in
which complex organic polymers including lipids, proteins, and polysaccharides are
enzymatically decomposed into more basic organic molecules. For example, lipids are
broken down into fatty acids and glycerol, proteins into amino acids, and
polysaccharides into monosaccharides like glucose, fructose, and galactose. Afterward,
these organic chemicals are able to be absorbed into the cytoplasm of microorganisms,
commencing the process of metabolism, which occurs in four distinct stages: (i)

hydrolysis, (ii) acidogenesis, (iii) acetogenesis, and (iv) methanogenesis.

Hydrolysis is the primary stage in which intricate organic compounds are
decomposed into less complicated ones. Subsequently, acidogenesis ensues, wherein the
byproducts of hydrolysis undergo further transformation into volatile fatty acids,
alcohols, and hydrogen. Acetogenesis is the process of converting these chemicals into
acetate, hydrogen, and carbon dioxide. Methanogenesis is the final stage in which

methane is generated by the decomposition of acetate and hydrogen [220].

The hydrolysis and acidification stages play a crucial role in the initial
decomposition of organic material during the anaerobic digestion process, followed by
acetogenesis and methanogenesis. Although hydrolysis is commonly regarded as the

stage that determines the rate, acetogenesis or methanogenesis can also impose
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limitations in the case of more complex substances [221]. However, anaerobic digestion
procedures result in methane as a valuable end product; this process is dependent on the

last stage, methanogenesis [222].

Research has indicated that the wvariety of methanogens and anaerobic
methanotrophs has a substantial impact on the effectiveness of methanogenesis [223].
Acetogens play a crucial role in acetogenesis due to their unique capability to utilize
various electron donors, separating them from other types of microorganisms [224].
Moreover, the suppression of acetogenesis can happen even without the presence of
volatile fatty acids in some circumstances, emphasizing the intricate equilibrium
necessary for effective acetogenesis [225]. The anaerobic treatment stages of hydrolysis,
acidogenesis, acetogenesis, and methanogenesis are interrelated and necessary for the
successful conversion of organic waste into biogas. Every stage has a distinct function
in the decomposition and conversion of organic compounds, ultimately resulting in the

generation of methane as a useful source of energy.
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Organic matter
Proteins Carbohydrates Fats and Oils Stage 1:
J l Hydrolysis
Amino acids Simple sugars Fatty acids <
l v l Stage 2:
Intermadiate products Acidogenesis
H, and CO, Alcohols Organic acids
Stage 3:
Acetogenesis
Acetates, small organic molecules,
H2 and COz
Stage 4:
Methanogenesis
Final products
CH,, CO,, and water vapor —

Figure 2.11 Anaerobic treatment stages [226]

2.4.5 Anaerobic membrane bioreactors

AnMBRs are a highly promising technology for treating urban wastewater. They
offer several advantages over conventional anaerobic systems and aerobic MBRs. The
advantages of this process encompass the production of bioenergy, the generation of
high-quality effluent, the efficient disposal of sludge, the ability to tolerate substantial
loads, the recovery of nutrients, the efficient use of space, reduced energy requirements,

and the ability to operate in a decentralized manner [227].

AnMBR and aerobic MBR differ significantly in various parameters, such
as fouling behavior, consumed energy, pollutant removal efficiency, and capacity
throughput [228]. When it concerns energy consumption and the process's ability to
operate sustainably, membrane fouling is the most crucial aspect. Wang, K. M., et. al.
[229] analyzed to complement existing knowledge through the characterization of

biomass properties within AnMBRs for MWW treatment, evaluating their impact on
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membrane fouling and comparing them to those in aerobic MBR, to ascertain the main
factors that determine differences in fouling behavior and characteristics between these
two systems. They discovered that membrane fouling has a significant impact on energy
consumption. To determine how the existing literature aligns intending to achieve
'energy-neutral' wastewater treatment, they analyzed published data on both energy
production from AnMBR for MWW treatment and the specific energy usage of
membranes. Analysis of literature data revealed that the level of extractable
extracellular polymeric substrate is slightly higher in aerobic MBRs than in AnMBRs.
However, AnMBR comprises considerably higher soluble microbial product
concentrations, which have been widely reported to increase fouling propensity in
aerobic systems. In addition, the study findings indicate that membrane fouling
continues to be a significant obstacle. However, multiple research groups have
previously shown the ability to create energy-sustaining scenarios at the pilot scale.
Although aerobic MBR has reached a somewhat advanced stage of development, further
investment is required in commercial module and aeration technologies to achieve
significant reductions in specific energy demand on a full scale. Therefore, it is
fundamentally feasible to accomplish energy-neutral wastewater treatment for AnMBR

systems on a large-scale.

2.4.6 AnMBR configurations

Two primary configurations are widely used in AnMBRs: the submerged
configuration and the external (side-stream) configuration. Lower energy consumption
and gentler operating conditions, including permeate flux, are achieved in the
submerged arrangement, which positions the membrane inside the reactor and results in
lowered velocities. Conversely, the external configuration, which includes integrated
membrane filtration in an external loop, provides higher flow rates and simplifies the
process of replacing the membrane. Nevertheless, there is a tendency for increased
energy consumption, and the elevated crossflow velocity may lead to a decrease in
biomass activity. In traditional AnMBRs, the membrane modules are commonly
combined with bioreactors such as a stirred tank reactor, an up-flow anaerobic sludge

blanket reactor, an expanded granular sludge bed reactor, or an AnFMBR [230].
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The recent novel AnMBR configurations, including AnFMBR, granular-sludge
AnMBRs, AnDMBR, and AnFOMBR, have been developed through extensive research
focused on improving fouling control, bioreactor integration, and membrane material or
module design [231]. Figure 2.7 displays the schematic diagram of five representative
AnMBR configurations, which have the ability to mitigate membrane fouling and

reduce energy usage to varying degrees.

(b) Biogas e Permeate
(a) Influent 1 I}
e Biogas
{l {} {}
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G Membrane
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Influent : Diffuser

Figure 2.12 Schematic diagram of novel AnMBR processes: (a) biogas-sparging
AnMBR; (b) AnFMBR; (¢) granular-sludge AnMBR; (d) AnDMBR and (¢) AnFOMBR
[231].

—eprmt—teny |7FO Membrane

Diffuser

In order to effectively evaluate the AnMBR system from a technical-economic
point of view, other aspects are included in Table 2.4 Additional factors to consider are
the specifications for the membrane and bioreactor configuration, the effectiveness of
the treatment and filtration processes, the techniques used for membrane maintenance,
and any other technical restrictions. Certain AnMBR systems demand specialized
membrane modules, specifically flat-sheet ceramic membranes, which are beneficial for
AnFMBR when used with not damaging carriers that have a certain density that is

sufficient. This innovative integration enables the membrane surface to experience a
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more effective flow of particles, while also preventing any significant harm to both the
membrane and particles during extended periods of operation. The use of an

inexpensive and rough mesh in the AnDMBR offers a cost-effective technical solution

with minimal energy usage [20].

Table 2.4 A comparison of different AnMBR configurations [231]

Comparison Biogas- Granular-
fac tof')s sparing AnFMBR sludge AnDMBR | AnFOMBR
AnMBR AnMBR
Mem‘prane NN Ceramic NN Coarse FO
material preferred pore mesh | membrane
Membrane NN Flat sheet NN NN NN
module preferred
Poresize 16 01-0.5 0.01-0.5 0.01-0.5 |10-200  |None
(um)
Membrane :
cost Moderate Moderate Moderate |Low High
Reactor NN Upflow Upflow NN NN
types preferred preferred
Retention . ’ . Moderate
capabill®P High High High to high Excellent
. Pressure Pressure Pressure | Pressure Osmosis
Driving force | , . . . . .
driven driven driven driven driven
Filtration Moderate to | Moderate .
performance Moderate high to high High Low
Fouling
mitigation PC and CC PC and CC I(DJ(C: and PC PC and CC
technique
Formation Salt
High energy | Requirements | Risks of accumulation,
. : . and )
Technical consumption, |of particles | granular . ... | flux decline,
. . maintaining
restriction affecting floc |and sludge and draw
) stable DM .
properties membrane breakup 1 solution
ayer .
regeneration

Note: N.N., not necessary; PC, physical cleaning; CC, chemical cleaning.
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Numerous scholarly articles have been published in international journals that
examine the efficacy of AnMBR systems in the context of municipal managing MWW.
Relevant investigations of the five years, specifically the period 2019-2024, are
presented in Table 2.5.

Untreated or pretreated MWW, domestic wastewater, or synthetic wastewater that
reflects MWW has been utilized as incoming loads for treatment. Regardless of the
loading type, the focus is on treating wastewater with low levels of soluble organic
matter. In the case of synthetic MWW, the rate at which COD is removed is typically
over 95%, as all of the COD is in a soluble form [19]. The utilization of the up-flow
anaerobic sludge blanket bioreactor is also widespread. Typically, researchers examine
the performance and optimization of the AnMBR system using immersed membranes.
Additionally, the AnFMBR is highly effective in treating low-strength dilute
wastewater. Kim et al. [232] employed an AnFMBR using a tubular-shaped PVDF as a
fluidizing agent to treat synthetic wastewater. The treatment was conducted at a
temperature of 36.3 °C and a HRT ranging from 4 to 16 hours, over a total period of 240
days [107]. The fluidizing agent successfully reduced the fouling rate by creating a
scouring effect, which in turn kept the transmembrane pressure below 0.1 bar and
ensured a COD removal rate of over 90%. The energy consumption was 0.0109
kWh/m?, while the energy production from potential methane production was estimated

at 0.246 kWh/m?, indicating that the AnFMBR is technically feasible.
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Table 2.5 Scientific articles of relevance to the treatment of MWW using the AnMBR system

Reactor Type COD
And Type of Flux Inlet COD | Operating Outlet COD Removal | CH: Produced Reference
Membrane Membrane (LMH) | (mg/L) Conditions (mg/L) (%) !
Configuration ?
Forward osmosis 35°C 3
AnOMBR Area: 70 em> 5.78 4000 pH = 7.48 93.4 0.21 m’CH4/kgCOD [233]
Granular
activated I})I\O/g}wpfgi):rsize_ 5-35°C
carbon- 0.1 um ' 16 277-348 HRT =6-24 h <50 >86 0.24 m*CH4/kgCOD [234]
synergized A're;l 90 m2 pH=6.8-7.3
AnMBR '
Hollow fiber 25°C 0.25-0.27
AnMBR PVDF Pore size: | 2.75— HRT=6-24h m>biogas/kgCOD
submerged 0.4 ym 17.83 362.2-481.9 OLR =1.84 29.242.9 89.5-93.2 CHj4 content 75— [233]
Area: 72 m? kgCOD/m*d 81%
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(i-iv) 25 °C

1)) HRT=4h
@
() 2O md (0.16
Hollow fiber 14.16 (ii) HRT = 6 h m>CH4/kgCOD
PVDF Pore Size: | (ii) OLR = 1.5 (11) 0.23
AnMBR 0.4 pm 9.61 i. 350 KeCOD/ md 20 m3CHa/kgCOD 236]
submerged Area: (111) 1i—iv. 365 (i%i) HRT =8 h (111) 0.24
(i-iii) 0.345 m? 7.23 OLR = 118 m’CH4/kgCOD
(iv) 0.146 m? (iv) ' (iv) 0.21
11.02 kgCOD/m3d m3CH4/kgCOD
' (ivy HRT=12h
OLR =0.72
kgCOD/ m*d
E;:Fe;lf}l?‘fration HRT 7h
Temperature 1842 0.18-0.23
AnMBR membrane 10-14 | 8924271 | °C HIEI6.6- 1 ggy Nm® CHu/kg [237]
external Pore size: 0.045 VLR*: 2-2 5 160+22.3 COD... #*
m and filtration i e
;trea 0.93 m? kgCOD/(md)
Ultrafiltration
membrane
AnMBR . 1842 °C 73.7£13.8 - 19.10+0.84 mg
submerged if;z;legftfn 10-14 1 978210 HRT 12.8-14.2 205.0£583 | 0 CH4/L [238]
area 1.86 m?
Hollow-fibre
AnMBR membrane module 275 not mention HRT 6 h gli;;g/éélél) .
submerged f(?t;el: i;lzein%faﬁ ;n, 17.83 xlixererage Temperature 25 °C 50+22 90 75—-81% methane in [239]
the biogas

area of 5.4 m?
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G-

Hollow fiber OLR 3.0 kg AnMBR:
AnMBR PVDF Pore Size: 6 320-360 COD/(m?*-d) not 91.9+£1.5 0.12 L CH4/g [227]
submerged 0.22 pm; surface HRT 2.2 h mentioned EG- CODrem
area: 0.06 m? Temperature 35 °C AnMBR:
91.3£2.1
i. 0.15
i. 5.71 25.2°C m>CH4/kgCOD
Hollow fiber ii. pH=173 (1) 53.6 (1) 88.9 ii. 0.15
AnMBR PVDF Pore Size: | 11.42 408 (i) HRT =24 h (ii) 42.1 (ii) 89.8 m>CHa/kgCOD [240]
submerged 0.04 um; surface | iii. 9.50 (i) HRT=12h (111) 39.0 (111) 89.0 i11. 0.18
area: 0.146 m? iv. (iii) HRT = 14.4h | (iv) 44.0 (iv) 88.1 m3CHa/kgCOD
11.42 (ivy HRT=12h iv. 0.19
m’CH4/kgCOD
25.2°C i. 0.16
Hollow fiber : pH=173 . . m>CHa4/kgCOD
AnMBR PVDF Pore Size: | .. 35'0183 408 (i) HRT =24 h (1) 4472' 18 (1) 88859 i.0.2 ”
submerged | 0.05 um; surface | 1 >: (i) HRT = 1440 | (D42 (i) 889 5 CHakeCOD [241]
area: 0270 m? | 617 (i) HRT = 12n | (D416 () 895 | i 0.18
(iv)HRT=12h m’CHa/kgCOD
Flat-tubular 13)15{ =C7 5
AnFMBR Ceramic (AI203) 1144 | 390 HRT=8h 30.1 90.0 0.216 [232]
submerged Pore size: 0.1 um OLR = 0.9 m°CHa/kgCOD
Area: 0.09 m? kgCOD 3d
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32°C
HRT =6-22h

i%ﬁfrze ; 269-712 | OLR =0.29-2.85 g;"jé‘ [242]
kgCOD/ m*d '
pH =6.98-7.19
Tubular forward
0SMmosis
Sponge-based | membrane
moving bed- | Area: 120 cm?
AnOMBR/me | PVDF Pore Size: 45 °C 0.11-0.18
mbrane 0.45 pum 4.01 880-1120 HRT =40-50 h <5 >99 n;3 CH ‘/k COD [243]
distillation Membrane pH=73 VXE
(AnOMBR/M | distillation
D) system Pore Size: 0.45
pum
Area: 200 cm?
(1) 5396+4435 L
STP***/d
27 °C (1) 5558+3204 L
UF membrane (i) HRT =41+1 h STP/d
AnMBR - 7554224 | (i) HRT=25+1h | 79+18- (iif) 1901+597L
external poresize: 0.03 pm | 14-21 | 1453153 | (i) HRT=26+2 h | 12115 93 STP/d [244]

area: 0.123 m?

(iv) HRT = 2642 h
(v) HRT =41+13 h
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Hollow fiber

4 (i) 15°C -
AnMBR PVDE Pore Size: 1108 | 364.44948 | (ii) 20°C <50 84.5-90.7 | :209°0.244 [245]
submerged 0.4 um; surface v SN NL/gCOD
) (ii1) 25°C
area: 72 m
(i) 9.39 15°C
(ii) (i) HRT=6h
AnMBR Hollow fiber 4.80 (1)) HRT=12h
e PVDF Pore Size: | (iii) 411.9487.8 | (i) HRT=16h | 30-100 77.4 [246]
subtherge 0.4 um 3.61 (iv) HRT =24 h
(iv) OLR= 0.53-1.58 g-
2.41 COD/L-reactor/d
18 °C+3
AnMBR Flat sheet PVDF 439+34 . | 1=23°C82 14748 - 0.24 0.29 L CHy/g
submerged | 0> 13 453426 HRT=6 h 17721 734 COD [247]
& pore size: <0.1 pm OLR=1.8+0.12 kg
COD/ (m?>.day)
(i) 691+89 . .
Hollow fiber (ii) 7094110 83)775;1299 83)8;9? y
AnMBR PVDF Pore Size: 21 (111) 34 °C (iii) 649 (iii) 85+3 294.5+£8.9 [248]
external 0.4 pm ' 460+102 HRT=24h . . mLCHa/g VS
) . (iv) 71422 | (iv) 8449
area: 0.125 m (iv) 489+78 (v) 6947 (v) 8841
(v) 594463
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pH: 6.5-7.8
(1) 25°C, HRT: 6.54
h

Hollow fiber (i)536.10 | (ii) 20°C, HRT:2.68
PVDF Pore Size: (i1) 602.20 h
AnFMBR 0.04 pum 27 1) 661.50 | (iii) 15 °C, HRT: | 207366 | 79-84 [249]
area: 0.03 m? (iv) 706.00 | 5.22h
(iv) 10°C, HRT:
9.03 h
Ceramic HRT=4dand 3 d 114.04+36.1
+ -
ﬁ;ﬁﬁ? membrane iggg iﬁ;'é OLR=023-1250 | 0- 87-93 [250]
Area 1.54 m? ' ' kg COD/ m*day 67.85£11.10
Hollow fiber 36.5 °C
AnMBR PVDF Pore Size: | 3+0.1 : 26415 943+2.9 | 207173 mL
submerged | 0.1 pm 57205 | AT 23.504 h 33414 93+3 CH.4/gCOD en** [251]
o B 124412 h

*VLR:Volumetric loading rate

**CODrem: Removal amount of COD

*#XSTP: Standard Temperature and Pressure

54




As revealed by most of the research under consideration, AnMBR technology is
extremely efficient in removing organic load from the feed stream. The filtrate showed
satisfactory COD removal, greater than 90% and in some cases 98—-99%, indicating that

AnMBR technology is an extremely competitive MWW treatment technique.

The operational parameters of the investigations show the number of scientific
publications according to the different temperature conditions maintained within the
bioreactor for the anaerobic treatment of MWW. In general, temperature affects the
growth rate of the microbial population, the hydrolysis of organic components, and the
solubility of components, such as CH4 and CO,. In addition to temperature, it was
reported that a lower ORP can intensify methanogenesis [241]. It is possible that the
biochar used by Chen et al. [241] provided optimal ORP conditions for microorganisms
to convert propionic acid to methane. In another work, Chen et al. [234] investigated the
effect of GAC on methane production. Specifically, Chen et al. found
that Methanosaeta, which is responsible for methane generation, was more active in

GAC-sludge samples even under low temperatures (15-5 °C).

The literature review of the present work has shown that AnMBR systems can
effectively treat MWW and produce high-quality effluent. It is an environmentally
friendly green technology with the possibility of utilizing the produced biogas for

electricity and reusing treated water for irrigation.

The use of an external AnMBR may reduce the possibility of membrane fouling;
however, it increases the overall cost of the AnMBR system. Therefore, AnMBRs with
submerged membranes are prevalent. The efficiency of an AnMBR largely depends on

process parameters, such as temperature, pH, HRT, and the concentration of pollutants.

2.4.7 Integration of AnMBRs with different processes for resource
recovery
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The integration of AnMBRs with other processes is an exciting new direction for
wastewater treatment, energy generation, and resource recovery. It is clear that
biological oxidation, an essential principle in the design and operation of present
WWTPs, needs to be reconsidered in light of future MWW management strategies,
particularly in light of the circular economy's development as a driving force in the
effort to enhance energy and resource recovery. The generation of waste sludge is
greatly decreased with the implementation of new A-B process designs, where the A-
stage includes an anaerobic unit for the direct conversion of organic matter in MWW
into biomethane. The B-stage, meanwhile, is mainly concerned with the chemical and
physical recovery of nutrients [252]. AnMBRs have been extensively studied and shown
to be the best option for the A-stage of the new A-B process. These bioreactors can
directly capture COD from wastewater, which allows for energy recovery and
minimizes sludge production [154, 253]. However, there are still several important
barriers to AnMBR's continuing development. These difficulties stem from the fact that
MWW is typically slightly dilute, the waste-to-resource approach requires pre-
concentration of MWW before AnMBR [228]. It is possible to pre-concentrate
wastewater using membrane filtration to obtain high-quality water while also enriching
the non-water components for further recovery. Methods including MF, UF, and RO are
currently employed in membrane processes. For instance, Dai et al. [254] demonstrated
the efficient use of a UF-RO hybrid system in pre-concentrating MWW to achieve

nitrogen and COD concentrations sufficient for the AnMBR process.

As mentioned previously, the development of advanced technologies to prevent
membrane fouling will improve the effectiveness of AnMBR technology in recovering
energy resources and decreasing the carbon footprint in MWW treatment. Table 2.6
provides a concise overview of the main features of recent techniques used for

recovering resources from MWW using AnMBR technology.
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Table 2.6 Overview of the main features of recent techniques used for recovering resources from MWW using AnMBR technology

Main

Technology Recovered resource . L. Potentials Limitations Reference
applications
o Renewable | Positive net energy balance when Seyere fouhng which leads
Co-digestion CH4 L 5 to high operation and [255]
energy co-digestion >40% food waste .
maintenance costs
Increase energy recovery through
anaerobic digestion of primary
settling The wastewater's
Primary settling CH Renewable | Obtain a high-quality, methane- | physicochemical [256]
and CEPT ! energy free effluent characteristics strongly
CEPT enhances the removal of affect the CEPT efficiency
pollutants
Easy operation and low costs
. . . . Not full-scale applications
Direct Nutrient-rich water Agriculture .
. . . Simultaneous energy, water, and | evaluated yet
membrane with negligible solids | Urban . .. . [257]
. - o nutrient recovery Sensitive areas require
filtration concentration irrigation .
nutrient removal
Agriculture | Low fouling propensity, easy . .
VFA and H» Urban cleaning, high rejection of High energy requirements
Forward N : to operate the RO to
. CH4 irrigation contaminants, reduced [258]
0SMOosIS . . . . produce regenerated water
Nutrient-rich water Nutrient volumetric flow rates, and : .
. from diluted draw solutions
recovery dissolved methane losses
Microalgae-based Improves soil properties Further treatment is needed
bio-fertilizer after Reduce nutrient losses through a | for biofertilizers.
Microalgae harvesting and Biofertilizer consistent release of nutrients Low degradability of the [259]

composting or
thermochemical
processes (biochar)

Small carbon footprint.
Up to 90% of nutrient content in
wastewater

cell wall
Depends on solar radiation
availability
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Extensive surfaces are
required

The harvesting phase is still
challenging

Photosynthetic

Photosynthetic
Bacteria-based

High yield of hydrogen
High tolerance over disturbances
Assimilates C, N, and Pin a

Further treatment is needed
for biofertilizer
Poor settling properties

Bacteria biofertilizer after Biofertilizer | single stage . Depends on infrared light [260]
. Content of many high-value oy et
harvesting availability
substances Still at the lab scale
Reduced sludge production
High N removal efficiencies Membrane fouling needs
Membrane Ammonium sulfate Fertilizer (>99%) further research before
contactors Reduce nitrogen load and developing full-scale
aeration energy consumption applications
Solution with high N Concentrates N and P from dilute
and/or P streams such as wastewater
Electrodialysis concentrations to Fertilizer MWW Lab scale applications only [257]
produce ammonium P recovery from sewage sludge
sulfate and struvite ashes
High N removal efficiencies
. . " 000
Bioelectrochemi Free ammonia gas Chemlcal (70. 90%) ) . Not full-scale applications
that can be absorbed | industry Suitable for nitrogen-rich
cal systems . 1 . . . . evaluated yet
in an acidic solution | Agriculture | streams: reject water, urine,
landfill leachate
lon exchange | Nuirientrich waer cffluent of an ATMBR | due 10 media seectiviy,
£ with negligible solids | Fertilizer v ! 7> [261]

systems

concentration

AnMBR produces a solids-free
high-quality permeate

bed clogging, and costly
regenerations
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2.4.8 Struvite Precipitation

The use of struvite precipitation as a method for recovering ammonia and
phosphate has garnered considerable attention among researchers over the past few
decades, and it is feasible on a full scale [262]. Chemical precipitation offers notable
benefits in comparison to other technologies for the recovery of N and P and the
formation of precipitates, such as MgNH4PO4-6H>O (struvite) and Cas(PO4)3(OH). If
the product of the ion concentrations of magnesium (Mg?"), ammonium (NH4"), and
phosphorus (POs*") exceeds the solubility product of the compounds, struvite

crystallization will take place, as indicated in the following chemical equation.
Mg** + NH4" + PO4*™ + 6H,0 — NHsMgPO4+6H,O

Struvite, commonly known as magnesium ammonium phosphate (MAP), has the
chemical formula MgNH4POs. In the industrial crystallization process, the formation of
crystals normally follows three concepts: supersaturation, nucleation, and growth [263].
Supersaturation is often associated with solution pH and ion concentration, both of
which are the driving forces behind determining nucleation. Secondly, the crystals that
emerge from collisions between ions are nuclei, the process of nuclei formation is
defined as the nucleation process. In addition, the process of nuclei growth to crystal is
the growth process. Nucleation and growth processes are two essential factors in the
study of crystallization kinetics, which are also important in controlling the size and
morphological structure of crystals [264]. Nucleation and crystal growth are not

independent of each other but often occur simultaneously.

The formation and growth of struvite crystals in WWTPs are affected by various
parameters, such as pH, temperature, reaction time, molar ratio of Mg?*, NH4*, and
PO.s* ions, Mg source, and the presence of other ions like calcium or carbonates

[265].

2.4.8.1 Effect of pH

The crystallization process generally occurs when the solution reaches a
supersaturated state, and the supersaturation degree is the driving force for the

crystallization process. The main approach to increase the supersaturation of struvite is
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increasing the ions concentration or pH value. Compared with increasing the ions

concentration, it is more convenient to increase the pH value of the solution [266].

Struvite crystallization is favored by alkaline pH levels, with optimal conditions
typically falling within the range of 8.5-9 [267]. Studies have shown that increasing pH
can lead to a decrease in the mean crystal size of struvite [268]. Additionally, within the
pH range of 8.5-9, struvite solubility is lower, and crystallization rates are higher [269].

Higher pH levels have been found to promote struvite formation [270].

2.4.8.2 Effect of temperature

Research has shown that specific temperatures can impact struvite formation
differently. For example, temperatures of 33 °C and 40 °C are not ideal for struvite
precipitation as they can result in decreased purity and ammonia losses [271].
Conversely, studies have demonstrated that crystallization between 10 and 50 °C, under
certain pH levels and stirring conditions, can lead to the retrieval of a high phosphorus
percentage in the form of fine struvite crystals [267]. Furthermore, higher temperatures
have been linked to increased crystal growth and size of struvite [272]. However, some
studies suggest that temperature changes may have a mild effect on struvite reaction
rates, with temperature increases causing almost negligible changes in crystal size in
certain cases [273]. Moreover, temperature variations can influence the solubility of
struvite, a critical aspect of its crystallization process. Investigations have revealed that
temperature fluctuations can alter the solubility of struvite, making the crystals more

soluble under specific temperature conditions [274].

2.4.8.3 Effect of reaction time

The kinetics of struvite crystallization are intricate, with fractional order reactions
indicating multiple steps rather than a single step, impacting the overall process [267].
Moreover, the presence of nucleation sites such as brucite particles can decrease
induction times and increase crystallization rates, thereby affecting the reaction kinetics
[275]. Additionally, prolonged reaction times facilitate the formation of struvite crystals
from intermediate phases, while variations in reaction time can affect crystal growth

rates, crystal lattice defects, and overall process efficiency [276].
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2.4.8.4 Effect of Mg:P:N molar ratio

The concentration of reacting ions is one critical factor for determining the
supersaturation of the struvite crystallization process. It can be said that the molar ratio
of reacting ions in solution makes a significant contribution to the struvite
crystallization process. Chemical equation of the struvite precipitation reaction shows in
wastewater solution by the Mg:P:N theoretical molar ratio of 1:1:1. However, to ensure
that phosphorus is removed with high efficiency, an excessive amount of ammonium or
magnesium or both elements is often added. In a study conducted by Gong, et al. [277],
the molar ratio of Mg:P was increased from 0.8 to 1.2. Consequently, the rate of
phosphorus removal increased from 80.8 to 95.5%. This is because other insoluble
compounds of magnesium and phosphorus were formed along with struvite crystals

[278].

2.5 Conclusion and Future works

Current studies are focusing on strategies to maximize the recovery of resources
from MWW focus on avoiding or handling such a dilute and complex mixture [59, 69,
91]. Energy and nutrient recovery are simply not economically viable when using
current technologies and practices. Intervention at both the household and WWTP levels
may be required, with source separation, co-digestion, and pre-concentration

representing three feasible strategies to facilitate maximum resource recovery.

Source separation is a notable strategy to maximize resource recovery as the
problem of dilution is essentially avoided. Wastewater can be divided into concentrated
black water and less concentrated grey water. The concentrated streams could
effectively undergo direct anaerobic treatment for energy recovery, and dilute streams
would present a more favorable approach to water recovery. Furthermore, urine can be
source-separated from black water for nutrient recovery, as urine contains high
concentrations of nitrogen and phosphorus. Separating wastewater at the source presents

more tangible resource recovery opportunities, however, the considerable infrastructural
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investment associated with upgrading collection systems has often limited its

implementation [279].

An alternative strategy to address the diluted nature of MWW is to encourage the
disposal of other organic wastes to maximize energy recovery through co-digestion at
WWTPs. This can be achieved by encouraging households to add kitchen waste to
wastewater using grinders [280]. Otherwise, on a community scale waste could be
disposed of directly to digesters at WWTPs, including organics originating from
municipal solids waste, industrial by-products, or agricultural crop residues [281]. The
latter 1s more favorable, as an addition at households may not significantly increase
wastewater concentrations and would still require separation processes at the WWTP
before anaerobic digestion. At the same time, co-digestion at the WWTP does not
directly resolve the issue of dilute wastewater and therefore pre-concentration

techniques in combination with co-digestion would be desirable.

Pre-concentration strategy is the term that denotes an advanced concentration
process to increase the amount of organic matter separated from wastewater so that
energy and nutrient recovery becomes more feasible [282]. Unlike source separation or
the addition of other organics, preconcentration manages dilute wastewater at a
centralized WWTP. Pre-concentration would be most effectively implemented if
applied to raw wastewater, however, additional opportunities do exist. Since pre-
concentration essentially describes a separation technique that results in clean water and
a concentrated stream, this strategy could be implemented at many stages of WWTPs.
Current WWTP processes essentially perform pre-concentration, however, an increased
emphasis on maximizing recovery is required and a major limitation involves the need
for further treatment to recover high-quality water. This results in the heightened need
to reinvent and optimize wastewater treatment for integrated resource recovery. This
idealistic objective personifies efforts to purify wastewater and with continued
technological development, may be realized for new or re-developments in the near

future.

Pre-concentration could be effectively applied at several stages during wastewater
treatment, with Figure 2.11 presenting a possible scenario [283]. Firstly, primary
treatment aims to remove suspended solids and can be achieved by gravity separation in

clarifiers as well as fine screening. The pre-concentration process would then recover
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high-quality water whilst simultaneously concentrating organic compounds. The
resultant sludge from both primary treatment and pre-concentration would then undergo
anaerobic digestion to produce biogas for energy production, utilizing a combined heat
and power system. Solids and liquids from the digester are separated to produce
biosolids and sludge centrate respectively. Biosolids are utilized for beneficial reuse,
whilst centrate can undergo further processing to concentrate nutrients to enable
phosphorus recovery. The composition of the remaining liquid is highly dependent on
the rejection of each pre-concentration technique. Ideally, this stream would have a very
low volume and the additional process that would be required for the concentration

management may involve a low-energy nitrogen removal technique.

i o Primary Pre-
WASTEWATER - [ treatment } {concentrationJ

" {Al.laero'blc] .[ CHP ] 5|
Digestion
Sludge

» Biosolids

v
Pre-

Centrate .
concentration

v
Concentrate

Nutrient
recovery

Figure 2.13 Pre-concentration-based flow sheet for integrated resource recovery [283]

Water, energy, and food security are intricately interconnected. Essential human
entitlements and the factors that pave the way for economic and social progress
encompass the availability of secure potable water and sanitation facilities, dependable
and affordable energy necessities, and food that is both safe and nutritional. The
establishment of a reliable water supply is influenced by the presence and accessibility
of sufficient water resources. Water is crucial for maintaining energy security due to its
significant usage in the extraction and processing of fossil fuels, the cultivation of
biofuels, and the generation of electricity. Moreover, agriculture is the largest consumer

of water worldwide, making water availability crucial for food production.
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In the future, as the population continues to grow, there will be more competition
and pressure to access limited natural resources on a worldwide basis. The projected
limitations of natural resources highlight the necessity for a comprehensive strategy and
improved alternatives to enhance their security currently. This approach takes into
account the interdependence of each sector and aims to create solutions that are
compatible with sustainable development. Various possibilities are available to enhance
the security of water, energy, and food. An essential aspect of this thesis is the

utilization of waste as a valuable resource in multi-purpose systems.

AnMBRs have the capability to transform existing WWTPs by enabling the
simultaneous extraction of purified water, energy, and nutrients. Ongoing attempts to
increase the concentration of MWW to a level that is sufficient for AnMBR treatment
and following resource recovery may promote the process. Investigating innovative
bioreactor designs, such as AnFMBR, has demonstrated significant potential for
reducing energy consumption and improving performance. This advancement is likely

to contribute to wastewater treatment plant operations becoming net energy positive.

The primary nutrients, phosphorus, and nitrogen, have the ability to form struvite
crystals, which can be used as a fertilizer for various purposes in agriculture. Efficient
struvite recovery from wastewater streams relies on optimizing the influencing
conditions. Struvite recovery can enhance a sustainable MWW management strategy,
thereby promoting a circular economy. In the context of the circular economy, it is

possible to recycle nutrients that have been lost and reintroduce them into the soil.
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Chapter 3

Pre-concentration of municipal
wastewater using flocculation assisted
direct ceramic microfiltration process:

Optimization of operational conditions’

3.1 Introduction

Due to the scarcity and depletion of natural resources, wastewater should be
considered as a renewable resource, from which water, OM, and nutrients can be
recovered [284]. In conventional wastewater treatment processes, large amounts of
energy are consumed for aeration to promote biological oxidation for OM degradation
and nutrient removal [7]. OM in MWW can be regarded as a resource for energy
production via anaerobic digestion [285] to generate methane, hydrogen, or volatile

fatty acids (VFAs) as the concentration of OM is generally in the range of 250—1000 mg

!'This chapter was published as:

Ozcan, O., Sahinkaya, E., & Uzal, N. (2022). Pre-concentration of Municipal Wastewater Using
Flocculation-Assisted Direct Ceramic Microfiltration Process: Optimization of Operational Conditions.
Water, Air, & Soil Pollution, 233(10), 420.
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COD/L [286, 287]. Theoretically, the energy content in 1 g COD is around 3.5 kWh,
which means the average MWW may contain 1.66 kWh/m?® energy. Hence, the energy
contained in MWW maybe around four times higher than the energy required for a
conventional activated sludge treatment process [284]. Conversion of OM in wastewater
to methane, hydrogen, and VFAs under anaerobic conditions are alternative process for
energy recovery. However, it is well known that the hydrolysis of suspended solids in
MWW is the rate-limiting step at low temperatures [288] and may require a mesophilic
temperature range of 25-37°C. However, increasing the reactor temperature to the
proper values may lead to the anaerobic process as energy-consuming rather than
producing as around 1.2 kWh/m?® energy is needed to increase water temperature for 1°C
[288]. Hence, OM in the wastewater should be pre-concentrated to make the anaerobic
treatment a more efficient and energy-positive process. Transitioning from aerobic
towards anaerobic-based treatment processes offers the potential to considerably
minimize the energy consumption of wastewater treatment by avoiding aeration and
achieving energy-neutral wastewater treatment through biogas production [9, 254, 285,
289]. For the pre-concentration of MWW, DMF, dynamic sand filtration, centrifugation,
CEPS, dissolved air flotation, biological adsorption processes, and high-rate activated
sludge processes are applied individually or in combination [128, 284, 290]. DMF of
MWW has a significant potential owing to the simplicity of operation, low net energy
requirement, high quality of treated water, high-water recovery ratio and generation of
the concentrated stream to be further used for energy generation [291-296]. Ceramic
membranes are more attractive than polymeric membranes due to their high filtration
flux, low fouling behavior, and unique thermal, and mechanical resistance [297-300].
ceramic membranes have become more widely used in recent years for various water
and wastewater treatments as a result of ongoing material development and lower prices
[301]. Although using ceramic membranes within the DMF process has become more
attractive [302], limited studies have been reported on the use of CMs for DMF of
MWWs [303, 304].

The main problem in the application of the DMF process alone is fouling and the
flux decreases like other pressure-driven processes [305, 306]. To overcome membrane
fouling by removing or agglomerating the colloidal substances from wastewater, the
CEPS process is an effective approach that applies chemical coagulants to greatly

improve the removal of pollutants from wastewater by precipitation [307]. CEPS has
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several advantages in wastewater treatment such as low investment cost [286], low
energy requirement [308], ease of operation and maintenance [309], etc. For all these
reasons, CEPS has been commonly utilized both in MWW treatment and also in
industrial wastewater treatment for recent decades [310]. Moreover, CEPS has come
into prominence in recent years, especially in OM/nutrient recovery from MWW, and is
used as an alternative to conventional wastewater treatment processes [311-314].
Czerwionka et al. [311] reported that biogas production was increased by 65-80% in
anaerobic digesters after the CEPS process with an increase in OM removal efficiency
of primary settling tanks. Zhao et al. [303] also emphasized the advantages of the pre-
coagulation process as a MWW pre-concentration method. They reported that the pre-
coagulation process reduced the loading on membrane filtration and high amounts of
OM and phosphorus were recovered from the sewage. However, the coagulation
process, in which iron or aluminum salts are widely used [315-318] as a fouling reducer
for membrane processes, may cause metal contamination in both supernatant and sludge
[319]. In addition, because the concentration of chemicals used in coagulation is higher
than flocculation, it increases the treatment process cost. Metal salts used in the
coagulation process may also negatively affect the anaerobic treatment performance of
the concentrated stream [320]. Hence, in recent years, much research has been
conducted on the recovery of OM from MWW, and still, the development of novel
process alternatives is needed to develop energy-neutral processes. The DMF system is
commonly implemented in previous studies for the pre-concentration of MWW [321,
322]. However, as few studies have been conducted on DMF applications using ceramic
membranes, more research is required to optimize process performance and membrane
cleaning strategies [304]. Furthermore, to the best of our knowledge, there is a gap in
the literature for evaluation of the dosing point in the flocculation process using PAM,
which would serve to increase process effectiveness. Particularly, in order to achieve
long-term, sustainable membrane filtration, it is quite essential to consider the effect of
PAM dosing point and operating parameters on permeate quality and membrane
filtration performance. Hence, this study aims at evaluating the performance of PAM
assisted direct ceramic membrane filtration process for MWW treatment and OM
recovery in the concentrated stream. The developed novel process was tested and
optimized first in lab-scale before implementing it in pilot and then real-scale processes.

In order to demonstrate the feasibility of the process on a real scale, the potential energy
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production potential was calculated based on the flow data of current municipal WWTP

in Kayseri, Turkey.

3.2 Materials and methods

3.2.1 Membranes and Chemicals

Cationic polyacrylamide (PAM, Hydrofloc, Italy) of high molecular weight,
medium-high cationic load, and bulk density of 0.7-0.8 g/cm® has been used as the
flocculating agent. The stock solution of 0.1wt% PAM was used as polyelectrolyte in
the flocculation experiments. Sodium Hydroxide (NaOH, Merck) and nitric acid
(HNOs3, Merck) were used in cleaning the ceramic membrane [323, 324]. All solutions
were prepared using deionized water in the experiments. The raw material of the
operated ceramic membrane was silicon carbide. The pore size of the membrane was
0.1 um. The length x width x thickness of the membrane plate was

230 mm x 150 mm %X 6 mm. The effective membrane area was 0.069 m?2.

3.2.2 Wastewater and analysis

Raw MWW was collected from the primary settling tank effluent of the Kayseri
municipal WWTP (Turkey). The characteristics of samples are given in 3.1. Collected
samples were stored at 4 °C and samples were warmed up to room temperature
(20+5°C) before use. The turbidity of wastewater samples was measured using a
turbidimeter (TN100, Thermo Scientific, USA). EC and pH were measured using a
3620 IDS WTW multiparameter (WTW GMBH, Germany). Anion Chromatography
(AC) was performed on a Metrohm equipped with a Metrosep A Supp 5 (150 mm)
analytical column and Metrosep C4 (4 mm) guard column to measure chloride (CI),
sulfate (SO4%), phosphate-phosphorus (PO4-P), and nitrite-nitrogen (NO>-N). COD,
TSS, and ammonia-nitrogen (NH4-N) analyses were carried out following the “Standard

Methods for Water and Wastewater” of the American Public Health Association [325].
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Table 3.1 The characteristics of primary sedimentation tank effluent

Parameters Raw Wastewater
pH 7.3
Conductivity

(uS/em) 1476 - 1653
COD (mg/L) 324.4 - 468
NO»2-N (mg/L) 1.1-12
NH4-N (mg/L) 41.9-41.7
POs-P (mg/L) 9.8-12.2

3.2.3 Jar Tests

The flocculation performance of the cationic flocculant (PAM) was tested using a
jar test with a six-paddled Jar Tester (Velp JLT6, Italy) on a bench of equal size. The
procedure applied in jar test experiments is; after the dosing of 0.5, 1, 1.5, and 2 mg/L
PAM, 2 minutes of rapid mixing (120 rpm), 15 minutes of slow mixing (15 rpm), and
15 minutes of sedimentation were performed. The supernatant liquid was carefully
withdrawn from each beaker using a pipette from the supernatant for COD, turbidity,
TSS, and PO4-P analysis. For the control sample, wastewater was settled for 15 minutes
without dosing PAM. All tests were conducted at room temperature in the range of
20-25 °C. Before jar tests, the pH of the wastewater samples was adjusted to 7.0. The
jar test was performed in duplicate, and the samples were characterized in each jar test.

The average values are presented with standard deviations.

3.2.4 Experimental set-up and operational conditions

After examining the effect of flocculant concentration on the removal of COD,
turbidity, TSS, and PO4-P in jar test experiments, three-step optimization experiments
were performed in DCMF tests: (i) optimization of flocculant dosing point and
concentration, (ii) optimization of operational conditions, and (ii1) long-term operation.

The methodology of DCMEF filtration tests is summarized in Figure 3.1.

In the first step of the DCMF experiments, the polyelectrolyte dosing point and
polyelectrolyte concentration were optimized. DCMF experiments were carried out for
two different flocculant dosing points, including one-time PAM dosing in the CEPS
process before DCMF (CEPS+DCMF) and continuous dosing of PAM during the
DCMF process (PAM+DCMEF). For the optimization of flocculant concentration and
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dosing point, the pH, flux, recovery ratio, and filtration/backwash duration were kept
constant at pH 7.0, 20 LMH flux, 90% recovery rate, and 5/1 min filtration/backwash
duration, respectively. The experiments were carried out by changing only the
flocculant concentration and dosing point. NaOH and H>SO4 solutions were used to
adjust the wastewater pH to 7.0. The filtration cycle included 5 minutes of filtration
suction and 1 minute of backwash. The flux was 20 LMH during the backwash. 10% of
the feed flow was removed from the system as a concentrate to keep the recovery rate
constant at 90%. The HRT value was computed as 187 minutes based on the feed flow

rate employed during the operation of the DCMF reactor, which is low enough to

eliminate biological oxidation.

Optimization floculant
dosing point and Operational Optimization
concentration

Long-term
operation

Figure 3.1 Optimization of DCMF filtration

In the second step of DCMF tests, the operating parameters of the DCMF process
were optimized using the optimal flocculant dosing point and concentration determined
in the first stage of DCMF tests (Figure 1.1). The operational parameters were
optimized according to Table 3.2, by changing one parameter while keeping the others

constant.

70



Table 3.2 The procedure followed in the optimization of the CEPS+DCMF process

Operational conditions

o Water Filtration/
Optimization Poly
Flux recovery . Backwash
Parameters pH concentration .
(LMH) rate (mg/L) duration
(%) g (min)
pH 6,7,8 20 90 0.5* 5/1
Filtration/backwa 5/1, 10/1
2 . % b b
sh duration (min) ! 0 %0 0.5 10/2
Flux (LMH) 7 20, 30, 40 90 0.5% 10/2%*
R ti
(;‘)’Overy e 20% | 70,380, 90 0.5* 10/2*
0

* These values were optimized in the dosing point optimization experiments.

Schematic diagrams of PAM+DCMF and CEPS+DCMF processes are given in

Figure 3.2 a and b, respectively. The dimensions of the reactor used in the system are

40x20x8.5 cm giving the total and effective volumes of 5.2 L and about 3.2 L,

respectively. A flat-sheet membrane module was vertically fixed in the tank and the

filtrate was withdrawn through the membrane by a suction pump (Longer Pump, China).

In addition, the formation of the cake layer was minimized by aeration of the membrane

from the bottom of the reactor with a flow rate of 0.2 m?/(m?h). The concentrated and

feed wastewater samples were characterized in each DCMF test, which was performed

in duplicate. The average values are presented with standard deviations.
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Figure 3.2 Schematic diagram of the (a) PAM+DCMF and (b) CEPS+DCMF process

In the third step, the long-term operation of the DCMF process was carried out
after optimization of the dosing point and the operating conditions. CEPS+DCMF
system was continuously operated for 20 days for treating primarily treated MWW. The
system was operated for 6 hours for every run each day. During the long-term operation,
3 virgin membranes, the properties of which are given in Section 3.2.1, were used in a
loop. The steps that take place in this loop are as follows; filtration was carried out in
the DCMF reactor with one membrane, the second fouled membrane was physically
cleaned after filtration, and the third membrane was chemically cleaned after physical
cleaning. TMP behavior, as well as the characterization of concentrated wastewater and
permeate, were investigated. During a typical operation, permeate was produced from
90% of the wastewater (23 mL/min) through the CM. Concentrated wastewater

suspension was retained at a 10% rate. Once the TMP reached 700 mbar, the membrane
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was cleaned by physical and chemical methods to recover its permeability. The

membrane cleaning methods are given in detail in Section 3.2.5.

3.2.5 Membrane Cleaning

After each DCMF filtration experiment, the cake layer is physically cleaned with
a sponge and backwashed with pure water. For the chemical cleaning of membranes,
NaOH (0.5 M) and HNO;3 (0.5 M) solutions were used separately. According to the
membrane cleaning procedure applied, the fouled membranes were taken out of the
reactor and submerged in chemical solutions for offline cleaning. A three-stage cleaning
procedure was applied to minimize flux loss in the ceramic membrane used in DCMF

experiments. Details of the cleaning procedure are as follows:

e Physical cleaning: After each DCMF filtration, the cake layer was cleaned with a
sponge, and soft brushing was applied to the membrane then 5 minutes backwash
was applied with pure water to remove the remaining foulants from the membrane
surface.

e Chemical cleaning with NaOH solution: Physically cleaned membrane was
immersed in 0.5 M NaOH solution for 15 hours. After NaOH cleaning, backwashing
was applied with pure water for 5 minutes to remove the remaining pore-blocking
foulants.

e Chemical cleaning with NaOH (0.5 M) and HNO3 (0.5 M) solutions: This procedure
was applied after each parameter optimization during the DCMF tests. The
membrane was first immersed in 0.5 M NaOH and then 0.5 M HNO:s solution for 15
hours each. Following this chemical cleaning, the membrane was rinsed by

backwashing with pure water for 5 minutes.

3.2.6 Specific fouling rate

The specific fouling rate (SFR, gm 2h™") is defined as the increase in the mass of

foulants per square meter per hour and was calculated by using the Equation 3.1,
SFR= Am/( Axan  (Ea.3.D)

where m is the foulant mass (g), A is the membrane area (m?), and t is the

filtration duration (h).
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3.3 Results and discussion

3.3.1 Flocculation performance at different PAM concentrations

Preliminary testing of polyelectrolytes with standard jar tests is essential for
deciding the optimum polyelectrolyte dosage [326]. Therefore, COD, TSS, and turbidity
removals at different PAM concentrations were determined by keeping pH at 7.0 in jar
tests. Figure 3.3 shows the average COD, TSS, and turbidity removal rates and standard
deviations for the duplicate jar test experiments. Even with the lowest concentration of
0.5 mg/LL PAM, significant improvement in the sedimentation was observed, which in
turn increased the removal efficiencies (Figure 3.3). The COD removals without and
with 0.5 mg/L PAM were 22% and 26%, respectively. Increasing PAM dosage over 1
mg/L did not enhance COD removal efficiency, although 1, 1.5, and 2 mg/L PAM doses
showed relatively similar values for COD removal efficiency (i.e., 31, 28, and 30%,
respectively). Although the TSS removals were quite similar at 1 and 1.5 mg/L PAM
dosages, the highest TSS removal (82%) was achieved at 2 mg/L PAM.

100
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-
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Figure 3.3 COD, TSS, and turbidity removals at varying PAM concentrations in jar

tests
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Besides COD, TSS, and turbidity measurements, the effluent of the jar test was
also characterized in terms of pH, conductivity, and POs-P concentration (Table 3.3).
After the PAM dosage, the pH was slightly changed ranging between 7.2 and 7.4. The
performance of flocculants is inherently not pH-dependent and does not cause any
significant changes in pH [327-329]. In addition, conductivity decreased to 197648
pS/cm in PAM-dosed samples. The highest PO4-P removal (57%) was obtained at 2
mg/L PAM.

Table 3.3 The impacts of PAM concentration on pH, conductivity, and PO4-P

Samples oH Conductivity PO4-P

(uS/cm) (mg/L)
Raw wastewater 7.2+0.1 2010+25 5.6£0.4
Without PAM 7.3£0.2 2020+14 5.5+0.2
0.5 mg/LL PAM 7.440.0 1976+8 5.6+0.1
1 mg/L PAM 7.4+0.1 1988+9 5.7+0.2
1.5 mg/L PAM 7.4+0.1 198249 5.0+£0.6
2 mg/L PAM 7.440.0 198710 2.4+0.7

3.3.2 Determination of optimum configuration

To determine the optimum PAM dosing point and its concentration, DCMF
experiments were conducted for two different configurations: PAM+DCMF and

CEPS+DCMF as detailed in Section 3.2.4.

The filtration performance of DCMF for two different configurations was determined in
terms of the OM recovery and TMP elevation. The TMP changes for different
configurations, i.e. PAM+DCMF and CEPS+DCMF, at varying PAM dosages were
provided in Figure 3.4 a and b, respectively. To evaluate the impact of PAM on
filtration performance, the DCMF experiment was also conducted in the absence of

PAM dosing.

In the DCMF tests without PAM addition, TMP increased above 350 mbar after
240 minutes. For the PAM+DCMF tests, using 0.5, 1, 1.5, and 2 mg/L PAM
concentrations, TMP increased above 350 mbar after 205, 187, 184, and 200 minutes,

respectively. On the other hand, TMP increased above 350 mbar after 268, 269, and 266
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minutes at 0.5, 1, and 1.5 mg/L PAM concentrations, respectively, in the CEPS+DCMF
configuration. The positive effect of PAM dosing on TMP could not be obtained in
PAM+DCMF experiments. Similarly, Malkoske et al. [330] evaluated the effect of
coagulation and flocculation on low-pressure MF and UF processes and obtained the
greatest reduction in membrane fouling in CEPS+DMF processes. Additionally, the
high molecular weight polyelectrolytes may accumulate and form a gelatinous layer on
the membrane surface, leading to a greater loss of flux and increasing the TMP [331].
As seen in Figure 3.4a, the PAM+DCMEF cannot overcome the fouling problem due to
this cake layer formation. Nevertheless, in the CEPS+DCMF process, gel layer
formation on the membrane was prevented, which showed a positive effect in terms of

TMP.
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Figure 3.4 TMP profile as a function of time for (a) PAM+DCMF and (b)
CEPS+DCMF

layer formation, the cake layer was collected with water and softly brushed after each
filtration experiment, and the SFR was calculated. Firstly, the concentrations of TSS
were converted to mass for comparison and the mass amounts of the cake layer were

calculated. In the DCMF experiments without PAM, the mass of the cake layer was
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270+£88 mg. In the PAM+DCMF experiments, the mass of the cake layer was 10.3+1.3,
9.7+1.1, 12.9£1.4, and 13.3£0.9 g/m?, respectively, at 0.5, 1, 1.5, and 2 mg/L PAM
dosages. Nevertheless, for CEPS+DCMF experiments, the TSS of the cake layer was
3.3+0.6, 3.1+0.1, and 3.5+0.7 g/m?, respectively, at 0.5, 1, and 1.5 mg/L PAM dosages.
According to the mass of the cake layer, the average SFR values and standard
deviations for the duplicate filtration experiments are presented in Figure 3.5. The
increase in PAM dosage promoted the cake layer formation by supporting the adhesion

of the solid matter on the membrane.
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Figure 3.5 Comparison of specific fouling rate (gm >h™!) for DCMF, PAM+DCMF,
and CEPS+DCMF processes

The characteristics of concentrated wastewater streams for two different DCMF
configurations are given in Table 3.4. The PAM+DCMF experiments did not show
better performance for the pre-concentration of the wastewater, like the performance of
filtration performance based on TMP results. Since PAM+DCMF causes the
polyelectrolyte to be attached to the reactor walls, membrane surface, and reactor

equipment such as pipes and connections, COD content could not pass into the
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concentrate stream with the sludge pump [332-334]. The highest COD concentration of
the concentrate (520420 mg/L) was achieved for 0.5 mg/L PAM dosing in
CEPS+DCMF (Table 3.4). The lowest concentration of NH4-N was obtained with 0.5
and 1.0 mg/L PAM CEPS+DCMF (37.9 and 35.7 mg NH4-N/L) in concentrated
wastewater samples. The low concentration of NHs4-N is an advantage in further
anaerobic energy recovery studies, as the high concentration of NH4-N will be toxic to
methanogens [335]. Furthermore, PO4-P was recovered in the CEPS+DCMF process at
higher performance. PO4-P concentration range in the concentrated streams of
PAM+DCMF and CEPS+DCMF were between 8.0-9.9 mg PO4-P /L and 9.6-12.5 mg
PO4-P/L, respectively.
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Table 3.4 Characteristics of the concentrated wastewater after the DCMF process with different PAM concentrations and configurations

Processes/Paramllil r Conductivity COD NO»-N NH,-N PO.-P
P (nS/cm) (mg/L) (mg/L) (mg/L) (mg/L)
DCMF 7.5+0.3 1667+105 495+4 1.3+1.0 47.840.9 8.140.6
DCMF+(0.5 mg/L PAM) 7.5+0.4 1642447 340442 1.5+0.1 443422 8.140.6
DCMF+(1 mg/L PAM) 74402 1380404 35044 1.4+02 44148 4 9.9+43.2
DCMF+(1.5 mg/L PAM) 7.5+0.1 162866 325418 1.240.1 38.2+1.1 8.0+0.8
DCMF+(2 mg/L PAM) 7.5+0.1 1782419 331+41 1.140.1 49.4+0.1 9.7+42.7
%
CEPS+DCMEF (0.5 mgL PAM) | Feed 7.4+0.1 1586185 480+181 1.4+0.1 35.749.1 11.5+1.2
Concentrate 7.5%0.1 1474+115 520+20 0.920.1 37.946.6 113203
Feed* 7.6£0.5 1599462 352490 0.9+0.1 36.8+13.3 10.8+2.2
CEPS+DCMF (1.0 mg/L PAM) 1 o e 8.1+0.7 1599+75 341498 1.0+0.1 35.7+11.8 9.6:2.3
Feed* 75402 1664+8 423175 1.120.1 43.840.2 12.341.8
CEPS+DCMF (1.5 mg/L PAM) I~ 0 e ate 7.840.5 1663435 429479 1.0+0.1 46.7+3.1 12.5+1.2

*Supernatant of CEPS process was used as feed.
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PAM is known as a common polymer used for flocculation while it is non-toxic to
humans, animals, and plants. However, residual monomers in PAM can cause some
environmental problems [336]. Since the high concentration of the chemicals used will
restrict the reuse of sludge in various applications with a circular economy approach,
e.g. in agriculture, after appropriate treatment processes, small chemical dosages should
be considered in the process [337, 338]. In addition to the OM recovery and fouling
tendency, the chemical costs must be taken into account in deciding the optimum
chemical dosage [339]. Therefore, the optimum flocculant concentration considering
OM recovery, filtration performance, and the chemical cost was determined as 0.5 mg/L

PAM.

3.3.3 Optimization of operational conditions of the DCMF process

The effective membrane fouling control approaches by determining optimum
operational conditions may extend the lifespan of the membranes and reduce
operational costs [340, 341]. The optimization of operational conditions is crucial to
achieve sustainable long-term operations of DMF processes [321, 340]. After the
determination of the optimum PAM concentration and process configuration, the
operating conditions were optimized in terms of pH, flux, filtration/backwash duration,

and water recovery ratio for the CEPS+DCMF mode of operation.

Influent and effluent wastewater characteristics in the CEPS process are presented
in Table 3.5. There are no significant removals of NO>-N, NH4-N, and PO4-P at 2%,
4%, and no removal, respectively. However, the most significant removal was observed
for TSS reduced from 184457 to 108+55 after the CEPS process, which is crucial for
controlling the cake layer developing on the membrane surface. Besides, COD was
decreased from 496+92 to 388+86 mg/L in the CEPS process with 0.5 mg/L PAM

dosing.
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Table 3.5 The characteristics of raw wastewater and CEPS process effluent

Parameters Raw WW 0.5 mg/L PAM dosing*
pH 7.4+0.2 7.5+0.2
Conductivity (uS/cm) 1624+199 1678+90

COD (mg/L) 496+92 388+86

TSS (mg/L) 184457 108+55

NO2-N (mg/L) 1.0+£0.4 1.1+£0.2

NH4-N (mg/L) 47.0+1.3 46.0+£2.2

PO4-P (mg/L) 10.0+0.9 9.6+1.1

*The average values are presented here with + indicating the
standard deviations for 15 samples collected after every CEPS
experiment.

3.3.4 Optimization of pH

After determining the optimum polyelectrolyte concentration, pH was optimized
with jar tests at 0.5 mg/L PAM dosing. The pH of the raw wastewater was 7.3. In
determining the optimum pH in jar tests, the pH of the samples was adjusted to 6, 7, and
8 using H2SO4 or NaOH solutions. Each jar test was performed in duplicate for different
pH values and the conductivity and COD parameters were measured after each test and
the results are presented in Table 3.6. COD removal efficiencies at pH 6, 7, and 8, were
quite similar at 49.2, 46.1, and 49.2%, respectively. On the other hand, the lowest
removal efficiency in terms of COD was obtained in the experiments conducted with
the pH (7.3) of the raw wastewater. Filtration experiments were carried out at pH 7 and
without pH adjustment due to the insignificant differences in COD removal obtained in
the jar tests. It has also been stated that flocculation is not a process that requires pH

adjustment, unlike the coagulation process [326, 342].

Table 3.6 Effect of pH on COD removal performance of CEPS process conducted at 0.5
mg/L PAM

pH Co(r:ldsl;;tlll\;lty COD (mg/L) COD(I;/(ZI)noval
Raw wastewater 1639 305+5 -
7.3 163243 210+1 40.5+0.3
6 176248 180+7 49.2+2.0
7 1653+16 190+8 46.1+2.3
8 1794+7 180+9 49.2+2.5
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The effect of pH on TMP is presented in Figure 3.6 for CEPS+DCMF
experiments with 0.5 mg/LL PAM. Although the pH had no noticeable impact on the
TMP change, it was only revealed that the experiment that used the wastewater's natural
pH performed better overall, particularly between the 280th and 380th minute of

filtration.
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Figure 3.6 TMP change in CEPS+DCMEF process with different pH

Concentrated wastewater characteristics at the optimum pH are given in Table 3.7.
COD concentrations for pH 7 and 7.3 were 520+20 and 510+10 mg/L, respectively. The
COD concentration in the CEPS+DCMF process concentrate was unaffected by the pH

of the wastewater.

Table 3.7 Characteristics of the concentrated wastewater after DCMF at different pHs

Parameters pH7 pH 7.3
pH 7.5+0.1 8.24+0.1
Conductivity (uS/cm) 1474+115 1600+8
COD (mg/L) 520+20 51010
NO>-N (mg/L) 0.9+0.1 1.3+0.0
NH4-N (mg/L) 37.9+6.6 44.4+11.1
POs-P (mg/L) 11.3+0.3 9.44+0.5

83



At pH 7.0 and 7.3, there was no discernible difference in filtration performance.
Therefore, the experiments were carried out at the wastewater's natural pH in the

following optimization stages.

3.3.5 Optimization of flux and filtration/backwash time

Numerous studies have used intermittent filtration and/or backwash to mitigate
membrane fouling [343-345]. In this study, the DCMF process was operated using
aeration and frequent backwashing together to reduce membrane fouling. Thus, the
formation of reversible fouling can be controlled with optimized backwash duration,
resulting in less frequent chemical cleaning, and reduced operating costs [346]. In these
DCMF experiments, net flux was kept at 20 LMH, and the TMP change against time at
different filtration/backwash durations (5/1, 10/1, 10/2 minutes) are given in Figure 3.7.
Major fouling of the membrane was detected when the system was operated with 10/1-
minute filtration/backwash time. As can be seen in Figure 3.7, although the TMP
increased in the system for 10/2 and 5/1 minutes of filtration/backwash times, the
membrane operated with 10/2 filtration/backwash time had lower TMP after 250

minutes of filtration time.
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Figure 3.7 Change in TMP in CEPS+DCMF process with filtration time with different

filtration/backwash time
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The concentrated wastewater characterizations in the DCMF tests carried out for
the optimization of filtration/backwash durations are given in Table 1.8. It was
determined that the wastewater was not concentrated at the rate of 10/1 minute
filtration/backwash, which ended after 220 minutes of filtration because of the fouling
of the membrane. The COD in the concentrated streams were 480+10, 545+34, and

362439 mg/L at 5/1, 10/2, and 10/1 min filtration/backwash time, respectively.

Table 3.8 Characteristics of the concentrated wastewater after DCMF with different
filtration/backwash time

Filtration/backwash duration (min)

Parameters
51 10/2 10/1

pH 8.2+0.1 7.8+0.0 7.9+0.4
Conductivity (uS/cm) 1600+8 1695452 1663+108
COD (mg/L) 480+10 545+34 362+39
NO3-N (mg/L) 1.3+0.0 1.0+£0.1 0.9+0.4
NH4-N (mg/L) 44.4+11.1 49.4+3.4 49.6+0.8
PO4-P (mg/L) 9.4+0.5 9.0£1.4 9.1+0.1

The filtration/backwash duration of 10/2 minutes exhibited superior performance
in terms of filtration performance. Then, filtration was carried out at 20, 30, and 40
LMH fluxes for the optimization of the process flux. The TMP behavior for the
filtration is presented in Figure 3.8. For the DCMF operated at 30 and 40 LMH fluxes,
the TMP increased above 350 mbar after 68 and 40 minutes, respectively, and these
filtration experiments ended after 157 and 71 minutes, respectively. In the
CEPS+DCMF experiment carried out at 20 LMH flux values, the TMP value increased
over 350 mbar after the 220th minute and the experiment ended at the 424th minute.
The higher fluxes required higher TMPs, often increasing the fouling rate and

subsequently forcing more frequent cleaning, ultimately reducing productivity [347].
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Figure 3.8 TMP change in CEPS+DCMF process with different fluxes

Characteristics of the concentrated wastewater after DCMF at 20, 30, and 40
LMH fluxes are given in Table 3.9. The highest COD concentration was reached at 20
LMH (545434 mg/L). These results were directly related to the duration of the
experiment. Permeate production was approximately 7.8, 4.8, and 2.5 L for 20, 30, and
40 LMH fluxes, respectively. In the experiment conducted with a flux of 20 LMH, the

duration of filtration extended up to 420 minutes (Figure 3.8).

Table 3.9 Characteristics of the concentrated wastewater after DCMF with different
flux

Parameters 20 LMH 30 LMH | 40 LMH
pH 7.8+£0.0 7.2+0.1 7.4+0.1
Conductivity (uS/cm) 1695+52 1667+ 30 | 1635+7
COD (mg/L) 545+34 420460 47927
NO;3-N (mg/L) 1.0+0.1 ND 1.0+0.7
PO4-P (mg/L) 9.0+1.4 9.240.2 10.9+0.4
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In the CEPS+DCMEF process, the optimum flux was determined as 20 LMH in
terms of TMP and COD recovery. In DMF studies conducted in the literature with the
polymeric membrane with a similar pore size (0.1 p), the flux values vary between 4.2
and 20.8 LMH [290, 292, 321]. However, ceramic membranes are usually operated at
higher fluxes than the polymeric membranes, such as 20-40 LMH, but lower fluxes
should be considered to reduce fouling, and associated energy demand for permeate

withdrawing [345].

3.3.6 Optimization of recovery rate

The recovery rate of water in ceramic membrane filtration processes significantly
impacts the overall effectiveness of wastewater treatment. Therefore, the effect of
different water recovery rates of 70%, 80%, and 90% on DCMF system performance
has been evaluated at 0.5 mg/L PAM, natural wastewater pH, the filtration/backwash
time of 10/2 minutes, and at 20 LMH flux conditions. The TMP profile in the
CEPS+DCMF experiments is given in Figure 3.9 for 70%, 80%, and 90% membrane
recovery rates. In DCMF experiments conducted at different recovery rates, similar
TMP changes were observed until the 200" minute, while TMP was lower at an 80%

recovery rate in the rest of the filtration.
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Figure 3.9 TMP change in CEPS+DCMF process with the different recovery rates

Characterization of concentrated wastewater obtained in CEPS+DCMF
experiments conducted within the scope of optimization of the recovery rate is given in
Table 3.10. Here, the best performance in terms of OM recovery was obtained for a
90% recovery rate and showed promising potential in energy recovery studies. In the
literature, it is known that ceramic microfiltration membranes were used in recent years,
and studies with high recovery rates were carried out in DCMF systems similar to the

experimental setup used in this study [303, 304].

Table 3.10 Characteristics of the concentrated wastewater with different recovery rates

70% 80% 90%

Parameters

Recovery Recovery Recovery
pH 8.0+0.1 7.7+0.2 7.8+£0.0
Conductivity (uS/cm) 1689+76 1678+54 1695+52
COD (mg/L) 444486 443473 546+34
NO;3-N (mg/L) 1.1+0.2 1.4+0.2 1.0+0.1
PO4-P (mg/L) 10.4+0.4 10.0£1.0 9.0+1.4

3.3.7 Long-term operation of CEPS+DCMTF process and energy
production potential

CEPS+DCMF system was operated for 20 days for long-term treatment of
primarily treated MWW. Change in TMP with filtration time during the operation of the
CEPS+DCMF process is presented in Figure 3.10. When the TMP reached the critical
value of 700 mbar, the fouled membrane was subjected to off-line chemical cleaning.
After each filtration, the membrane was physically cleaned with a sponge and
chemically cleaned by immersing it in 0.5 M NaOH solution for 15 h. At the end of the
13t and 2" cycles of operation, the membrane was cleaned by immersing it in 0.5 M
HNO:s solution in addition to physical and NaOH cleaning procedures, due to a decrease
in time of the filtration duration. It can be noticed that the trend of TMP change with
filtration time varied for three different filtration cycles. From the beginning of the
filtration to around 16 h (1% cycle), the TMP showed a gentle increase to around 300
mbar in the first 10 h followed by a sharp increase to 700 mbar as the filtration time
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went from 10 h to 16 h. Since the duration of the experiment gradually decreased in the

first 6 filtrations, the HNOs cleaning procedure was also applied after the NaOH

cleaning procedure.
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Figure 3.10 TMP profile as a function of time for continuous operation of

CEPS+DCMF process

The CEPS+DCMF process was operated with a concentration factor of 10 and

COD concentration increased during the operation (Figure 3.11). The COD

concentration in the concentrate was 290 and 822 mg/L, initially and after 20 days of

operation, respectively. Permeate COD concentration increased similarly to the

concentrate concentration as it increased from 38 to 142 mg/L at initial and after 20

days of operation, respectively.
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Figure 3.11 COD concentrations in the concentrate and permeate of continuously

operated CEPS+DCMF process

COD concentration was used to quantify the amount of OM in concentrated
wastewater and to predict the potential for energy production in further anaerobic
processes. The process flow diagram and material balance obtained considering the
experimental results are provided in Figure 3.12. The pre-settling tank flow rates were
determined based on existing WWTP data. Approximately 1.25% of the wastewater is
removed as sludge in the pre-settling tank. The pre-settling tank effluent is fed to the
CEPS process and 10% sludge is removed. The COD concentration of the concentrated
stream in this treatment process was calculated as 1432 mg/L. For each process, average

COD concentrations were provided for mass balance calculations.
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Figure 3.12 Theoretical COD concentrations in different units of the proposed process

used in mass balance and energy calculations

For the real-scale WWTP from which wastewater is obtained, the influent flow
rate of the pre-settling tank is 160,000 m?/d. According to mass-balance calculations
provided in Table 3.11, 32,000 m*/d concentrate will be generated corresponding to
45,824 kg COD/d. The most frequently used basic technology to recover energy from
sludge is anaerobic digestion to generate methane. Hence, methane generation is
considered in the energy generation calculations. On the other hand, the energy
requirement of the novel DCMF process was also included in the energy balance
calculations. Thanks to the proposed OM recovery process 0.28 kWh/m?® of energy can
be produced. However, the energy consumption of the existing conventional WWTP is
0.26 kWh/m?>. In other words, the application of CEPS+DCMTF has a high potential for
the pre-concentration of OM from MWW for further energy recovery to achieve energy-
positive wastewater treatment. The required energy and the potential energy generation
for the suggested process are illustrated in Table 3.11. The detailed study in the table
shows that the suggested process is an energy-positive process, which can be safely

used for the treatment of MWW.
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Table 3.11 Energy balance for electrical energy requirements and potential production
with CEPS+DCMF process

Parameter Value

Energy for permeate production

Average TMP (m H,0)* 4

Permeate flow rate (m?/s) 1.48

Power requirement for permeation (kW) ° 58.07

Required pumping energy for permeation (kWh/m?) ¢ 0.011
Energy for feeding pumping

Reactor head loss (m) 0.1

Feed flow (m?/s) 1.64

Power requirement for feeding (kW) ° 1.61

Required pumping energy for feeding (kWh/m?) ¢ 0.0003
Energy for aeration

Reactor head loss (m) 3

Air flow (m>/sn) 14.8

Power requirement for aeration (kW) ® 435.6

Required energy for aeration (kWh/m?) 0.082
Electrical energy production potential from methane

Organic matter amount of concentrate (kg COD/d) 45,824

Methane production (m? CHy) 16,038

Methane energy content (kWh/m?)° 1.13

Electrical energy production from methane (kWh/m?) 0.37
Net energy production (kWh/m?) 0.28

Electrical energy required for conventional treatment (kWh/m®) | 0.26

“ For the feeding pump head loss was assumed 0.1 m. Average TMP during long-
term operation (0.23 bar), equivalent to a hydraulic head loss E of 2.3 m for
permeation.

b Energy requirement = QyE/1000, where Q (m’/s) is flow rate, y = 9800 N/m> and
E (m) is head loss[348].

¢ Assumed energy transfer efficiency of 65% in conversion of electrical energy to

pump energy[348].

4 The CHyproduction potential of 1 g COD is around 0.35 L

The heating value of 1 m*> methane used in the calculation was 11.3 kWh[349].
I The energy conversion efficiency is accepted as 33%.

3.4 Conclusions

In this study, a novel DCMF process configuration with PAM dosing was
developed with the aim of concentrating OM from MWW for potential energy recovery.

Different process configurations on the fouling behavior of DCMF were investigated
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and the system operating conditions were optimized in terms of OM recovery and
membrane fouling. Compared to the PAM+DCMF configuration, the CEPS+DCMF
was a promising process, and dosing of 0.5 mg/L PAM was effective for the pre-
concentration purpose. pH did not have a significant effect on filtration performance.
pH had no noticeable impact on the effectiveness of the filtration process. In the DCMF
operations, TMP increased above 350 mbar after 220, 68, and 40th minutes,
respectively, at 20, 30, and 40 LMH fluxes. Membrane fouling was reduced at a
filtration/backwash duration of 10/2 minutes. Thus, the formation of reversible fouling
is controlled with the optimized backwash duration. COD concentration in concentrated
wastewater was 444+86 mg/L, 443+73 mg/L, and 546+34 mg/L, respectively, at
recovery rates of 70, 80, and 90%. In the long-term operation of CEPS+DCMF for 20
days, COD reached 822 mg/L COD in concentrated wastewater. When evaluated with a
holistic approach, according to the theoretical COD calculations 1432 mg/LL COD can
be obtained in the concentrated stream by using the CEPS+DCMF process. If the
CEPS+DCMF process were utilized as a real-scale treatment, 0.28 kWh/m® of energy
could be generated. These results indicated that CEPS+DCMF has a high potential for
the pre-concentration of OM from MWW for further energy recovery studies.
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Chapter 4

Long-term operation of flocculation
assisted direct ceramic microfiltration for
up-concentration of municipal

wastewater?

4.1 Introduction

Globally, in recent years studies on energy-self-sufficient and carbon-neutral
wastewater treatment processes gathered more interest. There is wide acceptance that
MWW may be repurposed as a valuable resource for energy, water, and nutrients [350].
MWW is generally described as having a moderate to low COD level, which makes it
less suitable for direct anaerobic treatment. Advanced methods, such as dynamic sand
filtration, dissolved air flotation, DMF, and biological adsorption, can be used to boost

the content of COD in wastewater [91]. Recent investigations conducted at various

2 This chapter was published as:

Ozcan, O., Sahinkaya, E., & Uzal, N. “Long-term operation of flocculation assisted direct ceramic
microfiltration for up-concentration of municipal wastewater.”, 10th International Conference on
Sustainable Solid Waste Management, Chania, Greece, 21 - 24 June 2023
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scales, including short and long-term as well as lab and pilot-scale, have provided
insights into the potential of DMF as a strategy for concentrating raw MWW [351].
However, the fundamental disadvantage still lies in the membrane fouling that is
essential to the process. Regardless of whether they are in a submerged or side stream
configuration, the membrane material is affected by accumulation caused by organic,
inorganic, or biological fouling. This accumulation reduces the generation of permeates
due to the development of gel, adsorption, deposition, pore blockage, or cake formation

[352].

In light of the growing attention on resource recovery and environmental
sustainability, the use of ceramic membranes for the up-concentration of MWW offers
an environmentally friendly, energy-efficient, and more resistant to accumulation
approach to MWW treatment [284]. The process of removing pollutants and potentially
recovering resources from MWW through the use of DCMF is considered to be a
straightforward and effective method [304]. However, for the DCMF process to be fully
implemented, fouling and a decrease in flux must be overcome as they are the two
major barriers [353]. The effective membrane fouling control approaches by
determining optimum operational conditions may extend the lifespan of the membranes

and reduce operational costs [340, 354].

In recent years, various experiments conducted at both lab and pilot scales,
spanning short and long durations, have provided indications of the potential of DCMF
as a means of up-concentrating raw MWW [24, 29]. However, the primary limitation
continues to exist regarding the membrane fouling that is intrinsic to the process. In
recent years, various non-traditional strategies such as photocatalysis, ultrasound,
electro-filtration, membrane vibration, and rotating membranes have been studied as
potential strategies for mitigating fouling on membrane surfaces during DMF processes
[355-357]. Despite their prominence, such methods are still in their early stages and
require further consideration of their economic and technical aspects to establish an
affordable long-term operation. Additionally, the current literature primarily focuses on
conventional methods to prevent fouling in membrane bioreactors, as this technology is
well-established and widely used. However, further research is required to investigate

the DMF process. In order to test the process's accurate performance, this research
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should attempt to identify the optimum cleaning, fouling control, and operating strategy

for long-term operations. [351, 354].

The conventional methods for mitigating fouling over low-pressure membranes
are widely utilized and have demonstrated superior efficacy in wastewater treatment,
while also being linked to comparatively economical operational expenses [358].
Chemically enhanced primary sedimentation (CEPS) is one of the most extensively

used methods for reducing the fouling rate of membranes [29, 340, 359].

Nevertheless, there hasn't been any research on the efficiency of the cleaning
strategy and the number of membranes in the DCMF of MWW integrated with the
CEPS process during long-term operation. Therefore, this study was conducted to
evaluate the long-term operation of the CEPS+DCMF process with the aim of
developing a sustainable and effective up-concentration process for further energy
recovery processes. To determine the optimum conditions the effect of flux, membrane

cleaning procedure, and number of membranes used in the reactor were investigated.

4.2 Materials and methods

4.2.1 Materials and chemicals

The raw material of the operated flat sheet ceramic membrane was silicon carbide.
The pore size of the membrane was 0.1 um. The length x width x thickness of the
membrane plate was 230 mm x 150 mm x 6 mm. The effective membrane area was

0.069 m>.

Cationic polyacrylamide (PAM, Hydrofloc, Italy) was used as the flocculating
agent in the CEPS process. The ceramic membrane's cleaning process involved the use
of chemicals sourced from Merck, Germany, namely sodium hydroxide (NaOH), nitric
acid (HNO3), and hydrochloric acid (HCI). All solutions were prepared using deionized

water in the experiments.

4.2.2 Wastewater and Analysis

In order to feed the CEPS+DCMF process, samples were acquired from the
primary settling tank effluent of the municipal WWTP located in Kayseri, Turkey. In
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Chapter 3, Table 3.1 presents the characteristics of the raw wastewater samples. The
samples that were gathered were kept at a temperature of 4 °C. Prior to their use, the
samples were allowed to reach room temperature, which was maintained at 20 + 5 °C.
The 3620 IDS WTW multiparameter (WTW GMBH, Germany) was used to measure
EC and pH. The concentrations of chloride (CI), sulfate (SO4>"), and phosphate-
phosphorus (PO4-P) were determined using anion chromatography (AC) on a Metrohm
fitted with a Metrosep A Supp 5 (150 mm) analytical column and a Metrosep C4 (4

mm) guard column.

COD, TSS, and NHs4-N analyses were carried out following the ‘“Standard
Methods for Water and Wastewater” of the American Public Health Association [360].

4.2.3 Experimental setup and operation

The schematic representation that summarizes the CEPS+DCMF process applied
in this study is given in Figure 4.1. Specifically, the samples were placed into a jar test
device and mixed with PAM for a duration of 2 minutes at a rapid speed of 120 rpm,
followed by a slow mixing period of 15 minutes at 15 rpm. The mixture was then
allowed to settle for 15 minutes, after which the supernatant was collected and used in

the DCMF process. The total daily operating time of the system was 6 hours.

Primary settling CEPS
tank of WWTP process

» DCMF ——>» Permeate

Concentrate Concentrate

Figure 4.1 Schematic representation of the CEPS+DCMF process

Figure 4.2 represents a picture of the laboratory-scale setup utilized in DCMF

investigations.
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Air flowmeter

Permeate
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Figure 4.2 The picture of the laboratory-scale DCMF system

Experiments were performed at four different phases by changing the number of
membranes in the reactor, flux values, and membrane cleaning procedure. The

differences and operating times applied at each phase are given in Table 4.1.
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Table 4.1 Operating conditions for the CEPS+DCMF process

Number of .
Phases of membrane Flux Operating Membrane cleaning procedure
Operation . (LMH) | time (hour) gp
Phase | 1 20 30 Chemical cleaning (In-situ)
Physical+chemical cleaning
Phase 11 1 20 110 (Offline)
Physical/Physical+chemical
Phase 111 2 10 190 cleaning (Offline)*
Phase IV ) 20 530 Physical/Physical+chemical

cleaning (Offline)*

*Chemical cleaning procedures were used when physical cleaning was no longer
effective in preventing membrane fouling.

4.2.4 Membrane cleaning procedures

The in-situ chemical backwashing (CIP, Cleaning-In-Place) procedure consisted

of employing two solutions that were adjusted to pH 2 with HCI and contained 500

mg/L. NaOH in order to use during backwashing. The flux of the backwash was set to

10 LMH and the duration of each backwash cycle was maintained at approximately 15

minutes for each solution.

The details of the ex-situ cleaning procedure are as follows.

e Physical cleaning: The cake layer is cleaned with a sponge and soft brush and

backwash is applied with pure water for 5 minutes to the membrane.

e The membrane, which has been physically cleaned with water, is immersed in a

0.5 M NaOH solution for 15 hours. Following chemical immersing, 5 minutes of

backwashing with pure water is performed. Lastly, the remaining chemicals are

removed by soaking the membrane in pure water.

e When the membrane is not sufficiently cleaned using 0.5 M NaOH solution,

further cleaning is performed using 0.5 M HNO3 solution. The membrane is

immersed in a 0.5 M HNO; solution for 15 hours. Lastly, the remaining

chemicals are removed by soaking the membrane in pure water.
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4.2.5 Assessment of energy potential

Assessing the energy production potential of the CEPS+DCMF process is crucial
to showcasing its feasibility on a large-scale application. Within this context, the
amounts of organic matter involved in the process of extracting energy from wastewater
are directly correlated with the amount of energy that can be recovered. Therefore, the
potential energy that can be derived from the CEPS + DCMF process was determined
by calculating the amount of average COD present. Figure 4.3 provides the process
flows that will be obtained if the CEPS+DCMF process is operated as a real-scale
treatment plant. Additionally, it includes the flow rate data needed in energy
calculations. The flow rates of the preliminary sedimentation tank are determined using
data obtained from the current WWTP, where samples of raw wastewater were
collected. In the current WWTP, about 1.25% of the influent wastewater is removed as
sludge in the preliminary settling tank. In the proposed approach, the effluent
of the primary settling tank will be transferred to the CEPS process, and the
supernatant will be extracted at a rate equivalent to 90% of the influent flow rate. The

DCMEF process will be performed with a sludge stream concentration factor of 10.

98.75%

88.8%
3
_ _ 160.000 m™/day 144.000 m*/day 80.0%
Pre-sedimentation CEPS < DCME »129.600 m®/da
tank of WWTP process i Permeate
I g
9.88% 8.88%
16.000 m%day 14.400 mslday
1.25‘;A; CEPS Sludge Concentrated
2_025[3 Ln /day wastewater 20.0%
udge 32.000 m*/day

> > » Composite
concentrated
wastewater

Figure 4.3 The flow rates that will be achieved when operating the CEPS+DCMF

process as a full-scale treatment plant.

For energy potential calculations, the estimated production potential of CHs from
1 gram of COD is around 0.35 L [361]. Under standard conditions, it is generally
accepted that each m® of methane is equivalent to 10 kWh of energy, and the efficiency

of converting this energy is accepted to be 33% [362]. Based on the total inflow of the
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system, the energy that can be generated using this data is computed as kWh/m?

wastewater.

4.2.6 Membrane characterization

SEM-EDX analyses were performed to gather data on how fouling affects the
morphology of the membrane surface and the efficacy of the cleaning methods used.
SEM-EDX measurements were taken on the surfaces of the membranes using an
analyzer manufactured by Zeiss, Leo 440, Randburg. The membranes were trimmed to
an approximate dimension of 3x3 mm and subsequently subjected to a gold coating
process prior to measurement. The analyses were conducted utilizing a voltage of 10

kV.

4.3 Results and discussion

4.3.1 TMP behavior

The time-course variation of TMP during the long-term operation of the
CEPS+DCMF process for the first phase is given in Figure 4.4. The long-term operation
experiments of the CEPS+DCMF process were started by applying in-situ chemical
backwashing (CIP, Cleaning-In-Place) as the first step and the system was operated at
20 LMH flux for 30 hours (Figure 4.4). During the 5-day operation at 20 LMH flux,
CIP was applied when the TMP value exceeded 700 mbar. An HCl-adjusted solution
with a pH of 2 and a NaOH solution with a concentration of 0.5 M were used for
backwashing processes, respectively. Attaining TMP values exceeding 700 mbar
had been reached within 9 hours from the initial start of the long operational
experiment. When the TMP value reached 700 mbar, the CIP procedure was
performed, and the system was restarted. Nevertheless, the frequency of CIP application
was reduced to 2 hours at the end of 27 hours of operation. It was shown that controlling

fouling in DMF required more than a CIP cleaning approach.
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Figure 4.4 TMP profile as a function of time during Phase I

Since TMP rising could not be controlled during the first phase, physical and
chemical cleaning procedures were applied in the period defined as the second phase
(Figure 4.5). At this phase, physical and chemical cleaning was not effective due to the
increasing concentration of wastewater during operation. External physical and
chemical cleaning with 0.5 M NaOH solution was performed at this phase when the
membrane became fouled with a TMP above 700 mbar during the process operational
period. The increasing concentration of wastewater during the 20-day operation (at the
end of 30 hours of operation) caused a change in the fouling tendency of the membrane.
Based on the frequency of membrane cleaning, it concluded that using only NaOH for
chemical cleaning was insufficient after 30 hours of operation. The time of the process
involving both physical and chemical cleaning (using 0.5 M NaOH), as well as
subsequent chemical cleaning using (0.5 M) HNOs, is indicated by red lines in Figure

4.5.
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Figure 4.5 TMP profile as a function of time during Phase I1

The higher fluxes required higher TMPs, often increasing the fouling rate and
subsequently forcing more frequent cleaning, ultimately reducing productivity [363].
Literature reviews reveal a wide range of flux values (from 4.2 LMH to 20.8 LMH) in
direct membrane filtration experiments using polymeric membranes that have a
comparable pore size (0.1 um) [290, 292, 321]. Lower fluxes should be evaluated to
prevent fouling and manage TMP increasing, and the energy demand associated with
permeate production, even though the ceramic membranes are typically operated at
greater fluxes than polymeric membranes, such as 20-40 LMH [345]. In order to
minimize this negative effect and mitigate the fouling, two membranes were integrated
in parallel to the CEPS+DCMF system in the third operation phase, and the system was
operated at 10 LMH flux with the same feed flow rate (Figure 4.6). Therefore, under the
same flow rate operation, effective management of membrane fouling is achieved,
allowing for a process duration of approximately 130 hours without the requirement of
chemical cleaning. Chemical cleaning (using 0.5 M NaOH) was applied to the
membrane after physical cleaning procedures were insufficient to control the rapid

increase in TMP.
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Figure 4.6 TMP profile as a function of time during Phase III -Operating two

membranes in parallel at a flux of 10 LMH (The red line indicates the time of chemical

cleaning with NaOH solution)

Finally, in the fourth operation phase, the CEPS+DCMF process was operated
using two parallel membranes at 20 LMH flux (Figure 4.7). Blue arrows indicate the
points in Figure 4.7 where physical and chemical cleaning (with 0.5 M NaOH solution)
were performed. A pressure of 600 mbar was defined to provide efficient filtration and
protect the membrane module from physical harm. Nevertheless, after the ceramic
membranes were deformed a new ceramic membrane was installed at the 385th hour of
operation (as indicated by the red line), and operation of the CEPS+DCMF process
continued. After replacing the membrane modules, membranes become more resistance

to fouling. This is indicated by the fact that the operation can be sustained only with

physical cleaning until the 511th operating hour.
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Figure 4.7 TMP profile as a function of time during Phase IV (The physical+chemical
cleaning is applied are marked with blue arrows. At the time indicated by the red line, a

new ceramic membrane was placed after the deformations in the ceramic membranes.)

4.3.2 Samples characteristics

Table 4.2 presents the findings of the characteristics of concentrate and permeate
samples gathered from the DCMF process, which was fed the effluent of the CEPS
process. During the first phase of the operation, the process terminated because the
system was unable to effectively control the fouling of the membrane, resulting in

insufficient up-concentration of the wastewater.

During the second phase of operation, it was found that the concentration of COD
in the concentrate consistently increased over time throughout the operation of the

CEPS+DCMF process.

During the third phase of operation, COD in the concentrate reached a maximum
concentration of 1752 mg/L, and COD in the permeate ranged from 46 to 81 mg/L. The
COD removal efficiency of CEPS+DCMF was ranged between 73% and 88%. Hence,
CEPS+DCMF achieves its goal of efficiently removing and concentrating organic
substances. By feeding the wastewater from the lower part of the membrane region,
most of the particulate COD settled in the concentration zone and was collected from
the system as a concentrated stream [364]. Therefore, compared to the raw wastewater,

the COD in the supernatant was substantially reduced.
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In the fourth phase of the CEPS+DCMF process, which was operated with two
membranes in parallel at 20 LMH flux, the COD concentration in the concentrate
increased to 2225 mg/L in the DCMF process, whereas the average COD value in the
permeate was 61+14 mg/L. The CEPS process concentrated the wastewater
approximately 8 times at this phase, resulting in an average COD removal of 70%. The
influent samples of the CEPS+DCMF process were concentrated about 8 times in terms
of COD in this phase of operation. On the other hand, it is not unexpected that the
inorganic ions such as CI, SO4*, and PO4-P were not removed highly in any operation
phase because MF membranes have a higher pore size [365]. Although PO4-P was not
effectively removed, its concentration in the concentrate samples increased. The
concentration of PO4-P in the CEPS supernatant samples used in the DCMF process
ranged from 8.1 to 9.3 mg/L. It reached a maximum concentration of 10.7+0.8 mg/L in
permeate samples during the 4th phase of operation. Additionally, the DCMF
concentrate samples had the highest concentration at 15.9+5.5 mg/L during the 2nd
phase operation. According to research by Van Nieuwenhuijzen, A. F. et al. [366] on
the characterization and fractionation of MWW based on particles, 11% of the
phosphorus is bonded to settleable particles. Therefore, PO4-P, which is considered to

have become concentrated by adhering to particulate matter or the membrane in the

reactor, also caused an increase in permeate samples.

Table 4.2 Characterization of samples acquired by the CEPS+DCMF process

Phases of Samoles H EC COD Cr SOZ PO,-P
Operation P P (uS/cm) (mg/L) (mg/L) (mg/L) | (mg/L)

Feed 6.9-7.7*% | 1768-2080* | 269-324* | 197-352* | 78-121* | 7.9-10.1*
CEPS Concentrate | 7.2-7.7* | 1817-2260* 1147- 199-362* | 54-120* | 9.8-25.7*
process 1239%*

Supernatant | 7.1-7.9% | 1846-2070* | 147-191* | 197-358* | 74-92* | 8.1-9.3*
Phase I Concentrate | 7.9+0.2 21104£320 192435 337+50 68+£32 | 10.6£3.2

Permeate 8.5+0.2 2000+320 74£20 326+55 81+£22 8.0£1.8
Phase I Concentrate | 7.4+0.5 2046483 290-822% | 302443 | 100+13 | 15.945.5

Permeate 7.7£0.5 1940£71 38-151* 300+39 10148 9.5+£2.1

Concentrate | 8.0+0.9 1873-2360 194_* 196-405* | 57-121* | 9.9£54
Phase 111 1752

Permeate 8.5+£0.5 1767-2280 46-81* 198-400* | 76-111* | 9.1£3.8

Concentrate | 7.6:0.3 2270+65 792_* 34619 | 78+23 | 15.7£2.3
Phase IV 2225

Permeate 7.9+0.2 18914428 6114 204+32 51£10 | 10.7+0.8

*These values are the lowest and
CEPS+DCMF process.

highest values daily measured during operation of the
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4.3.3 Assessment of energy potential

The potential energy generation obtained from the CEPS+DCMF process has
been calculated based on the COD concentration received from long-term operating
experiments. Figure 4.8 shows the process flow rates and average COD concentrations
that will be reached if the CEPS+DCMEF process is used in a real-scale treatment plant.
The pre-sedimentation tank flow rates are acquired from Kayseri WWTP current data.
The DCMF process will be implemented in the sludge flow at a concentration factor of
10. With a proportional calculation, we found that the COD content of the concentrated

wastewater which might be obtained using this treatment process is 2055 mg/L.

98.75% 88.8%

3
160.000 m*/day 144.000 m*/day 80.0%
[Tl COD: 297 mg/L CEPS COD: 151 mg/L - 129.600 m*/day
tank of WWTP > process " Permeate
COD: 135 mg/L

9.88% 8.88%
16.000 m%/day 14.400 m°/day
1.25"3A, CEPS Sludge Concentrated
2.025 m’/day COD: 1239 mg/L wastewater 20.0%
Sludge COD: 2225 mglL .t

32.000 m%day

- - » Composite

g g " concentrated
wastewater

COD: 2055 mg/L

COD: 7300 mg/L

Figure 4.8 Theoretical potential energy generation that could be obtained from the

operation of the CEPS+DCMF process

For the real-scale WWTP from which wastewater is gathered, the influent flow
rate of the pre-settling tank is 160,000 m?/d. According to mass-balance calculations
provided in Figure 4.8, 32,000 m?/d concentrate will be generated corresponding to
65,760 kg COD/d. The most frequently used basic technology to recover energy from
sludge is anaerobic digestion to generate methane. Hence, methane generation is
considered in energy generation calculations. On the other hand, the energy requirement
of the novel DCMF process was also included in the energy balance calculations.
Thanks to the proposed OM recovery process 0.45 kWh/m® of energy can be produced.
However, the energy consumption of the existing conventional wastewater treatment
plant is 0.26 kWh/m>®. In other words, the application of CEPS+DCMF has a high
potential for the pre-concentration of OM from MWW for further energy recovery to

achieve energy-positive wastewater treatment. The required energy and the potential
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energy generation for the suggested process are illustrated in Table 4.3 The results of
calculations in the table show that the suggested process is an energy-positive process,

which can be safely used for the treatment of MWW.

Table 4.3 Energy balance for electrical energy requirements and potential production
with CEPS+DCMF process

Parameter Value

Energy for permeate production

Average TMP (m H,0)* 4

Permeate flow rate (m?/s) 1.48

Power requirement for permeation (kW) ° 58.07

Required pumping energy for permeation (kWh/m?) ¢ 0.011
Energy for feed pump

Reactor head loss (m) 0.1

Feed flow (m?/s) 1.64

Power requirement for feeding (kW) ® 1.61

Required pumping energy for feeding (kWh/m?) ¢ 0.0003
Energy for aeration

Reactor head loss (m) 3

Air flow (m%/sn) 14.8

Power requirement for aeration (kW) ® 435.6

Required energy for aeration (kWh/m?) 0.082
Electrical energy production potential from methane

Organic matter amount of concentrate (kg COD/d) 65,760

Methane production (m? CHg) 23,016

Methane energy content (kWh/m?)° 1.63

Electrical energy production from methane (kWh/m?) 0.54
Net energy production (kWh/m?) 0.45

Electrical energy required for conventional treatment (kWh/m®) | 0.26

“ For the feeding pump head loss was assumed 0.1 m. Average TMP during long-term
operation (0.23 bar), equivalent to a hydraulic head loss E of 2.3 m_for permeation.

b Energy requirement = QyE/1000, where Q (m’/s) is flow rate, y = 9800 N/m® and E (m)
is head loss[348].

¢ Assumed energy transfer efficiency of 65% in conversion of electrical energy to pump
energy[348].

4 The CHyproduction potential of 1 g COD is around 0.35 L

“The heating value of 1 m®> methane used in the calculation was 11.3 kWh[349].

! The energy conversion efficiency is accepted as 33%.
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4.3.4 Membrane characterization

SEM and EDX analysis provides a better understanding of the characterization
and development of fouling on the membrane surface after wastewater filtration. On
virgin, physically, and physically+chemically cleaned ceramic membrane surfaces,
SEM and EDX analyses were performed. Figure 4.9 presents images of the SEM
analyses performed, and Table 4.4 provides the elemental composition obtained from
the EDX results. In addition, the area where the EDX analysis was conducted is

indicated in Figure 4.9 by a red box.

The pollutants that cannot be removed when the physical cleaning procedure is
applied on the membrane surface after long-term operation studies and cause fouling in
the membrane pores are seen in Figure 4.9b. According to the EDX analysis performed
on the pollutant given in Figure 4.9b and Table 4.5, the fouling-causing pollutant
consists primarily of the elements C, N, and P and originated from organic matter [367].
However, no pollutants were detected in the SEM images of the physically and
chemically cleaned membrane surface (Figure 4.9c), and the elemental composition of
the membrane is nearly similar to that of the virgin membrane (Table 4.4). The presence
of Si, C, Al, and O in the EDX analysis of the virgin and physically+chemically cleaned
membrane is attributable to the ceramic membrane's silicon carbide and aluminum

oxide composition [368].
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Figure 4.9 SEM images of the virgin (a), physically cleaned ceramic membrane (b), and

physically+chemically cleaned ceramic membrane (c)

Table 4.4 EDX data of the ceramic membrane used in the CEPS+DCMF process

Element Ratlo (%)

a%® p** ok
Si 51.91 1.39 51.94
C 37.03 42.97 35.86
Al 1.38 1.20 1.17
O 9.68 31.65 11.03
N - 19.90 -
P - 2.90 -

*Virgin ceramic membrane
** Physically cleaned ceramic membrane
**% Physically+chemically cleaned ceramic membrane
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4.4 Conclusions

The CEPS+DCMF process was tested in long-term operational studies, which
included performing experiments in four different phases. At each phase, evaluations
were performed to assess the sustainable performance of the process in terms of TMP
behavior, the capacity to concentrate organic matter, and the potential for energy

production based on the organic matter content of the concentrate samples.

DCMF for up-concentration of MWW over the long term is possible through the
use of straightforward and cost-effective procedures. The application of integrated
CEPS and DCMF has a high potential for the up-concentration of organic matter in
MWW for further energy recovery to achieve energy-positive wastewater treatment.
The third and fourth operational phases demonstrated superior performance in both
TMP and concentration capacity, as shown by the performed operating studies
employing two parallel membranes and a flux of 10 and 20 LMH. The effective
mitigation of membrane fouling is attained, enabling a process duration of roughly 130
hours without a requirement for chemical cleaning. The implementation of
CEPS+DCMF on a full scale offers significant potential for concentrating organic
matter from MWW, which can then be used to generate energy, resulting in a
wastewater treatment process that produces more energy than it consumes. Therefore,
the CEPS+DCMF technology can replace current MWW treatment technologies owing
to its satisfactory organic matter removal and recovery performance, simple operation,

and small footprint.
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Chapter 5

Performance evaluation of an anaerobic
fluidized bed ceramic membrane
bioreactor  integrated with pre-
concentration process for resource
recovery from municipal wastewater:
Strategies fouling management and

energy generation potential

5.1 Introduction

WWTPs are at the center of water-energy interactions as the plants consume
energy to remove nutrients and thus reduce human footprint on the natural water
environment [6]. With growing concerns over the scarcity of freshwater resources, the
energy crisis, and climate change, MWW is receiving increased attention as a resource

rather than a waste [9, 369, 370]. Organic substances in the content of wastewater are
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defined as chemical energy potential and are found in chemical bonds of organic
molecules [371]. Carbonaceous material originating from organics has the highest share
in the total energy content of wastewater with 1.66 kWh/m?, and nitrogenous material

offers an additional energy content of 0.30 kWh/m? [372].

Interest in anaerobic treatment as an alternative to conventional aerobic treatment
for MWW is growing rapidly. Anaerobic treatment requires no aeration and produces
both much less sludge and the generation of renewable energy in the form of methane
[370, 373]. Although the anaerobic process has often been thought to be unsuitable for
meeting stringent effluent quality regulations, integration of membranes into AnMBR
can overcome this disadvantage [9, 374, 375]. Membranes not only retain the anaerobes
in the reactor at a relatively short HRT but also maintain the long SRT that is required
for effective treatment [376, 377]. However, membrane fouling caused by the
deposition of foulants present in the wastewater on the membrane surface and/or with
the pore matrix is the main challenge as it reduces membrane lifetime and increases

capital/operational costs [378].

Biogas sparging along the membrane surface has been widely used to control membrane
fouling within the AnMBR systems. However, the energy requirement for the biogas
sparging often ranges from 0.7 to 3.4 kWh/m?, and this is even higher than the energy
required to operate an aerobic MBR system (0.5-1.0 kWh/m?®). Thus, biogas sparging
may diminish the potential advantages of the AnMBRs over aerobic MBRs [379].
Recently, there has been an increased focus on AnFMBR processes due to fewer fouling
issues and higher treatment performance, as the biomass remains in the bed, reducing
membrane contact, while the upward movement of the bed effectively removes the cake

layer [232, 362].

Moreover, recent literature uses GAC particles within the AnFMBR as the
fluidized media, providing not only a high surface area for biofilm formation but also a
mechanical scouring action on membrane surfaces to control membrane fouling. GAC
fluidization occurs by fluid recirculation through a membrane reactor with relatively
low energy consumption while providing excellent fouling control by mechanical
scouring of membrane surfaces [380]. However, in long-term operations, exposure of
polymeric membranes over time to particle sparging causes membrane damage [381].

There is growing attention to using ceramic membranes in AnFMBR systems are
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garnering an increasing amount of attention and interest as a result of their superior
chemical and thermal resistance, against polymeric membranes [382-384]. In addition,
the excellent stability of ceramic membranes should prevent the damage of GAC

fluidization and strong membrane-cleaning oxidants such as chlorine.

The chemical stability of ceramic membranes is expected to require only
occasional maintenance cleaning and provide a higher flux than polymeric membranes.
The high chemical resistance of the ceramic material enables the application of more
aggressive cleaning methods compared to those used to clean polymeric membranes.
Furthermore, silicon carbide ceramic membranes are considered a superior porous
material compared to other ceramic membranes due to their possession of desirable
characteristics such as high water permeability and a robust negative surface charge at
neutral pH. These benefits can be beneficial in minimizing the fouling potential of
membranes [385, 386]. Nevertheless, the utilization of ceramic membranes in full-scale
implementations is still challenging due to their considerable investment costs [12].
However, the study investigated by Park, Sung Hyuk, et al. [387] compared the LCC of
ceramic and polymeric membranes for a treatment plant. Despite the high initial
investment cost, the LCCs of water from both types of membranes were found to be
similar, with values of 0.28 USD and 0.274 USD for ceramic and polymeric

membranes, respectively.

Although ceramic membranes offer several advantages, the use of the AnFMBR
process for treating MWW is limited due to the medium-to-low organic matter level
[21]. In this context, the pre-concentration of MWW by the use of various membrane
technologies, such as direct membrane filtration, dynamic membrane filtration, and
forward osmosis, has been proposed as a potential solution to overcome this limitation
[24]. Nevertheless, no studies have yet been reported on the use of ceramic membranes
in an AnFMBR system for the treatment of pre-concentrated MWW. Therefore, in this
study, the pre-concentrated MWW was used for maximizing methane production in the
up-flow AnFCMBR process. In addition to the composition of the wastewater, the
operating parameters also play a significant impact on the performance of AnMBRs.
HRT is an essential parameter that has a direct impact on the formation of membrane
fouling [388]. Additionally, a higher OLR combined with a shorter HRT resulted in

increased biomass growth and enhanced conversion of organic compounds into methane
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[389]. Hence, it is necessary to identify the optimal HRT for ensuring a sustainable

operation of the process.

In this section of the thesis study, the pre-concentrated MWW was used to
maximize methane production and energy recovery in an up-flow AnFCMBR process.
Specifically, the objectives of this study were: 1) testing treatment of pre-concentrated
MWW in a bench-scale AnNFCMBR system equipped with flat-sheet ceramic membrane
and GAC fluidization, ii) investigating the effect of different filtration/relaxation cycles
on membrane fouling tendency, iii) showing the TMP behavior and COD the removal
performance of AnFCMBR for different HRTs, (iv) investigating the effect of two
different reactor types and the placement of membrane on membrane fouling tendency,
and v) evaluating the energy requirements and production potential of the AnFCMBR

system.

5.2 Materials and Methods

5.2.1 Setup and operation of the AnFCMBR System

The schematic diagram and images of the laboratory scale AnFCMBR systems
used within the scope of biological treatment studies is given in Figure 5.1 and Figure
5.2, respectively. The up-flow AnFCMBR systems with two different reactor types were
used: (i) AnFCMBR-membrane submerged into settling basin (Figure 5.1a) and (ii)
AnFCMBR-membrane submerged into fluidized bed (Figure 5.1b). The main difference
between these reactors was membrane placement location. In the following sections of
this section, they will be referred to as AnFCMBR-submerged into settling basin
(AnFCMBR-SiS) and AnFCMBR-submerged into fluidized bed (AnFCMBR-SiF),

respectively.
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Figure 5.1 Schematic diagram of AnFCMBR-SiS (a) and AnFCMBR-SiF (b)

Figure 5.2 Images of AnFCMBR-SiS (a) and AnFCMBR-SiF (b)

In the first reactor (Figure 5.1a), the total volume of the system was approximately
8 L, the biomass fluidized media was in the lower part of the reactor (2 L), and the
membrane was submerged into the settling basin of the reactor. In the second reactor
(Figure 5.1b), the total volume of the system was approximately 6 L, the biomass

fluidized media was in the lower part of the reactor (3 L), and the membrane was

116



submerged into the fluidized bed part of the reactor. Temperature, pH, and oxidation-

reduction potential (ORP) were monitored for both reactors.

GAC with a diameter of between 0.85-0.60 mm was used as the fluidized media
material in the systems. The circulation was used to obtain the fluidized bed in the
system, and the bed fluidity rate was increased to at least 50%. Temperature, pH, and
oxidation-reduction potential (ORP) were monitored in the reactors. The ceramic
membrane was connected to a peristaltic pump (Longerpump, China) from the top open
sections of the reactor to extract permeate at a desired constant membrane flux. A
pressure transmitter was mounted before the suction pump to monitor TMP and the

TMP was automatically recorded every 10 seconds.

A gas counter was used to measure the gas produced in the AnFCMBR system by
volume. The methane concentration of the biogas collected in the gas sampling bag was
quantified. In order to determine the methane content of the biogas, 20 mL of system
gas was injected into a bottle half-filled with 10% potassium hydroxide solution and
shaken. The total amount of gas in the bottle was measured by dipping the syringe into

the bottle's septum thanks to the positive pressure.

Acclimation, optimization of filtration mode, and long-term operation studies
were performed in the phases of AnFCMBR operation. Figure 5.3 represents a

methodological approach to the sequential steps involved in the operation of

AnFCMBR.

Figure 5.3 Experimental flow chart of AnNFCMBRs operation

In the first phase of operation, the microbial culture inoculation in the reactor was
performed by the use of anaerobic sludge gathered from the anaerobic digester of the
Kayserit WWTP, which had an MLSS concentration of around 15 g/L. The continuous
operation of AnFCMBR started with the start-up phase. During the start-up phase of

the AnFCMBR, to adapt the microorganisms to the environment, continuous feeding
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was started with an initial HRT of 2 days. The COD concentration and HRT were
maintained constant throughout the start-up period. The feed was prepared using acetate
(1000 mg/L) and carbonate (1000 mg/L). The acclimation of the sludge in the
AnFCMBR system was carried out for 2 weeks. During acclimation, reactor pH, ORP,
and temperature were measured as 9.5+0.2, -565.9+44.6 mV, and 24.5+0.1°C,
respectively. In addition, MLSS and MLVSS were measured in the sludge samples
taken from the reactor, and pH, EC, and COD were measured in the permeate and feed
samples during the acclimation process. During the acclimation, the concentration of
MLSS and MLVSS were 10.670£3.2 and 5.650+1.5 mg/L, respectively. COD was
828.3+7.1 and 273.3£3.5 in feed and permeate samples, respectively.

After the acclimation process was completed effectively, the AnFCMBR was
operated with an HRT of 24 h to optimize the filtration mode. The optimization process
involved running at various filtration/relaxation times (5/1, 10/1, and 10/2 min) to
effectively manage membrane fouling. Each filtration/relaxation time was maintained
for 24 hours. The AnFCMBR was operated in cycles including 5 or 10 minutes of
filtration, followed by 1 or 2 minutes of relaxation. When TMP exceeds 500 mbar
during the operation, the external membrane cleaning procedure, as described in Section
3.2.5, is applied. The internal membrane cleaning applied is performed for 10 minutes

with 1 mg/L NaOCI as chemical backwashing.

HRT refers to the duration that wastewater remains in the bioreactor and
determining the optimum HRT is crucial for COD removal and biogas production.
Therefore, AnNFCMBR was operated at 3, 6, 12, 18, and 24 h HRTs for 2 months for
each HRT. In AnFCMBR, the flux has been increased from 1.6 LMH to 12.6 LMH as a
result of changes in flow rate as the HRT decreased from 24 h to 3 h. The flux values,
which were determined using the flow rate necessary to achieve the desired HRT and

filtration mode for each phase operation phase are presented in Table 5.1.
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Table 5.1 Operational conditions of AnFCMBR

l‘::ft g?{?{i HRT () | Feed flow (L/h) ( Iﬂi}{‘ I’fl) Filtration mode
(min)*

24 0.083 1.6 51

18 0.111 2.1 5/1/1
AnFCMBR-SiS 12 0.167 3.1 5/1/1

6 0.333 6.3 5/1/1

3 0.667 12.6 5/1/2
AnFCMBR-SiF 12 0.167 2.1 5/1/1
* Indicates filtration/relaxation or filtration/relaxation/backwash time.

5.2.2 Wastewater

The pre-sedimentation sludge of Kayseri WWTP was mixed with the concentrate
stream from the pre-concentration process and then used as the feed for the AnFCMBR.
The flow rate data gathered from the Kaysert WWTP was used to simulate a full-scale
implementation of the process and ensure the results of these lab-scale studies can be
performed on a pilot or full scale. The AnFCMBR was fed a mixture of 1.25:18.75
volume ratios of pre-sedimentation sludge and concentrate stream from the pre-
concentration process. The description of the pre-concentration process is presented in
Chapter 3 and our previous work [359]. Figure 5.4 is a flowchart representing the steps

followed in preparing feed for the AnFCMBR process.
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Figure 5.4 Schematic representation of strategy for generating the feed for the

AnFCMBRs

Table 5.2 provides the characterization of the concentrated wastewater used in the

AnFCMBR process, which was prepared following the flow chart presented in Figure

5.2, for each operational phase. pH, EC, COD, CI, SO4*, PO4-P, and TSS were

measured as described in Chapter 3.

sCOD samples were filtered through 0.45 pm

disposable filters before analysis and the concentration of COD was determined in the

filtrate obtained.

Table 5.2 Feed characteristics of AnNFCMBR systems

Reactor AnFCMBR-SiS AnFCMBR
type -SiF
HRT (h) 24 18 12 6 3 12
pH 79+0.1 | 7.5+02 | 7304 | 7.2+02 7.2+0.4 7.4+0.3
EC W3£1 16130118 | 20114410 | 24372410 | 187687 | 1676487
(uS/cm) 18

OLR

(kg 1339 | 1849 1.7-5.1 42-77 77-22.6 1.6-5.1
COD/m?%/d)

COD 1313-
(mg/L) 3gg0 | 1213-3280 | 863-2544 | 1040-1930 | 963-2830 | 780-2563
Cr 110-

305-405 | 85-423 | 243-421 | 143-252 114-155

(mg/L) 270

2-

SO4 57-125 | 33-80 32-88 55-84 64-83 28-40
(mg/L)
POs-P 12.5-
(/L) 543 | 116147 | 72211 | 165262 | 151249 | 112-154
TSS 1210-
(mg/L) 5740 | 780-2680 | 640-1420 | 820- 1510 | 930- 1790 | 646-1930
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5.2.3 Energy balance

The energy required for fluidizing the GAC (kWh/m?), the production of permeate
(kWh/m?), and feeding were calculated.

The required energy can be found as follows;
E=N/Q

E is the energy requirement in kWh/m?, and Q is the wastewater flow fed to the

reactor as m>/h.

N=Q*.Y.H/q

N is the total pump power, Q is the sum of recirculation and inlet flow (m’/h),
V=9.81 KN/m>, H is the total energy loss (m) and n_is the efficiency of the pump (70%)
[348, 362].

Total energy of methane produced (kWh/m>-wastewater):

e It is assumed that each m? of methane is equivalent to 11.3 kWh of energy
under standard conditions.
e The energy transfer efficiency is 45% when converting methane to

electricity [45, 46].

The pre-concentration process was included in the calculation of the net energy
balance. The total energy needed was determined based on the TMP value and the

permeate flow.

5.2.4 Membrane characterization

The SEM-EDX investigations were performed to collect data regarding the impact
of fouling on the membrane surface morphology and the effectiveness of the cleaning
procedures applied. The membranes' surfaces were examined using a Zeiss, Leo 440,
Randburg, analyzer for SEM-EDX measurements. The membranes were cut to a
dimension of 3x3 mm and subsequently, membranes received a gold coating process

before measuring them. The investigations were performed using a voltage of 10 kV.
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5.3 Results and discussion

5.3.1 AnFCMBR operation: optimization of filtration mode

Effective methods for controlling membrane fouling by determining optimal
operating conditions have the potential to increase membrane lifespan while decreasing
operating costs [340, 341]. Consequently, following the acclimation phase, the duration

of filtration/relaxation was optimized at 24 hours and 18 hours of HRT for AnFCMBR-
SiS.

The effect of filtration/relaxation time on TMP for 24 h HRT operation for 24 h
HRT is presented in Figure 5.5. The membrane suffered significant fouling when the
system was run with a ratio of 10/1 min. The optimal TMP performance was achieved

with 5/1 min filtration/relaxation time.
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Figure 5.5 TMP profile as a function of time for different filtration/relaxation times

with an HRT of 24 hours for AnNFCMBR-SiS

HRT was reduced to 18 h to operate the AnFCMBR-SiS at different
filtration/relaxation times (5/1, 10/1, and 10/2 min) to control membrane fouling and
achieve an optimal AnFCMBR operation. The effect of filtration/relaxation time on

TMP is presented in Figure 5.6. Similar TMP rising behavior was detected when the
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system was operated with 5/1 and 10/1-min. The best performance in terms of TMP was

obtained with 10/2 min filtration/relaxation time.
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Figure 5.6 TMP profile as a function of time for different filtration/relaxation times

with an HRT of 18 hours for AnFCMBR-SiS

5.3.2 Operation performance of AnFCMBR Systems

Following the optimization of the filtration/relaxation duration to 5/1 and 10/2
minutes for the AnFCMBR operation at HRTs of 24 and 18 hours, respectively, the
HRT was adjusted to 24, 18, 12, 6, and 3 hours and the 1% reactor type of AnFCMBR
was operated for 2 months at each HRT. Subsequently, the 2" reactor type of
AnFCMBR was operated for 2 months at 12 hours HRT.

The variation of TMP overtime during this operating period at 24 hours HRT and
5/1 filtration/relaxation time is given in Figure 5.7. A TMP value of 500 mbar serves as
a significant indicator of increased fouling in the membrane [390]. Therefore, with the
TMP value exceeding 500 mbar on the 20" and 45™ day of operation, the membrane
external cleaning procedure was applied. According to the research, AnFMBRs are
capable of maintaining consistent TMP levels even when operated for extended

HRTs such as 24 hours. The use of membrane relaxing techniques proves to be
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beneficial in managing membrane fouling and ensuring the system operates at its

optimal level of performance [391].
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Figure 5.7 TMP profile as a function of time at 24-hour HRT and 5/1
filtration/relaxation time for AnFCMBR-SiS

Table 5.3 provides the characteristics of the feed and permeate samples collected
over 2 months in the AnFCMBR process at 24 h HRT and 5/1 filtration/relaxation time.
The characteristics of feed samples differed depending on the change in the
characterization of the concentrated wastewater obtained from the pre-concentration
process. Therefore, concentration ranges are given instead of mean values for COD, CI,
S04? and POs-P parameters in Table 5.3. The COD concentration of feed samples
ranges between 1313 and 3880 mg/L and the permeate concentration ranges from 33 to
139 mg/L. The AnFCMBR achieved an average COD removal of §89-96% and sCOD
removal of 83-93%. SO4 was found to be the highest 125 mg/L and 103 mg/L in feed
and permeate, respectively. In a comparable manner, Li et al. [391] showed that
AnFMBRs can successfully sustain high COD removal efficiency when operating at a
24-hour HRT, demonstrating the system's stable performance, with 93.6 % COD

removal performance of AnFMBRs.
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Table 5.3 Permeate and feed characteristics for operation at 24-hour HRT and 5/1
filtration/relaxation time for AnFCMBR-SiS

Parameters Feed Permeate
pH 79+0.1 8.7+0.1
EC (nS/cm) 1,913 + 118 2,012 £ 158
COD (mg/L) 1,313 — 3,880 33-139
sCOD (mg/L) 854 - 2257 -
cl (mg/L) 110 -270 106 -216
2 57-125 58 -103
SO4 (mg/L)
PO4-P (mg/L) 12.5-243 142 -15.8
TSS (mg/L) 1,210 — 2,240 -

AnFCMBR-SiS operating period of 2 months at 18-hour HRT was started after 24
h HRT operation period. The variation of TMP over time during this operating period is
given in Figure 5.8. The TMP reached 500 mbar on the 6™ day of operation. After
external chemical membrane cleaning, a 1-minute backwash was applied in addition to
10/2 min filtration/relaxation time. After the following rapid rise of TMP from the 6™

day to the 20" day, the filtration and relaxation durations were reconsidered.

Studies have revealed that in cases of irreversible fouling, the relaxation
frequency plays a crucial role as an important variable. It is widely accepted that
depending only on the relaxation strategy is sufficient for sustaining permeability [392-
394]. The efficiency of an AnMBR, as explored by Annop et al. [395], is influenced by
the relaxation operation. In their research, four experiments were conducted to
determine the most effective relaxation interval. Each experiment had a permeation
duration of 4, 8, 12, and 16 minutes, with a constant relaxation period of 30 seconds.
Among these experiments, the second one yielded the most favorable results, as fouling
reached its peak. Interestingly, the longest permeation duration (16 minutes) led to rapid
fouling, reaching its maximum within 30 minutes. It was observed that excessively
frequent relaxation did not result in lower fouling development. Therefore, it is essential

to establish an optimal relaxation period for sustainable operation [396]. Ugarte,
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Patricia, et al. [394] measured the effect of different operating cycles in a laboratory
scale MBR using flat sheet ceramic membrane to mitigate membrane fouling and
preserve the continued operation along time considering two physical cleaning
strategies: relaxation and backwashing. They found that the combination of relaxation
and backwashing is more effective than relaxation in the reduction of fouling. In the 24-
hour HRT operational period filtration/relaxation duration of 5/1 minutes produced
more effective results in terms of TMP rising. Therefore, both in the light of literature
data and results of the 24-hour HRT operational period, starting from day 20 of
operation, the AnFCMBR was operated using a filtration/relaxation/backwash cycle of
5/1/1 minutes, with an extra 1 minute of backwash included in the 5/1 minute cycle, to

ensure the long-term sustainability of the operation.
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Figure 5.8 TMP profile as a function of time for operation at 18-hour HRT for
AnFCMBR-SiS

The characterization of feed and permeate samples collected during 2 months of
operation in the AnFCMBR process at 18 h of HRT is given in Table 5.4. The COD
concentration of feed samples ranges from 1213 to 3280 mg/L and the permeate
concentration ranges from 70 to 121 mg/L. The AnFCMBR achieved an average COD
removal of 90-96% and sCOD removal of 84-95%. SO4 was found to be the highest at
80 mg/L and 89 mg/L in feed and permeate, respectively. The amount of sulfur

compounds in wastewater encourages the proliferation of sulfur-reducing bacteria while
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inhibiting the growth of methanogens [397]. Therefore, that there is no significant

removal of SO42 can be assessed as evidence that sulfate-reducing bacteria do not

inhibit the growth of methanogenic bacteria.

Table 5.4 Permeate and feed characteristics for operation at 18-hour HRT for

AnFCMBR-SiS

Parameters Feed Permeate
pH 7,5+0,2 8,1+0,2
EC (uS/cm) 1913 £ 118 | 2012+ 158
COD (mg/L) 1213-3280 | 70-121
sCOD (mg/L) 793 - 2564 -

Cl (mg/L) 305 —-405 342 - 384
S0, (mg/L) 33-80 54— 89
PO4-P (mg/L) 11,6—-14,7 | 11,8-18,3

TSS (mg/L) 780- 2680 £

Following the operation period of 18 h HRT, the 2-month operating period at
HRT of 12 h was performed, and the variation of TMP overtime during this operating
period is given in Figure 5.9. AnFCMBR-SiS was operated on a 5/1/1 minute
filtration/relaxation/backwash cycle because it offered a sustainable running period
during the 18-hour HRT operation period. With the TMP value exceeding 500 mbar on
the 22" and 43" day of operation, the membrane external cleaning procedure was

applied.
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Figure 5.9 TMP profile as a function of time at 12-hour HRT for AnFCMBR-SiS

The characterization of feed and permeate samples collected during 2-months of
operation in the AnFCMBR-SiS process is given in Table 5.5. The characterization of
the feeding of the AnFCMBR-SiS process differed depending on the change in the
characterization of the concentrated wastewater obtained from the CEPS+DCMF
process. Therefore, concentration ranges are given instead of mean values for COD, CI,
SO4* and PO4-P parameters. The COD concentration of feed samples ranges from 863
to 2544 mg/L and the permeate concentration ranges from 60 to 136 mg/L. The
AnFCMBR-SiS achieved an average COD removal of 84-94%. Nevertheless, there was
no accurate removal of CI, SOs% and POs-P. In contrast, there was also found an
increase in P concentration, reaching a maximum of 25.7 mg/L. PO4-P. Gouveia, J., et
al. [237] found that there was no significant difference between the influent and effluent
of the AnMBR and that there was an accumulation of POs-P concentration within the
membrane module as well. On the other hand, they stated that the low level of
phosphorus removal in the AnMBR effluent might be advantageous if the wastewater is
used for agricultural or irrigation purposes. It offers an advantage in the subsequent step

of nutrient recovery for our study.
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Table 5.5 Permeate and
AnFCMBR-SiS

feed characteristics for operation at 12-hour HRT for

Parameters Feed Permeate
pH 7.3£0.4 7.7+0.3

EC (uS/cm) 2011+410 2043+£310
COD (mg/L) 863-2544 60-136
CI' (mg/L) 85-423 342-384
SO4?%(mg/L) 32-88 32-108

PO4-P (mg/L) 7.2-21.1 11.1-25.7

TSS (mg/L) 640- 1420 -

After completing the 12-hour HRT was reduced to 6 hours to operate the
AnFCMBR-SiS. With the TMP value exceeding 500 mbar during the operation, the
membrane external cleaning procedure was applied eight times (Figure 5.10). Short
filtration/relaxation/backwash time (5/1/1 minutes) intervals helped reduce fouling
rates, but it was not very useful for avoiding TMP jumps [398]. The rapid increase in
TMP is associated with the diffusion of organic compounds into membrane pores during
the initial stages of membrane filtration, causing pore blockage which is not removed
easily by applying relaxation and backwash [32]. The results suggest that combining
periodic maintenance cleaning with membrane relaxation and backwash should be
effective in reducing the fouling rate with the AnFCMBR-SiS system for the next

operation period at 3-hour HRT.
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Figure 5.10 TMP profile as a function of time at 6-hour HRT for AnFCMBR-SiS
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The characterization of feed and permeate samples collected during 2-months of
operation in the AnFCMBR-SiS process is given in Table 5.6. The characterization of
the feeding of the AnFCMBR-SiS process differed depending on the change in the
characterization of the concentrated wastewater obtained from the CEPS+DCMF
process. Therefore, concentration ranges are given instead of mean values for COD, CI,
SO42, and POs-P parameters. SO4 was found to be the highest 84 mg/L and 82 mg/L in
feed and permeate, respectively. The COD concentration of feed samples ranges from
1040 to 1930 mg/L and the permeate concentration ranges from 54 to 113 mg/L. The
AnFCMBR-SiS achieved an average COD removal of 92-94%. A shorter HRT (6
hours) was predicted to lead to a reduction in COD removal, especially due to the
developed microbial culture's biodegradation potential being limited. However, the
AnFCMBR-SiS achieved significant COD removals at the shorter HRT, mainly because
of the biofilm's accumulation during the operation at the previous HRT on the GAC

particles, which enhances the removal efficiency [362].

Table 5.6 Permeate and feed characteristics for operation at 6-hour HRT for
AnFCMBR-SiS

Parameters Feed Permeate
pH 7.2+0.2 7.6+0.4
EC (nS/cm) 2437+410 2084+310
COD (mg/L) 1040— 1930 54-113
CI' (mg/L) 243-421 225-415
SO42(mg/L) 55-84 58-82
PO4-P (mg/L) 16.5-26.2 19.7-32.3
TSS (mg/L) 820- 1510 -

Figure 5.11 represents TMP change during the 2-month operation of AnFCMBR-
SiS duration at 3-hour HRT. By raising the flux to 12.6 LMH to provide the HRT value
for three hours, the TMP value on the third day of operation reached above 500 mbar.
Therefore, by installing two parallel membranes in AnFCMBR-SiS and increasing the
backwashing time on the fourth day of operation, the HRT value of 3 h was sustained
with a filtration/relaxation/backwash time of 5/1/2 minutes and flux of 6.3 LMH. The
rapid increase in TMP value during the first stage of filtration with the cleaned
membrane is caused by organic matter diffusion into the membrane pores [32].
Although the short relaxation and backwash durations used in MBR systems are

effective at controlling fouling, researchers have shown that they are ineffective at
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minimizing TMP jumps [398]. As a result, in addition to membrane relaxation and
backwashing durations, periodic maintenance cleaning was used inside the reactor to
control TMP during the 3-hour HRT operating period of AnFCMBR-SiS. When the
TMP exceeded 500 mbar on the 19th day of operation, chemical backwashing was
performed for 10 minutes with a 1 mg/L NaOCI solution. Since it was found that
chemical backwashing was ineffective and TMP levels were rising rapidly, a
physical+chemical cleaning method was performed on the membrane outside the reactor
on day 28 and day 54 of the 2-month operation. The membrane permeability decreases
dramatically during the relatively short HRT operation, resulting in a higher rate of
membrane fouling and the need for more frequent membrane physical and chemical

cleaning processes [390].
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Figure 5.11 TMP variations for the AnFCMBR at 3-hour HRT for AnFCMBR-SiS

Table 5.7 shows the characteristics of feed and permeate samples collected during
3 hours of HRT operation in the AnFCMBR process. The feed COD concentration for
the AnFCMBR process is between 963 and 2830 mg/L, whereas the permeate COD
concentration is between 49 and 110 mg/L. Thus, COD removal was achieved between
88 to 94%. Similar high COD removal efficiencies (averaged 94% or higher) even at
HRTs close to 2 h were reported by Bae et al. [399]. In another study, COD removal
rates of 94.3-95.5% were found when AnMBR was operated at 848 hours of HRT and
1.08-6.46 LMH flux [400].
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While the highest SO4>" concentration was obtained to be 83 mg/L in feed, it was
78 mg/L in permeate samples. When PO4-P concentrations in the feed are between 15.1-
24.9 mg/L and 21.2-30.8 mg/L in permeate samples. The highest PO4-P concentration of
30.8 mg/L was found in the permeate samples during the operation of the AnFCMBR
process. Chen, et al. [401] were reported that phosphorus removal in these bioreactors
was limited. In addition, high concentrations of PO4-P have the potential for struvite

recovery [402].

Table 5.7 Permeate and feed characteristics for operation at 3-hour HRT for
AnFCMBR-SiS

Parameters Feed Permeate
pH 7.2+0.4 7.4+0.3
EC (uS/cm) 1876+87 1766+431
COD (mg/L) 963— 2830* 49-110*
CI (mg/L) 143-252%* 225-415%*
SO4*(mg/L) 64-83%* 50-78*
PO4-P (mg/L) 15.1-24.9%* 21.2-30.8%*
TSS (mg/L) 930- 1790* -

*These values are the lowest and highest concentrations measured
during the operation of AnFCMBR.

After completing 3-hour-HRT studies with the AnFCMBR-SiS configuration, the
AnFCMBR-SiF was operated at 12 hours of HRT and 2.1 LMH of flux for 2 months.
Figure 5.12 represents TMP change during the 2-month operation duration of
AnFCMBR-SiS and AnFCMBR-SiF at 12 hours of HRT. When the TMP value
exceeded 500 mbar during the operation, the membrane external physical+chemical
cleaning procedure was applied eight times. After each cleaning application, the TMP
remained less than 200 mbar without a significant membrane fouling until 4" day of
operation. This is attributed to the scouring effect of the fluidized GAC particles on
membrane fouling [380]. The TMP increased up to 250 mbar rapidly, then jumped
above 300 mbar and exceeded 500 mbar in seven or eight days. However, in the
AnFCMBR-SiS configuration, TMP exceeded 500 mbar in fifteen days at the same flow
(0.167 L/h) and filtration/relaxation/backwash time (5/1/1 min).
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Figure 5.12 TMP variations for AnNFCMBR-SiS (a) and AnFCMBR-SiF (b) at 12 hours
of HRT

Table 5.8 shows a comparison for the characteristics of feed and permeate
samples collected during the AnFCMBR-SiS AnFCMBR-SiF operation at 12 hour
HRT. The feed COD concentration for the AnNFCMBR-SiF process is between 780 and
2563 mg/L, whereas the permeate COD concentration is between 66 and 100 mg/L.
Thus, COD removal was achieved between 87 to 97% which was similar to those
observed in other AnMBRs [403]. AnFCMBR-SiS achieved an average COD removal
of 84-94%. While the highest SO4* concentration was obtained to be 49 mg/L in
permeate, it was 40 mg/L in feed samples. These results reflect that sulfate-reducing
bacteria were inactive to compete with the methanogens for COD utilization in the
AnFCMBR-SiF [404]. When POs-P concentrations in feed are between 11.2-15.4 mg/L
and 19.5-23.9 mg/L in permeate samples. The highest PO4-P concentration of 23.9 mg/L
was found in the permeate samples during the operation of the AnNFCMBR-SIF process.

Table 5.8 Characteristics of feed and permeate in the AnFCMBR-SiS and AnFCMBR-
SiF operation

Parameters AnFCMBR-SiF AnFCMBR-SiS
Feed Permeate Feed Permeate
pH 7.4+£0.3 7.7+0.4 7.3+0.4 7.7+0.3
EC (uS/cm) 167687 1792+100 2011+410 | 2043+310
COD (mg/L) 780—2563* 66-100* 863-2544 60-136
CI' (mg/L) 114-155* 131-302* 85-423 342-384
SO4* (mg/L) 28-40* 26-49* 32-88 32-108
PO4-P (mg/L) 11.2-15.4% 19.5-23.9* 7.2-21.1 11.1-25.7
TSS (mg/L) 646- 1930* - 640- 1420 -

*These are the lowest and highest concentrations measured during the operation of AnFCMBR.
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5.3.3 The evaluation of the operational performance of AnFCMBR
configurations

In AnFCMBR operation investigations, Table 5.9 compares the performance of
AnFCMBR-SiS operated for 24, 18, 12, 6, and 3-hour HRT. It was found that
decreasing HRT value enhanced flow values, however, there was no significant change
in COD removal or methane content of produced biogas. Studies conducted at similar
HRT values in the literature were reviewed and it was noted that comparable findings
were obtained under similar operating conditions. Giménez et. al. [405] achieved 87%
COD removal in AnMBR operated at 6-20 hours HRT, 4.2/0.8 minutes
filtration/relaxation time and 2-6.67 LMH flux for the treatment of domestic wastewater
and they were reported that the methane content of the produced biogas was 55%. In
comparison, studies conducted using AnFCMBR showed that similar results were

possible with shorter HRTs (1-3 hours) and higher flux levels (5-17 LMH) [362, 406].

In operating the AnFCMBRs, the methane content of the biogas and the amount
of dissolved methane in the permeate stream were determined using the procedures
described in Section 5.2.1. It is known that a decrease in the HRT value results in a
reduction in the amount of methane that is available in the biogas [407]. While the
methane content of the biogas was 45+10% at the 24-hour HRT, it was determined as
40+11% at the 3-hour HRT. Lim et al. [32] found a methane concentration of 46.0%
while reaching an efficiency of 83.3% in removing COD during the operation of
AnFMBR at 25°C it was operated with 1.2 LMH flux as in our study. Similarly, Jeong
et al. [408] reported results for the evaluation of anaerobic ceramic MBR operated for
treating domestic wastewater. They found that the average methane content was
41.4+10.6%. Low permeate flows and operating below 30°C account for the relatively
low methane content. Despite the reduction in the methane content of the biogas due to
the decrease in the HRT, it was found that the amount of collected and dissolved biogas
increased. If dissolved methane is recovered from the permeate stream, it has been

found that 94+11 L/m? wastewater of biogas could be recovered at HRT in 3 hours.

When assessing the COD removal data, it is evident that the methane generation
obtained was much below the expected theoretical methane yield. The theoretical
methane production in lab-scale AnMBR processes faces challenges that hinder

reaching its full potential. Despite efforts to maximize biogas production, certain
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constraints impede the exploitation of the full potential of biogas production from
AnMBRs, leading to low methane yield [407]. Additionally, achieving energy-neutral
operation in AnMBRs, which involves maximizing gaseous and dissolved methane

energy capture, can be more challenging in smaller-scale systems [409].

Table 5.9 Performance results for 24, 18, 12, 6, and 3-hour HRT in AnFCMBR systems

Parameters AnFCMBR-SiS AaniII;IBR-
HRT (hour) 24 18 12 6 3 12
Flux (LMH) 1.6 2.1 3.1 6.3 6.3 2.1
Filtration mode s sna | san | s | sie 51/1
(min)*

COD removal (%) | 89-96 | 90-96 | 83-94 | 92-94 88-94 87-97
Amount of biogas

(L/m’ 16.7 12.8 14.3 8.3 6.0 9.2
wastewater)

Dissolved biogas

(L/m? 1542 | 28+5 | 62+3 | 88+7 | 94+11 59+5
wastewater)

Methane content | 45,1 | 4315 | 4216 | 4249 | 40%11 4347
of biogas (%)

Amount of total

methane (L/m? 14.3 17.5 32.0 40.4 40.0 293
wastewater)

Amount of

theoretical

methane (L/m’ 105.7 136.5 136.4 236.0 610.3 200.5
wastewater)**

* Indicates filtration/relaxation or filtration/relaxation/backwash time.
** [t was calculated based on COD removal efficiency.

5.3.4 Assessment of energy balance for the proposed process

Energy balance calculations are essential for optimizing the performance of
AnMBRs in MWW treatment in order to improve operational efficiency and
sustainability. These calculations assess the overall energy demands on the system,
covering energy consumption and recovery, in order to enhance performance and
optimize the use of resources. Therefore, an overall assessment of the energy balance
has been made for the membrane-based hybrid wastewater treatment process,

demonstrating its feasibility for full-scale implementation.
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The energy balance has been determined by calculating the amount of methane
produced by AnFCMBR, the amount of energy that can be produced, and the amount of
energy that is used by the system during the operation of both DCMF and AnFCMBR
processes. The flow data used in energy calculations was received from the Kayseri
WWTP and served as the basis for the energy balance. Figure 5.4 shows the process
flow rates. In calculating the total energy requirements of the membrane-based hybrid
wastewater treatment process, the energy required for permeate production, feeding, and
aeration in the DCMF process and for circulation, permeate production, and feeding in
the AnFCMBR process were considered (Table 5.10). The overall energy required for
the operation of the processes was 0.08 kWh/m?>. This value is significantly less than
that reported in other studies with AnMBR using biogas sparging for domestic

wastewater treatments [379].

Table 5.10 Energy requirement of processes

DCMF process

Average TMP? 0.4 Bar
Influent flow rate of DCMF 1.66 m’/s
Permeate flow rate 1.49 m’/s
Acration flow rate 7.5 m?/s
Water level 3 M
Reactor hydraulic head loss 3 m H,O
Power requirement for aeration® 315.0 kW
Power requirement for permeation® 84.0 kW
Power requirement for feeding® 70.0 kW

AnFCMBR process
Average TMP? 0.4 Bar
Permeate flow rate 0.38 m’/s
Feed flow rate 0.38 m’/s
Circulation flow rate 4.34 m’/s
Circulation E (Energy loss)® 0.5 m H,O
Power requirement for circulation® 30.4 kW
Power requirement for permeation® 21.0 kW
Power requirement for feeding® 21.0 kW
Total power requirement 541 kW
Total energy requirement 0.08 kWh/m3

@ For the feeding pump head loss was assumed 0.1 m. Average TMP 0.4 bar is assumed to be
equivalent to a hydraulic head loss E of 4 m for permeation

b Local energy losses are considered.

¢ Energy requirement = QyE/y; Flow rate, Q (m’/s), y = 9800 N/m’, hydraulic head loss, E (m),
and n efficiency of the pump (70%) [348, 362].
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The potential energy amounts of the concentrated wastewater obtained from the
pre-concentration process and the methane produced from the operation of the
AnFCMBR process at different HRTs are given in Table 5.11. The volume of methane
produced per m® of treated wastewater increased from 14.3 L to 40.0 L when the HRT
duration was reduced from 24 hours to 3 hours. Due to the different interactions, biogas
production per unit volume of treated wastewater, gas composition, and dissolved
methane concentration are dependent on operational parameters [412]. For AnMBRs, a
large fraction of the produced methane will remain dissolved in the AnMBR effluent
because of low influent COD and higher methane solubility at lower temperatures

[412].

The energy potential per m> of wastewater treated increased in proportion to the
volume of methane produced, rising from 0.072 kWh/m?® to 0.203 kWh/m* when the
HRT duration was reduced from 24 hours to 3 hours. The innovative membrane-based
hybrid wastewater treatment process requires only 0.08 kWh/m? of energy. Similarly,
Lee et al. [31] discussed the electrical energy required for operating an AnFMBR,
emphasizing the low energy demand of 0.0087 kWh/m® compared to other AnMBR

systems.

Kong et. al [413] reported -0.014 kWh/m?® net energy potential for direct treatment
of MWW using a submerged AnMBR for a range of HRTs from 24 h to 6 h at an
ambient temperature of around 25 °C. In our work, a positive net energy potential was
achieved using AnFCMBR-SiS at 18, 12, 6, and 3-hours HRT and using AnFCMBR-Si
at 12-hours HRT. Thus, it has been revealed that energy-positive wastewater treatment
is feasible with the implementation of the AnFCMBR process with integrated pre-
concentration processes as opposed to the treatment of MWW by direct anaerobic
processes. Therefore, MWW pre-concentration could improve the applicability and
energy generation potential of AnMBR technology [48]. Nevertheless, the calculation of
theoretical energy potential, based on the removal of COD, indicated that the
AnFCMBR system has a wastewater theoretical energy potential ranging from 0.46 to

3.02 kWh/m®,
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Table 5.11 Potential for methane-based electric generation for different HRT operations

of the AnFCMBR process
Biogas Energy Net energy Theoretical
Reactor HRT volume potential potential energy
(hour) (L/m? (kWh/m3 (kWh/m3 potential
wastewater) | wastewater)* | wastewater) | (KWh/m?)**
24 31.7 0.072 -0.008 0.46
18 40.8 0.089 0.009 .
1st 12 76.3 0.163 0.083 0.61
6 96.3 0.206 0.126 112
3 100.0 0.203 0.123 3.02
2nd 12 68.2 0.149 0.069 0.94

* Jt is assumed that each m’ of methane is equivalent to 11.3 kWh of energy under standard conditions
and the energy transfer efficiency is 45% when converting methane to electricity. [349, 414].

** It was calculated based on COD removal.

5.3.1 Characterization of membranes

On virgin, physically cleaned, and physically+chemically cleaned ceramic
membrane surfaces, SEM and EDX analyses were performed. Figure 5.13 presents
images of the SEM analyses performed, and Table 5.12 provides the elemental
composition obtained from the EDX results. In addition, the area where the EDX
analysis was conducted is indicated in Figure 5.13 by a red box. No pollutants were
detected in the SEM images of the physically+chemically cleaned membrane surface
(Figure 5.13c), and the elemental composition of the membrane is nearly similar to that

of the virgin membrane (Figure 5.13a).

The presence of Si, C, Al, and O in the EDX analysis of the virgin and
physically+chemically cleaned membrane is attributable to the ceramic membrane's
silicon carbide and aluminum oxide composition [368]. It is known that frequent use of
chemical cleaning procedures in long-term operations causes membrane surface
deformations [410]. In the SEM images, it was determined that, compared to the virgin
membrane, the surface of the used membrane had deformed during operation,

increasing its porous structure (Figure 5.13b).
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Figure 5.13 SEM 1images of the wvirgin (a), physically cleaned (b), and
physically+chemically cleaned ceramic membrane (c) used in the AnFCMBR process

at 3 hour HRT

The pollutants that cannot be removed when only the physical cleaning procedure
is applied on the membrane surface after long-term operation studies and cause fouling
in the membrane pores are seen in Figure 5.13b. According to the EDX analysis
performed on the pollutant given in Figure 5.13b and Table 5.12, An increase in the
content of O was seen, and elements such as S, Cl, Ca, and Na, which were not initially
present in the virgin membrane, were identified in the EDX data. O and Ca elements
may be speculated that Ca-P precipitates, e.g. hydroxyapatite (Cas(PO4);0H),
Ca3(PO4)2, and CaHPOs4. Meanwhile, there were other inorganic salt depositions
including silicate, sodium chloride, and sulfate on the membrane surface. The inorganic
component was easy to accumulate on the membrane surface by complexation or
precipitation, and then more inorganic elements could be gathered in the cake layer

[411].
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Table 5.12 EDX data of the ceramic membrane used in the AnNFCMBR-SiS process at
3-hour HRT

Ratio (%)

Element " RO .
Si 51.91 26.2 52.99
C 37.03 34.15 3542

Al 1.38 0.64 1.28

O 9.68 15.99 10.31

S ND 10.62 ND

Cl ND 3.74 ND
Ca ND 4.30 ND
Na ND 342 ND

*Virgin ceramic membrane

** Physically cleaned ceramic membrane

*** Physically+chemically cleaned ceramic membrane
ND: not detected

5.4 Conclusion

This chapter of the thesis focuses on an AnFCMBR treating pre-concentrated
MWW using fluidized GAC particles to mitigate fouling. As a promising membrane
thanks to its superior properties, the ceramic membrane was used in an AnFMBR for
MWW treatment. Two different AnFCMBR configurations were tested for a total of
360 days at ambient temperature with a range of 3 to 24 hours of HRT using pre-
concentrated MWW. The AnFCMBR process operating at varied HRT times showed
sufficient COD removal efficiency ranging from 83 to 97%. Controlling TMP becomes
more challenging in reactor configurations where the membrane is submerged in the

fluidized media section.

The electrical energy that could be produced by using the methane was more than
required for the operation of the system during the 3, 6, 12, 18-hour HRT operation
phase. Operating the AnFCMBR process for 6 hours HRT yields 0.206 kWh/m? energy,
while the innovative membrane-based hybrid wastewater treatment process requires
only 0.080 kWh/m® of energy. AnFCMBR has a significant potential to perform the
energy-self-sufficient treatment to achieve sustainable MWW treatment. For estimating
the capital costs as well as the requirements for the operation and maintenance of full-
scale systems, further work is required for different HRT values to predict and improve

the lifespan and energy production potential of the ceramic membrane.
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Chapter 6

Optimization of reverse osmosis and
struvite precipitation to maximize
nutrient recovery from the combined
effluent of anaerobic fluidized ceramic
membrane bioreactor and direct ceramic

microfiltration processes

6.1.Introduction

As a result of climate change, economic growth, and rapid urbanization, 50% of
the world's population is projected to face water stress in the not-too-distant future
[415]. According to the data from the State Hydraulic Works in Turkey, the annual per
capita available water quantity was around 1,322 m?in 2022 [416]. However, according
to the data from the TUIK, this quantity is projected to decrease to 1,120 m? by the year
2030 [417]. In order to mitigate water scarcity, widespread implementation of effective
water reuse strategies can provide substantial environmental, economic, and social

advantages [418]. Furthermore, if these strategies incorporate the recycling of nutrients
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found in the treated wastewater, particularly through composting, the benefits become

much more significant.

Annually, as the global population grows, there is a corresponding increase in the
demand for resources such as nitrogen, phosphorus, and potassium. Furthermore, the
production of chemical fertilizers and water is essential to ensure food security and meet
the needs of the growing population. Phosphorus, the primary constituent of a fertilizer,
is scarce in nature and exists in phosphate rocks as P2Os. It is projected that worldwide
commercial phosphorus production will hit its highest point by 2033, and phosphorus
deposits will be completely used up during the next 50 to 100 years [109]. Therefore, it
is crucial to assess alternate and sustainable sources of nutrients. The presence of a
significant amount of organic matter in MWW results in a high concentration of

nitrogen, phosphorus, and potassium.

In the realm of nutrient recovery, numerous technologies are presently under
investigation. These range from more conventional approaches like adsorption and
chemical precipitation to more cutting-edge technologies like bioelectrochemical
systems and osmotic MBRs [419]. Regarding water recovery, to comply with the
restrictive legal requirements for reusable water, it is necessary to subject the effluent
from secondary wastewater treatment processes to additional treatment on advanced
treatment systems [120]. There are three main categories of advanced treatment
systems: filtration, disinfection, and advanced oxidation. One of the most important
technologies for advanced wastewater reclamation and reuse systems is the membrane
process, which provides robust higher-quality treatment. RO process enables the
production of highly purified water as a form of permeate from MWW and potentially
even the recovery of nutrients [38]. This process effectively removes soluble ions,
dissolved solids, organic materials, and even viruses from wastewater at high rates
[420]. In municipal WWTPs, RO processes are used to provide advanced post-treatment
to improve the quality of effluent water for subsequent use [421]. Currently, there is
increasing interest in using a combination of biological processes and RO for the reuse
of MWW due to high performance in removal [422-424]. Research demonstrates that
these integrated biological treatment-RO procedures have the capability to consistently
provide highly purified water that is better than the quality requirements set by the
World Health Organization for drinking water [423]. In order to achieve these benefits,
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operational conditions of RO process must be optimized to mitigate membrane fouling

and to provide effective operation.

There is growing concern about the environmental sustainability of RO-based
MWW reclamation procedures, as the concentrated stream is the unavoidable byproduct
of RO units for wastewater reclamation. However, recovering nutrients from RO
concentrate is crucial for sustainable water management because of the high nutrient
concentrations in the concentrate [425]. Therefore, it is essential to investigate the
impact of operational parameters on the ability to enhance concentrating nutrients, but
so far, there is limited investigation documented in the existing literature regarding the
recovery of nutrients from concentrates of MWW treatment without additional complex
processes. Typically, the most straightforward method suggests returning the
concentrate of membrane-based processesto the activated sludge process [426].
However, this is only feasible for a certain duration or, at the very least, the recycling
process could provide difficulties in numerous facilities, particularly during extended
periods of operation, because of the potentially elevated salt concentration in the

membrane concentrates [38].

The literature suggests several potential approaches for recovering nutrients from
RO concentrates in MWW treatment effluents. These include the utilization of
electrochemical cells with cation exchange membranes [427], the crystallization of
MAP [428], advanced oxidation [429], and the implementation of an integrated
membrane system that incorporates polymeric ligand exchange resins [430]. However, a
general assessment based on the literature suggests that advanced oxidation and
additional membrane procedures would consume more than 2 kWh/m?® [431-435]. After
all, MAP crystallization, being a commonly used cost-savings nutrient-recovery
method, may effectively recover both NH4" and PO4>" simultaneously [44]. The process
of MAP crystallization is regulated by a mixture of physio-chemical parameters that
influence both the formation of nucleation and the growth of crystals. The factors that
need to be considered include temperature, mixing energy, pH level, the
concentration of Mg?*, NH4*, and PO4* ions, and the presence of competitive ions
[436]. The most commonly used way to enhance the effectiveness of MAP
crystallization is to optimize reaction parameters such as pH and the presence of struvite

constituents [437].
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The objective of this part of the thesis was to assess the efficiency of the system in
the RO tests conducted to recover nutrients and water from the effluent of AnFCMBR
and CEPS+DCMEF. In order to achieve this goal, we examined the influence of different
operational parameters, including TMP, CFV, recovery rate, and feed water pH value.
Following the determination of optimal conditions in tests aimed at nutrient recovery in
the RO process, studies were performed on concentrate samples to recover struvite via
the MAP crystallization process. MAP crystallizations were performed with different

Mg/P ratios and at different pH to determine optimum conditions.

6.2.Materials and Methods

6.2.1 Wastewater and Analysis

Wastewater samples were collected from the effluent of the AnFCMBR and pre-
CEPS+DCMF processes. Collected samples were stored at 4 °C and samples were
warmed up to room temperature (20 + 5 °C) before use in the tests. The tests performed

with the RO system involved the collection of samples at the end of each test.

The turbidity of wastewater samples was measured using a turbidimeter (TN100,
Thermo Scientific, USA). EC and pH parameters were measured using a 3620 IDS
WTW multiparameter (WTW GMBH, Germany). AC was performed on a Metrohm
equipped with a Metrosep A Supp 5 (150 mm) analytical column and Metrosep C4 (4
mm) guard column to measure Cl', SO4>, PO4>, and NO,". AAS (Perkin Elmer, 900T)
device was used for the measurement of Ca’" and Mg?" ions in the samples. The
measurements of the metals above the 1 mg/L concentration limit were measured by the
flame method with the air-acetylene gas mixture, while the measurements of the lower
concentration were measured by the graphite furnace method. COD and NH4-N
analyses were carried out following the “Standard Methods for Water and Wastewater”

of the American Public Health Association [360].

6.2.2 Experimental set-up and operational conditions of RO system

RO tests were performed using a laboratory-scale cross-flow RO unit (Sterlitech,
USA) that can be operated at constant CFV and TMP (Figure 6.1). The temperature was

maintained at a constant level of 25+2°C throughout the tests. Flux, temperature, and
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EC were continuously monitored at regular intervals for each test period. The
membranes used for the tests were immersed in distilled water for at least 24 hours
before their use. To ensure the acquisition of consistent and reliable data, it was
performed a one-hour operation with pure water at a TMP of 25 bar for compaction of
virgin membrane. Prior to performing each test, the pure water flux was assessed under
steady-state conditions for the compaction of the membrane. The decrease in the
membrane's performance was assessed by monitoring the pure water flux following the

wastewater tests.

High pressure
pump

Feed tank Membrane

Manometer module

] Manometer

| Permeate
tank

Figure 6. 1 Schematic representation of RO system

The permeate was collected from the system, whereas the concentrate was
returned to the feed tank in CM. Thus, the residual water in the feed tank at the end of
the test is concentrated. The operational capacity of the system was utilized to achieve a
water recovery rate of up to 80%. Theoretical analysis suggests that the behavior of the
membrane in this water recovery objective correlates to that of the final membrane
element in a full-scale system. It is widely recognized that in a real-scale system, the
concentration is most concentrated in the final element that has a membrane, as water
permeates through all the other elements. Consequently, the net driving force within this
element decreases due to the combined effects of flux drop and the elevation of osmotic
pressure. Hence, at the end of the tests, the lab-scale RO system reflects the last
operational element of a full-scale system. Therefore, at the initial phase of the tests, the

conditions reflect the first element in the full-scale system.
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The RO process, renowned for its high selectivity, has been employed to recover
nutrients from the effluent of the AnFCMBR and CEPS+DCMF processes and to
produce reusable water. Our objective was to evaluate the RO system's performance in
nutrient and water recovery in terms of various operational parameters, namely feed
compositions, membrane system operational modes (TRM and CM), TMP, CFV,
system recovery rate, and pH. Figure 6.2 displays the experimental flow chart of the
RO process, performed using the permeate samples gathered from the AnFCMBR and
CEPS+DCMF processes. RO tests were performed using different samples in two
phases: the first phase involved effluent from the CEPS+DCMF process, and the second
phase combined effluent from both the CEPS+DCMF and AnFCMBR processes.

In the first phase, RO tests were performed in both TRM and CM to assess the
system's performance with permeate samples from the CEPS+DCMF process. In TRM
tests, the permeate was returned to the feed tank, and the RO system was operated until
steady-state conditions were achieved. Steady-state conditions were determined by
ensuring that the standard deviation calculated from the flux values obtained at regular
intervals and continuous measurements during the RO tests were less than 5% of the
average flux. In CM, tests maintained a recovery rate of 60%. The impact of varying
CFV (0.8 m/s and 1.0 m/s) and TMP (8, 10, and 15 bar) was investigated. The
evaluations were based on the flux recovery rates measured during the tests, as well as

the characteristics of the permeate and concentrate samples.

In the second phase, after achieving steady-state operation of the AnFCMBR, a
combined sample was used by mixing permeate samples from the CEPS+DCMF and
AnFCMBR processes in a 20% to 80% ratio, respectively. These combined samples
were then fed into the RO process, to optimize the effect of operating parameters
including TMP, CFV, recovery rate, and pH levels to achieve maximum efficiency.
Tests were maintained only in CM with a recovery rate of 60%. Following the
optimization of the operational conditions of the RO system, the concentrated sample

was produced under optimal conditions for subsequent MAP crystallization tests.
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Figure 6.2 Representation of the experimental flow chart of the RO process using the
permeate of the AnFCMBR and CEPS+DCMEF processes (CM: Concentrate mode,
TRM: Total recycle mode, TMP: Transmembrane pressure, CFV: Cross-flow velocity)

The investigation performed with the RO system involved the collection of
samples at the end of each test. These samples were subsequently analyzed for

parameters including COD, CI', PO4-P, NOy’, and SO4*".

The membrane flux value (L/m?h) represents the quantity of volume that passes
through a given unit area of the membrane surface per unit time. This value can be

calculated using Equation 6.1.
Jy=V/At (Eq. 6.1)

The symbol 'Jv' indicates the flux, while 'A' represents the effective surface area of the
membrane in square meters. The volume of the water filtered across the membrane is

indicated by 'V' in liters, and 't' in hours represents the time.

Equation 6.2 provided below was used to calculate the flux decline rate in RO

tests for the purpose of making assessments regarding membrane fouling tendency.

Flux recovery rate (%) = (Jw2/Jw1).100  (Eq. 6.2)
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In this context, the symbol Jw> represents the flux of pure water in units of L/m?h,
while Jwi represents the flux of pure water in units of L/m?h that has been measured

after the filtration of the wastewater.

Equation 6.3 was used to calculate the removal efficiency of each parameter, as

obtained from the sample characteristics.
Removal (%) = [(C+-Cp) / C¢].100  (Eq. 6.3)

Permeate concentration (Cp) is expressed in mg/L or pS/cm. Feed concentration

(Cy) is expressed as mg/L or uS/cm.

6.2.3 Modelling of NH4-N removal

The NHs-N removal efficiency at pH 6, 7, and 8 was compared with the removal
efficiency determined from modeling with the Wave software as part of the evaluation
of the RO system performance at different pH values. The characteristics of the
combination of 20% CEPS+DCMF and 80% AnFCMBR permeate samples were
subsequently integrated into the program as feed characteristics. Subsequently,
simulations were run at pH levels of 6, 7, and 8 using the software, and the results were

compared with the data acquired from the lab-scale RO system.

6.2.4 Membrane Characterization

The surface of membranes was characterized after the RO test to evaluate the
fouling phenomena. Before the characterization tests, the samples were dried at 50 °C in

a laboratory-scale oven.

The morphology of the virgin and fouled membrane surface was investigated by
SEM on a Zeiss, Gemini-SEM 500 Field Emission microscope operated at 3 kV. Before

the measurements, membranes were coated with gold.

ATR-FTIR was employed for the identification of functional groups of the virgin
and fouled membranes of the deposited foulants using an FT-IR spectrometer (Thermo
Nicolet Avatar 370). The analysis was conducted in the wavelength range of 4000-400
cm' [438].
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6.2.5 N and P recovery from RO concentrate by MAP crystallization

The concentrate of the RO process was tested in nutrient recovery tests, which
were gathered from the test performed under optimum operating conditions. The
recovery of nutrients through the process of MAP crystallization was studied in batch
reactors. In order to achieve the stated objective, the concentration levels of POs-P,
NH4-N and Mg?" were quantified. The optimization of the conditions for the MAP
crystallization was performed through a series of tests conducted in batch reactors,

according to the following chemical equation.
Mg*" + NH4" + PO4* + 6H20 — MgNH4PO4.6H,0

As shown in the chemical equation the NH4/PO4/Mg requires a molar ratio of 1.
However, the significance of the Mg/P ratio could be in the typically low concentration.
PO4* or Mg?" was added to the wastewater to adjust Mg/P ratios of 0.67, 0.83, 1, and
1.1. The tests were conducted at a pH of 9 to determine the optimum Mg/P ratio.
Subsequently, tests were performed at various pH levels (8, 8.5, 9, 9.5, and 10). During
the optimization of the Mg/P ratio and pH, the batch reactors were stirred at 200 and 20
rpm for a duration of 20 and 60 minutes, respectively. Subsequently, the samples were
filtrated through a 0.45 um filter, resulting in the separation of the precipitate from the
aqueous phase. The filtered precipitate samples were dried at a temperature of 40 °C

for 24 hours [439].

6.2.6 X-ray diffraction (XRD)

The dried precipitate was then crushed to obtain smaller particles and made ready
before analysis. XRD analysis was conducted using a Bruker/Siemens XRD analyzer
equipped with Cu Ka = 1.54060 A copper radiation to assess the quality of struvite in
the precipitates formed during MAP crystallization. The analyses were performed at a

scanning speed of 0.02° and a scanning range of 10-70° 20 angles [277].
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6.3.Results

6.3.1 RO tests with effluent of CEPS+DCMF

The first phase of the RO tests involved performance evaluation on CEPS+DCMF
permeate samples with two different operational modes, focusing on nutrient recovery
and the production of reusable water. The initial part of the RO tests with the effluent of
the CEPS+DCMF process was conducted in TRM mode, while the subsequent tests
were performed in CM. The following sections present the data and results obtained

from these tests.

6.3.1.1 Operation of RO process in TRM using CEPS+DCMF process effluent

Initially, the tests were performed at TMP values of 8, 10, and 15 bar and CFV of
0.8 and 1 m/s in TRM operation. Table 6.1 displays the flux recovery rates received
through the operation of the RO system in TRM operation. The average flux recovery
rates observed were more than 94%. The experimental results indicate that the optimal
conditions for achieving the highest flux recovery involve a TMP of 10 bar and a CFV
of 1 m/s, resulting in a flux recovery of 97%. While the flux recovery rates did not show
a significant variation, the highest level of membrane fouling was observed at a TMP of
10 bar and CFV of 0.8 m/s, resulting in a flux recovery rate of 94%. Basically, the flux
decline is known to result from the increase in membrane resistance by cake formation

and membrane pore blockage [440].

Table 6.1 Flux recovery rates obtained in TRM operation

CFV (m/s) | TMP (bar) F'“r’; tre eff,;ov)ery
8 96
0.8 10 95
15 04
8 95
1 10 97
15 96
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The tests performed using the RO system in TRM involved analyzing samples
obtained from the permeate after reaching steady-state conditions. The findings of the
sample characteristics are presented in Table 6.2. The EC values of RO feed water show
a range of 1711 to 2125 puS/cm. Conversely, the obtained permeate samples have a
range of 50-73 uS/cm. A study conducted using synthetic wastewater found that the
BW30 membranes had an average EC rejection rate of 88% [441]. In our study,

rejections of EC were higher with a range between 96 and 98%.

The feed samples of PO4-P concentration were approximately 8 mg/L and NO»"
concentration ranging from 4-10 mg/L. However, the permeate samples indicated
undetectable levels of both PO4-P “and NO>". In a similar way, it was observed that the
feed COD concentration ranged between 16-45 mg/L, whereas the concentration in the
permeate samples had COD concentrations below the detectable limit of 5 mg/L. Thus,
it can be concluded that PO4-P, NO>> and COD were completely rejected. Additionally,
TMP, defined as the pressure variance across the membrane, impacts various aspects of
the process. Studies have demonstrated that adjusting transmembrane pressure can
result in modifications to membrane fouling characteristics [442] and the rejection
mechanisms [443]. When the CFV was at 1 m/s, an increase in TMP from 8 bar to 15
bar resulted in a considerable decrease in the EC of the permeate from 73+24 to 50+3

uS/cm.
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Table 6.2 Characteristics of samples obtained by TRM operation of RO process

"(1;)1:[3 (Cnf/:; Sample pH (uglfm) COD (mg/L) | CI' (img/L) |PO4-P (mg/L) (ggi) SO4* (mg/L)

- Feed 1996+360 26+4 388+12 8.0+1.6 6+4 110+3
Permeate 9 73+24 <5 8+1 ND* ND* 1+0

8 , Feed 8 2070+240 23+5 387+5 8.0+0.0 4+1 107+13
Permeate 10 7248 <5 6+0 ND* ND* 1+0

0.8 Feed 8 2125177 27+5 352+56 8.0+1.0 8+2 108+5
Permeate 9 5248 <5 542 ND* ND* 1+0

10 , Feed 9 1711240 1643 386+5 8.0+0.1 6+5 104+8
Permeate 9 7248 <5 5+1 ND* ND* 1+0

08 Feed 8 2037475 45+5 358+61 8.0+1.3 10+4 110+6
Permeate 10 6142 <5 6+1 ND* ND* 1+0

13 ; Feed 9 1895+144 3344 304+116 8.0+0 7+0 107+3
Permeate 10 5043 <5 3+1 ND* ND* 1+0

ND*: Indicates concentrations below the detection threshold.
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6.3.1.2 Operation of RO process in CM using CEPS+DCMF process effluent

Following the TRM operating mode, which constitutes the initial phase of
optimization of CFV and TMP in RO tests, the subsequent phase involved conducting
tests in the CM. Experimental investigations were performed using the RO system, with
a 60% recovery rate, at the same CFV (0.8 and 1 m/s) and TMP (8, 10, and 15 bar)
values in the CM. Table 6.3 presents the flux recovery rates acquired from the RO tests
performed under the CM conditions. The tests indicated an average flux recovery rate of

over 91%.

Experimental results also suggest that the most optimal conditions for achieving
the highest rate of flux recovery refer to a TMP of 10 bar and a CFV of 1 m/s, resulting
in a flux recovery rate of 98%. Research has shown that operational parameters like
cross-flow velocity play a crucial role in mitigating fouling in RO systems, with higher

velocities reducing the accumulation of foulants on the membrane surface [444].

Table 6.3 Flux recovery rates obtained by operating the RO process in CM

CFV (m/s) TMP (bar) Fll;); tx;:ez‘(;:;ry
8 96
0.8 m/s 10 9
15 97
8 94
1 m/s 10 08
15 91

During the operation of the RO system in CM, permeate was collected until the
recovery rate reached 60%. Once the recovery rate reached 60%, samples of
concentrate and permeate were sampled and analyzed. Their characteristics are
presented in Table 6.4. The EC indicated a variation between 82 and 106 uS/cm in the
permeate samples. The permeate from the RO process is essential as it often meets
stringent quality standards for reuse purposes. Studies reveal that the permeate produced
by the RO process meets the requirements set by organizations including the Food and

Agriculture Organization [36]. The feedwater samples indicated a COD concentration
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within the range of 33-61 mg/L, whereas the permeate samples showed a concentration
below the detectable limit of 5 mg/L. Thus, it was recognized that the COD had been
completely removed. Based on the findings of the experiments performed under optimal
conditions (i.e., 15 bar TMP and 0.8 m/s CFV) in terms of flux recovery, it was noticed

that the maximum concentration of PO4-P (16+2 mg/L) was achieved.
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Table 6.4 Characteristics of samples obtained by TRM operation of RO process

T™MP CFV Sample pH EC COD Cr (mg/L) POs-P NO» SO4*
(bar) (m/s) (nS/cm) (mg/L) (mg/L) (mg/L) (mg/L)
Feed 9 1866+289 55+4 282+104 10+4 542 91+2
0.8 Permeate 9 90+2 <5 10«1 ND* ND* 2+0
8 Concentrate 9 3320+339 153 573+133 8+1 2248 205425
Feed 9 1467+66 61+8 299+139 8+1 13+£3 101£12
1 Permeate 10 103£15 <5 8+1 ND* ND* 2+1
Concentrate 9 3620+1428 211+157 661+£378 5+5 24 219+0
Feed 1741+59 61+3 204+7 11+3 342 100+14
0.8 Permeate 10 8242 <5 7£2 ND* ND* 2+0
10 Concentrate 9 31757 1357 434436 11+£5 7+6 214+29
Feed 9 1780+11 33+6 280+115 8+2 10+7 99+3
1 Permeate 10 86+9 <5 7+1 ND* ND* 2+1
Concentrate 9 3490+665 149+96 630+348 443 20+18 206+22
Feed 9 1757+43 48+10 20510 9+4 2 103£15
0.8 Permeate 9 82+4 <5 7+2 ND* ND* 2+1
15 Concentrate 9 3185+134 142+37 418+17 16+2 3 213433
Feed 9 1863+102 38+18 292+134 7+1 543 101£2
1 Permeate 9 106+12 <5 1110 ND* ND* 2
Concentrate 9 3410+509 125+64 608+302 5+0 9 20942

ND*: Indicates concentrations below the detection threshold.
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6.3.2 RO tests with effluent of the CEPS+DCMF and AnFCMBR
processes

During the first phase of the tests performed to optimize the RO process, the
parameters of CFV (0.8 and 1 m/s), and TMP (8, 10, and 15 bar) were tested under
TRM and CM conditions using only effluent of CEPS+DCMF process. As the second
phase of the RO tests, experiments were conducted under CM conditions to obtain
nutrient-rich concentrate and reusable water by mixing the effluent samples of the
CEPS+DCMF and AnFCMBR processes in a ratio of 80% to 20%, respectively. These
rates have been determined based on daily average flow rates, assuming that the

AnFCMBR system is operated at HRT for 3 hours.

Firstly, RO tests were performed at a 60% recovery rate, at different CFV (0.8 and
1 m/s) and TMP (8, 10, and 15 bar). Subsequently, tests were conducted at different
recovery rates (60%, 70%, and 80%) at the optimized CFV and TMP values. Following
the optimization of CFV, TMP, and the process recovery rate, the optimum pH value
was determined. This step was the last phase of the process of identifying the most
effective operating conditions. The last part of the RO test involved the implementation
of the concentrate collection to determine optimum conditions in the subsequent

nutrient (MAP) recovering investigations.

6.3.2.1 Effect of TMP and CFV on RO performance

The samples were tested for different CFV (0.8 and 1 m/s) and TMP (8, 10, and
15 bar), at a 60% recovery rate. Table 6.5 presents the characteristics of the feed sample
used in the tests, as well as the concentrate and permeate samples obtained from the
tests. The permeate samples showed a significantly lower EC range of 40-78 uS/cm,
indicating a removal rate of over 95%. removal efficiency of CI, POs-P, NO;", and
SO4*. The results indicated that the removal efficiency of PO4-P and NO,™ was 100%,
while the average SO4* and CI removal efficiency was 99%. It is known that BW30
membranes have a negative surface charge within the pH range of 6 to 11 [445]. The
wastewater samples used in this study have pH levels ranging from 8 to 10.

Consequently, the membrane preserves a negative surface charge during the whole test.
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Anions are repelled by the negatively charged surface of the membrane. Consequently,
in addition to the mechanism of sieving, the repulsion of charges also played a
significant part in the rejection of chloride and sulfate ions. The primary factors
contributing to the high rejection of CI" and SO4* were the membrane’s sieving
properties and charge repulsion [446]. Furthermore, the concentration of PO4-P, a
crucial factor in studies related to the recovery of nutrients such as struvite, exhibits a
range of 17-23 mg/L in the samples of concentrate. The results of RO tests performed at
a TMP of 15 bar and a CFV of 0.8 m/s indicated that the highest recovery of POs-P was
achieved at a concentration of 23+5 mg/L. According to the characterization results, it
was found that there was no significant difference in the removal efficiency, except for
the COD removal efficiency. The test conducted at a CFV of 0.8 m/s and TMP of 15 bar
provided the highest COD removal efficiency of 74%.
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Table 6.5 Effect of CFV and TMP on the performance of RO

TMP | CFV COD SO4* NO2 | POs-P
(bar) | (mJs) Sample pH | EC@S/em) | opy |CF (mg/l) (mg;L) (mg/zL) (mg4/L)
Feed 8.2+0.0 1635422 49+18 181+3 52410 29 1543

0.8 Concentrate | 8.4+0.2 2940+14 175462 365+2 125465 42 18+8

g Permeate 8.8+0.4 73+1 22+18 140 1+0 ND* ND*
Feed 7.8+0.3 165611 35412 178+1 58+0 1.9 1343

1 Concentrate | 8.4+0.2 3160+354 102+27 363+12 108+1 2.2 1745
Permeate 8.5+0.7 78+4 144 140 1+0 ND* ND*

Feed 8.2+0.1 1652+1 3542 183+8 62+4 4 14+4

0.8 Concentrate | 8.5+0.2 3055+35 133442 35247 12246 6 1749

10 Permeate 9.2+0.2 7141 1549 1+0.11 ND* ND* ND*
Feed 7.940.1 1458+214 5141 151431 54410 8+5 1143

1 Concentrate | 8.3+0.0 2660+311 118424 308+51 | 106+14 | 12+3 1746

Permeate 8.44+0.3 66+6 2241 ND* ND* ND* ND*

Feed 8.2+0.1 1658+10 20+7 178+1 60+0 442 1443

0.8 Concentrate | 8.3+0.0 2980+71 107+30 349+12 116+1 5+2 2345

15 Permeate 8.7+0.0 72+16 8+2 ND" 1+0 ND’ ND*
Feed 8.0+£0.0 1486+232 41+6 154+31 5943 10+1 11+0

1 Concentrate | 8.2+0.2 2695+460 10629 301+57 113+7 17+1 19+2

Permeate 8.44+0.3 68+20 18+12 ND* ND* ND* ND*

ND*: Indicates concentrations below the detection threshold.
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Figure 6.3 displays the results of tests conducted at varying CFV and TMP with a
recovery rate of 60%, illustrating the pure water, wastewater, and pure water
permeability (after wastewater tests) values as well as the flux recovery rates. The
average flux recovery rates observed in all RO tests were greater than 93%. The tests
performed at a TMP of 15 bar and a CFV of 0.8 m/s yielded the greatest flux recovery
rate, reaching a value of 98%. The maximum wastewater permeability was attained
during the RO tests conducted at a TMP of 8§ bar, a CFV of 0.8 m/s, and a value of 3.6
LMH/bar. However, more severe biofouling can occur during operations at higher
permeability. Rapid biofilm formation on the membrane is caused by the higher flux,
which drives the convective transfer of nutrients, solutes, and bacteria to the
membrane surface [447]. It has already been observed that a high permeability value has
a negative effect on the flux recovery rate in the RO tests performed at a TMP of 8 bar,

and a CFV of 0.8 m/s.

. m Pure water permeability L

= Wastewater permeability
Pure water permeability after test] 99

4 | . Io Flux recovery rate

o B T 1 98
g =8
< 197 o
= -
2 {9 o
= o
e ]
§2 - {95 x
e s

1 94

1 93

92

Figure 6.3 Permeability values and flux recovery rates obtained for TMP and CFV in
RO tests

The experimental results indicate that the optimal conditions for achieving the
highest recovery of PO4-P and flux recovery rate were achieved at a TMP of 15 bar and

a CFV of 0.8 m/s. Hence, the recovery rate and pH level optimization studies the second
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and third phases of the RO tests, respectively- were performed at a TMP of 15 bar and a
CFV of 0.8 m/s.

6.3.2.2 Effect of Recovery Rate on RO performance

Following the TMP and CFV optimization, tests were performed at 60%, 70%,
and 80% recovery rates, under optimal conditions of 0.8 m/s CFV and 15 bar TMP.
Table 6.6 presents the characteristics of the feed, concentrate, and permeate samples.
With regard to the tests performed at each recovery rate, the initial pH level in the feed
samples ranged from 7.6 to 8.2, while the final pH level was between 8.3 and 8.5. As
water is recovered, the concentration of ions and compounds in the remaining water
increases, potentially affecting the pH of the solution. This concentration effect can

result in pH level changes as the recovery rate increases [448].

When the rate of recovery increased from 60% to 80%, the content of PO4-P in
the concentrate reduced from 23+2 mg/L to 10+l mg/L. The findings of RO tests
performed at a TMP of 15 bar and a CFV of 0.8 m/s indicated that the maximum
recovery of PO4-P was achieved at a concentration of 23+2 mg/L, with a corresponding
recovery rate of 60%. The concentration of PO4-P is of major significance in studies
regarding further MAP crystallization tests. The recovery rate in RO processes can have
a significant impact on the recovery of phosphate. Higher recovery rates in RO systems
can lead to challenges such as limitations in the system's maximum recovery ratio and
increased fouling rates due to imbalances in driving force [449]. The presence of
phosphate in the concentrate can affect the scaling behavior, with studies showing that
calcium phosphate becomes increasingly insoluble at higher pH wvalues [450]. In
addition, as the recovery rate increases, so does the duration of the test. As a
consequence, the chance of calcium phosphate crystallization may increase. It is
essential to consider the overall recovery and concentration processes in water treatment
systems. High recovery rates can lead to concentrate minimization challenges,
especially when dealing with inorganic constituents like phosphate that can contribute
to membrane scaling [451]. One key aspect to consider is the solubility of phosphate
salts at different pH levels. Phosphate salts, such as calcium phosphate and magnesium
phosphate, tend to have lower solubility at higher pH values [452]. A precipitate of

calcium or magnesium phosphate, which forms at high pH values, can be avoided by
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lowering the pH of the feed samples. However, high pH levels can lead to lower NH4-N
recovery [453].

Table 6.6 Characteristics of samples obtained from tests on recovery rate optimization
of RO

Recovery Sample pH EC COD Cr NO~» POs-P
rate (%) (uS/cm) | (mg/L) | (mg/L) | (mg/L) | (mg/L)
Feed 8.2 1651 512 1771 4+1 1442
60 Concentrate | 8.3 2930 297+13 | 349+l 5+1 23+2
Permeate | 8.7 83 15+2 0,540 | 0,03+0 | ND"
Feed 7.6 2415 30=+1 440+1 0,60 15
70 Concentrate | 8.4 5230 223+11 | 1019466 | 1,7£0 15+1
Permeate 8.7 97 1242 15+1 0,10 ND*
Feed 7.7 2500 30=+1 440+1 0,60 16
80 Concentrate | 8.5 7220 302416 | 1508+72 | 1,60 10+1
Permeate | 9.3 130 112 20£2 | 0,120 ND’

ND*: Indicates concentrations below the detection threshold.

Figure 6.4 presents the permeability values acquired from RO tests performed at
various recovery rates while maintaining a TMP of 15 bar and a CFV of 0.8 m/s. The
increase in the rate of test recovery resulted in a decline in the permeability and flux
recovery rate. The noticed phenomenon is attributed to the extension of the testing
duration, which is caused by the elevated recovery rate, leading to the membrane's
fouling behavior. Upon reviewing the literature, it is obvious that the BW30-XFR
membrane demonstrates a noteworthy level of efficacy, with a 60% recovery rate.
[454]. When RO operates at higher concentrations and recovery rates, it faces
challenges such as limitations in the system's maximum flux recovery ratio due to feed

concentration and membrane constraints [455].
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Figure 6.4 Permeability values and flux recovery rates obtained for different recovery

rates in RO tests

6.3.2.3 Effect of pH on RO performance

As a last phase of optimization of RO, the performance of the RO process was
investigated at pH values of 6, 7, and 8. Tests were performed using the optimized
operating conditions of 15 bar TMP, 0.8 m/s CFV, and a 60% recovery rate. Table 6.7
presents the characteristics of the feed, concentrate, and permeate samples acquired
from the tests. Studies have shown that the pH of the feed water significantly impacts
ion rejection [456]. Specifically, at higher pH levels, the rejection of ammonium ions
decreases due to the decrease in the hydration radius of uncharged ammonia [457]. This
decrease in rejection at higher pH levels is attributed to the change in the speciation of
ammonium compounds in solution, affecting their interaction with the membrane
surface. Moreover, the effect of pH on membrane rejection mechanisms has been
extensively studied in the context of various contaminants. For instance, feedwater pH
has been found to impact membrane salt rejection through changes in salt partitioning

caused by the electrostatic Donnan exclusion mechanism [458]. Additionally, the charge
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density in the active layers of RO membranes plays a crucial role in the rejection of
certain contaminants, where pH influences the membrane surface charge and,

consequently, the rejection of ionic contaminants [449].

The concentration of PO4-P, a crucial parameter for studies related to nutrient
recovery, shows a variation between 14-34 mg/L in concentrate samples. The
experimental studies performed at a pH of 6 provided a maximum concentration of PO4-
P at 34 mg/L in RO concentrate. The results represented in Table 6.9 indicate that
higher PO4-P recovery was achieved in the tests performed at pH 6 in contrast to those
performed at pH 7 and 8. However, when a mass balance was established by using the
system recovery rate and the feed PO4-P concentration, it was revealed that 82.2% of
PO4-P was successfully recovered in the concentrate. Therefore, it can be assumed that
17.8% of PO4-P was deposited on the surface of the membrane as it was not identified
in the permeate. The concentrate has a pH of 7.2, and precipitation can be avoided by
reducing the feed pH value to 6.5 or below. Similarly, with the increase in pH from 6 to
8, the NH4-N concentration in the concentrate samples decreased from 124.6 mg/L to
95.6 mg/L. When considering the impact of pH increase on NH4-N recovery in the
concentrate of the RO process, it is crucial to understand that high pH levels can affect
NH4-N recovery adversely. Williams et al. [453] highlighted that high-pH concentrates
can enhance desorption, which implies that an increase in pH may lead to reduced NHy-

N recovery efficiency.

Table 6.7 Characteristics of samples on pH optimization of RO process at 60%
recovery rate

EC COD Cr POs-P NH4-N

pH | Sample PH 1 iS/em) | (mg/L) | (mg/) | (mg/L) | (mg/L)
Feed 6 2160 80+7 269+5 16.7+0.3 67.7

6 | Concentrate 7.2 4490 170£9 | 1110+4 34.3+0.3 124.6
Permeate 6.7 85 11+£5 14+0 ND* 4.8

Feed 7 1925 39+13 | 245+1 16.0+0.5 60.2

7 Concentrate 7.8 3460 144+16 748+1 29.0+0.2 1054
Permeate 7.2 87 1+0 13+0 ND’ 5.9
Feed 8 1750 75410 | 268+4 16.4+0.3 66.1

8 | Concentrate 8.2 3360 15849 | 551+10 | 14.7+0.4 95.6
Permeate 7.8 82 8+3 8+0 ND’ 9.5

ND*: Indicates concentrations below the detection threshold.
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Figure 6.5 presents the permeability values acquired from RO tests performed at
different pH levels. The study found that while the pure water permeability values were
comparable. However, RO tests performed using wastewater samples showed a decline
in wastewater permeability values. Specifically, by increasing the pH from 6 to 7 and 8§,
the permeability decreased from 2.7 LMH/bar to 2.4 LMH/bar and 1.9 LMH/bar.
Regarding the flux recovery rates, it was noted that the RO test conducted at a pH of 7
resulted in the lowest flux recovery rate of 92%. It is important to consider the influence
of pH on membrane fouling in RO systems, as membranes are susceptible to fouling,
which can increase operational costs and reduce their efficiency [459]. Specifically, an
increase in pH can lead to membrane fouling, which in turn can result in a decline in
flux, an increase in operating pressure, more frequent membrane cleaning, and higher
water production costs [460]. Research by Masse et al. [461] highlights that variations
in pH levels can impact membrane fouling and cleaning, as well as permeate flux and
quality during the processing of wastewater. When the pH of the feed solution in an RO
process increases, it can have a negative impact on the permeability of the system. This
is due to various factors such as electrostatic repulsion between carboxyl groups, which
can lead to the prolongation of the chain and subsequently reduce the effective pore size
of the membrane, resulting in a decrease in the stable permeation flux of the RO
membrane [462]. Moreover, increasing the pH can lead to concentration polarization of
solutes on the membrane surface or inside the membrane, limiting water flux in RO

[463].

164



I Pure water permeability

[ Wastewater permeability

I Pure water permeability after test | @ - 100
®  Flux recovery rate

3_
I 1
2 - I - 95
1 4
[ )
0 90

6 7 8
pH

Permeability (LMH/bar)
Flux recovery rate

Figure 6.5 Flux and flux recovery rates obtained for different pH in RO tests

For assessing the performance of a RO system under different pH conditions, the
removal efficiencies of NH4-N were evaluated at pH levels of 6, 7, and 8. These
experimental results were then compared to the recovery of the NH4-N predicted by the
Wave program. Figure 6.6 shows the project generated in the Wave software for
modeling studies, while Table 6.8 presents the inputs utilized in indicated modeling

studies.

Table 6.8 Inputs used in modeling created in Wave Software

Parameter Inputs
Membrane BW30-XFR
Design temperature (°C) 25
Feed flow (m?/h) 100
Permeate flow (m*/h) 60
Recovery rate (%) 60

pH 6

pH adjustment chemical HCI
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Figure 6.6 A visual representation of the project generated to compare the NH4-N

recovery rate through the modeling designed in the Wave software.

Figure 6.7 presents a comparison between the NH4-N recovery rates obtained
through modeling using the Wave software and achieved through RO tests at different
pH levels (pH 6, 7, and 8). The RO modeling study found that the efficiencies assessed
in the RO tests exhibited similar patterns to those indicated in the Wave software.
Additionally, the NH4-N recovery rate decreased as the pH value increased from 6 to 7
and 8. Furthermore, upon entering the feed characteristics and operating conditions

gathered from the RO test performed at a pH of 6 and a TMP of 15 bar into the WAVE

software, the energy demand of the RO process was estimated to be 0.62 kWh/m®.
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Figure 6.7 Comparison of the experimentally determined NH4" removal efficiencies

and the Wave software modeled NHs-N recovery rate at different pH

Finally, RO tests were performed to obtain concentrated wastewater for MAP
crystallization studies at the optimized conditions: CFV of 0.8 m/s, TMP of 15 bar,
recovery rate of 60%, and pH level of 6.

6.3.3 Membrane Surface Characterization

6.3.3.1 ATR-FTIR

Figure 6.8 presents the ATR-FTIR spectra of the BW30-XFR membrane used in
the RO test, both pre- and post-experiment, within the 500-4,000 cm™ range. The ATR-
FTIR analysis was performed at a CFV of 0.8 and 1.0 m/s and a TMP of 15 bar. In the
500—4000 cm ! region, peaks were associated with the PSF sublayer and the PA layer
[464]. The strong peaks in the region between 1500 and 1800 cm ™! were associated with
carbonyl groups and amide bands where the PA thin-film membranes presented their
characteristic peaks [465]. The second specific peak with the presence of carbonyl
groups and amide bands was indicated between 2700 and 3700 cm ™' [466]. In this
region, a significant difference was determined for the membranes used in the tests
performed with CFV of 0.8 and 1 m/s and virgin membranes in the range of 1640-1730

cm’! [467]. Furthermore, noteworthy dissimilarities were noticed within the range of
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2700 to 3700 cm’!, which corresponds to the secondary peak region housing carbonyl

groups and amide bands [468].
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Figure 6.8 ATR-FTIR spectra of the virgin, fouled during tests performed at a CFV of
0.8 and 1.0 m/s

6.3.3.2 SEM-EDX

SEM and EDX analysis of the BW30-XFR membrane used in the RO tests, which
was performed with a CFV of 0.8 m/s, 15 bar TMP, and 60% recovery rate, with the
aim of revealing the change in membrane surface morphology before and after the test.
The images of the SEM and EDX analyses performed on the surface of the BW30-XFR
membranes, which were virgin membranes and were washed with distilled water after
the tests, are presented in Figure 6.9 and the elemental composition obtained from the

EDX results are presented in Table 6.9.

The pollutants that cause local fouling on the membrane surface after RO tests are
clearly seen in Figure 6.9b. According to the results of the EDX analysis performed on
the pollutant in Figure 6.9b, it was determined that the pollution that causes fouling
mostly contains C and O elementally (Table 6.9) and is caused by organic matter [367].
The presence of C, N, O, and S elements obtained in the EDX analysis of the virgin
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BW30-XFR membrane is due to the polyamide-based membrane of the BW30-XFR
membrane. [469, 470].

LR A

Figure 6.9 SEM-EDX images of the BW30-XFR membrane before (a) and after (b)

tests

Table 6.9 EDX data of BW30-XFR membrane

The weight ratio (%)
Element o e

C 46.39 81.05
N 24.86 -

O 26.14 13.40
Al 0.13 0.25
P 1.04 -

S 1.44 5.29

*Virgin BW30-XFR membrane
** BW30-XFR membrane after RO test

6.3.4 Struvite recovery from RO process concentrate

Following the determination of optimal conditions for the RO process, the RO
system was operated to gather a sufficient amount of concentrate sample to use in the
optimization of the MAP crystallization process. MAP crystallization tests were
performed at a pH of 9 and at Mg/P ratios of 0.67, 0.83, 1, and 1.1. The objective of the

study was to investigate the impact of the Mg/P molar ratio on the crystallization
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efficiency of MAP. The crystallization tests present the addition of PO4-P in order to
achieve the targeted Mg/P ratio. Table 6.10 presents the concentrations of POs-P and
Mg?* resulting from precipitation tests performed to recover struvite from the
concentrate of the RO process. Tests performed at a molar ratio of 0.67 Mg/P showed
the minimum concentration of PO4-P (15.3=1 mg/L) in the supernatant samples. The
experimental results showed that the supernatant samples presented the minimum
concentration of Mg?" (19.0+0.3 mg/L) at a molar ratio of 1.1 Mg/P. The experimental
data indicates that the maximum PO4-P removal rate of 82.6% was achieved at a molar
ratio of 0.67 Mg/P. At the molar ratio of 1.10 Mg/P, the removal efficiency was 56.3%.
According to Jaffer et al. and Matsumiya et al., a suitable Mg/P ratio for a MAP
crystallization process is between 0.66—0.77, and usually, with an excessive amount of
ammonia is available (ammonium to phosphorus ratio > 1) [265, 471]. Moreover,
studies have demonstrated that at a Mg:P ratio of 1.4, MAP crystallization can lead to
high removal percentages of nitrogen, phosphorus, and potassium [472]. Therefore, the

results indicated in Table 6.10 and Figure 6.10 correlate with the current literature.

Table 6.10 POs-P and Mg?** concentrations of the samples obtained in MAP
crystallization tests performed at different Mg/P molar ratios

Molar ratio 2t
(P/Mg) Sample PO4-P (mg/L) | Mg“" (mg/L)

Feed 88.1 43.4+1.5
0.67

Supernatant | 15.3+1.0 21.4+0.4

Feed 96.7 43.4+1.5
0.83

Supernatant | 24+£8.3 21.1+0.5
; Feed 114 43.4+£1.5

Supernatant | 58.7£1.6 19.7+0.3
1 Feed 140 43.4+£1.5

) Supernatant | 52.3+1.0 19.0+0.3

Following the determination of the optimum Mg/P molar ratio of 0.67, a series of
tests were performed to investigate the effect of different pH levels of 8, 8.5, 9, 9.5, and
10 on the MAP crystallization process at 0.67 Mg/P ratio. Table 6.11 indicates the
concentrations of PO4-P, Mg?*, Ca’>" and NHs-N in the samples obtained during the
tests, along with the corresponding removal efficiencies for each of these ions. The
increase in the pH level resulted in an associated increase in the removal of PO4-P. The

performed tests at a pH of 10 resulted in the 100% removal of POs-P, as it was not
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detected in the supernatant. The pH range is a critical parameter affecting the
crystallization rate, product quality, and the removal of POs-P [473]. Specifically, it has
been observed that pH values above 9 can result in the deprotonation of NH4-N,
hindering the MAP crystallization process and increasing the recovery rate of NHs4-N
and PO4-P [277]. The characteristic results of MAP crystallization tests (Table 6.14)
support this claim that the efficiency of NH4-N and PO4-P removal is enhanced as the
pH level rises, and total removal of PO4-P is achieved at a pH of 10.

The performed tests have shown that the removal efficiencies of NHs-N and Mg?*
were very low, particularly at pH levels up to 9.5. The rapid decrease in PO4-P has been
suggested to be caused by the precipitation of Ca3z(POs),. Further research is required in

this particular situation to promote the formation of MAP crystallization.

Table 6.11 Characteristics of samples collected during MAP crystallization tests

PO4-P Mg?* Ca? NHs-N
pH Sgle (mg/L) |(mg/L) |(mgL) | (mg/L)
7.3 Feed 100.6 43.4+1.5 | 82.3+0.1 | 71.8+2.1
8 Supernatant | 65.4+4.6 | 34.8£1.9 | 46.4+1.5 | 69.7+1.2
8.5 Supernatant | 30.1+4.2 | 33.8+0.6 |43.1£1.9 | 69.1+2.1
9 Supernatant | 10.7+0.9 | 32.6+0.6 | 29.3+7.5 | 70.3£0.1
9.5 Supernatant | 3,1+0.5 25.4+0.7 | 33.9+1.2 | 65.9+0.3
10 Supernatant | ND* 22.140.7 | 33.5+0.8 | 63.7£0.9

ND*: Indicates concentrations below the detection threshold.

XRD analysis was performed on dried precipitate obtained in the tests carried out
at pH 10, where the removal efficiencies are at the highest level with the aim of nutrient
recovery from the RO process concentrate. The XRD pattern of the precipitate is
presented in Figure 6.10. It was determined that the precipitate content was 24.9%
crystalline and 75.1% amorphous structure. Due to the predominantly amorphous
structure of the precipitate, it was not possible to identify characteristic peaks of MAP

crystals.

In water reclamation plants, RO or nanofiltration is often used as the final
membrane filtration step to produce purified high-quality water for reuse instead of
discharge to the environment. In these reclamation plants, the concentrate corresponds

to some extent to effluent coming from activated sludge treatment or the MBR

171



(membrane bioreactor) process (feed for the NF or RO process), but it typically has
from two to four times higher concentrations of the various impurities [474, 475]. Upon
reviewing relevant literature, it has been observed that impurities are present in the
MAP sediment acquired during nutrient recovery from domestic wastewater. These
impurities are attributed to components other than PO4>", Mg**, and NH4" found in the

wastewater composition [476]
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Figure 6.10 XRD pattern of the precipitate obtained from MAP crystallization tests

6.4.Conclusion

In this chapter of the thesis, it was aimed to evaluate and optimize the
performance of the system in the RO tests performed to recover nutrients and water.
The aim was achieved by investigating the effects of different operational parameters:
feed composition, operational mode (TRM and CM), TMP, CFV, system recovery rate,
and pH. In terms of nutrient and water recovery performance, 34.3+0.3 mg/L PO4-P
concentration, 92.8% NH4" removal efficiency, and 100% flux recovery rate were
obtained using RO process at 0.8 CFV, under 15 bar TMP, at 60% recovery rate and pH
6. In the struvite recovery studies in RO process concentrate, the highest L PO4-P

removal efficiency was obtained at 100% at pH 10.
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MAP crystallization tests were performed on the concentrate of the RO process in
order to recover struvite. MAP crystallization process was performed at Mg/P ratios of
0.67, 0.83, 1, and 1.1. and pH of 8, 8.5, 9, 9.5, and 10 to investigate the impact of the
Mg/P molar ratio and pH on the crystallization efficiency of MAP. The experimental
data indicates that the 100% removal of PO4-P was achieved at a molar ratio of 0.67

Mg/P and pH of 10.

This chapter focuses on an integrated approach that contributes to the
sustainability of resources and ensures efficient treatment of MWW. In the not-too-
distant future, it is anticipated that membrane concentrates will be regarded as
invaluable raw materials for resource recovery, rather than as waste streams. Within the
framework of this investigation, optimal resource recycling from effluent treated
physically and biologically with membrane-based processes was attained. This
integrated approach, which has considerable potential in terms of both economics and
technology, is expected to be an additional investigation and to be implemented on a

pilot or full scale.
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Chapter 7

Conclusions and Future Prospects

7.1 Conclusions

The main aim of this PhD thesis was to investigate an integrated process (DCMF-
AnFCMBR-RO-MAP crystallization) that is self-sufficient in terms of energy and
provides water and nutrient recovery, as an alternative to conventional MWW treatment

processes.

The novel DCMF process configurations were used to maximize the energy
potential of wastewater by implementing pre-concentration with different PAM dosing
points. The DCMF system was operated continuously in the optimized PAM dosing
point as CEPS using 0.5 mg/L PAM and optimized operational parameters (natural pH
of wastewater samples, 20 LMH, 10/2 min filtration/backwash time, and 90% recovery
rate) to feed the AnFCMBR. Following the optimization, the long-term operation of the
CEPS+DCMF process was performed at four different phases, and the theoretical
energy potentials were calculated to be 0.33, 0.42, and 0.44 kWh/m? based on the COD
concentrations that could be achieved in the second, third, and fourth phases,
respectively. These results indicated that the implementation of CEPS+DCMF on a full
scale offers significant potential for concentrating organic matter from MWW.
Therefore, the integrated CEPS+DCMF technology can replace current MWW
treatment technologies thanks to its remarkable efficiency in organic matter removal

and recovery performance, straightforward operation, and small footprint.
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The operation of the AnNFCMBR system to treat pre-concentrated MWW was
investigated focusing on its ability to remove pollutants, mitigate membrane fouling,
and enhance the energy potential. Two different types of AnNFCMBR were operated,
and the placement of the membrane was the main difference between the reactors. For
the first AnFCMBR, the membrane module was submerged into the settling basin at the
top of the reactor, and it was continuously operated for 300 days at five different HRT
values (24, 18, 12, 6, and 3 hours). For the second AnFCMBR configuration, the
membrane module was submerged into the fluidized bed section of the reactor, and it
was continuously operated for two months at 12 hours of HRT. During the operation,
with the TMP value exceeding 500 mbar the membrane external cleaning procedure was
applied. High COD removal efficiency in the range of 83-97% was achieved in the
AnFCMBR process operated at different HRTs. The volume of methane produced per
m?® of treated wastewater increased from 14.3 L to 40.0 L when the HRT duration was
reduced from 24 hours to 3 hours. AnFCMBR-SiS process operation at 6 hours HRT
yields 0.126 kWh/m?® net energy production potential.

The performance of RO was evaluated for nutrient recovery studies using
effluents obtained from AnFCMBR and CEPS+DCMF processes. An investigation was
performed to evaluate the impact of different operational parameters, including feed
compositions, operating mode (TRM and CM), TMP, CFV, system recovery rate, and
pH. In terms of nutrient and water recovery performance, 34.3+0.3 mg/L. POs-P
concentration, 100% PO4-P removal, 92.8% NH4" removal efficiency, and 100% flux
recovery rate were obtained using RO process at 0.8 CFV, under 15 bar TMP, at 60%
recovery rate and pH 6.

Following the determination of optimal conditions in the RO process, MAP
crystallization tests were performed to recover struvite from the concentrate of the RO
process. MAP crystallization tests were performed to determine the optimum Mg/P ratio
and pH. The tests were conducted using a molar ratio of 0.9 P/Mg, results revealed that

the removal efficiency of PO4-P was 100% at a pH of 10.

Beyond the primary goal of meeting the discharge standard, an integrated DCMF-
AnFCMBR-RO-MAP crystallization process was implemented to obtain sustainable

process schemes for the recovery of valuable resources from MWW.
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7.2 Societal Impact and Contribution to Global

Sustainability

This thesis presents a novel hybrid MWW treatment process that was designed
and optimized for operational conditions. It serves to provide guidance to institutions
and organizations, such as treatment and design firms, municipalities, research
institutions, and universities, as well as the public or private sector in this field.
Furthermore, the data acquired from this thesis serves as a model of the strategies and
procedures that should be used in wastewater treatment facilities, which suffer

significant energy costs in our country.

The key aspect emphasized in this thesis is resource recovery. Sustainability and
resource recovery from MWW are closely intertwined concepts that are gaining
increasing attention in the field of environmental management. The treatment of
wastewater 1s evolving from a mere disposal process to a resource recovery approach,
where wastewater is seen as a valuable source of water, nutrients, and energy. This shift
in perspective is essential for achieving Sustainable Development Goals (SDGs) related

1™ Sustainable

to SDG 6th clean water and sanitation, 7" affordable and clean energy, 1
cities and communities, 13" Climate action, 14" Life below water, and 12" Sustainable

consumption and production.

Various technologies and processes have been developed to enhance resource
recovery from MWW. AnMBRs also applied in this thesis, have been identified as key
components in sustainable wastewater treatment and resource recovery systems, as they
can produce biomethane for renewable energy without the need for energy-intensive
oxygen transfer. Nutrient recovery from MWW is highlighted as a crucial aspect of
resource recovery, as it not only allows for the protection of phosphorus resources but
also reduces eutrophication and enhances the sustainability of municipal sewage
systems. Furthermore, the recovery of phosphate from wastewater can alleviate the
burden of excessive fertilizer production and mitigate eutrophication issues caused by
high phosphate concentrations in effluents. In the quest for sustainable wastewater
management, the integration of resource recovery processes into wastewater treatment

plants is essential. By adopting advanced technologies and retrofitting existing plants, it
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is possible to transform wastewater treatment facilities into resource recovery factories

that can produce freshwater, energy, and valuable materials from MWW streams.

7.3 Future Prospects

The combination of climate change and increasing demand for lifestyle products
has led to a high value being placed on natural resources, as a result of ongoing
pollution. The technology routes chosen were determined by the unrestricted access to
natural resources. In the current situation, all natural resources have been polluted and
have grown more expensive due to increased demand. The primary strategy is to adapt
to the current conditions, which need the conservation of resources, efficient utilization,
and economizing. Membrane separation techniques have become a better alternative to
conventional separation techniques by offering higher recovery, ambient operating
conditions, and lower energy requirements. Integration of more than one membrane
process or hybridization offers the possibility to improve overall separation

performance, overcome limitations, and result in higher value addition.

This thesis presents the development of an innovative membrane-based integrated
treatment method that utilizes its own energy and servesthe circular economy
approach by recovering organic matter, nitrogen, phosphorus, and water from
wastewater. The application of integrated CEPS and DCMF has a high potential for the
up-concentration of organic matter in MWW for further energy recovery to achieve
energy-positive wastewater treatment. An important issue with the utilization of treated
MWW in agriculture is the elimination of toxicity and endocrine-disrupting substances.
Industrial discharges into municipal sewage systems can lead to significant issues,
including toxicity and the transfer of excessive organic matter into the wastewater
treatment plants at the end of the pipe. Nevertheless, information is limited regarding
their final fate and biodegradation in AnFCMBRs. Certainly, further investigation is
necessary to determine the final fate of these crucial contaminants in AnFCMBR

systems.

The controlled crystallization of compounds like struvite from wastewater using
RO concentrate offers a means of recovering phosphorus, a critical nutrient, for reuse.

This not only aids in nutrient recycling but also contributes to reducing the
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environmental impact of RO concentrate discharges. In this study, struvite recovery
tests in concentrate of RO process, 100% POs-P removal efficiency was obtained after
optimization of the process. RO holds significant promise for enhancing nutrient
recovery from the effluent of membrane-based MWW treatment processes, thereby
promoting sustainable practices in water resource management. However,
advancements in membrane technologies and process optimization may enhance the

efficiency of ammonium recovery from MWW.

Additionally, there is a growing interest in recovering water, nutrients, and energy
from wastewater streams due to increasing volumes of MWW and advancements in
resource recovery technologies. In the future, a detailed techno-economic analysis of
these hybrid membrane-based processes in nutrient recovery should be performed, such
as process energy demand, CO; footprint, system robustness, operating costs, product

quality, and market demands.
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APPENDIX

Table S1.1 The most frequent co-occurrences for the articles about “MWW treatment”
based on the search held on February 29, 2024

Keyword Occurrences Total link strength
wastewater 491 1049
wastewater treatment 478 954
MWW 451 911
sewage sludge 169 336
anaerobic digestion 151 368
microbial community 143 279
activated sludge 137 266
wastewater treatment plant 127 243
anammox 111 264
microalgae 108 283
adsorption 104 219
membrane fouling 97 211
nitrogen removal 93 186
heavy metals 86 185
MWW treatment 81 127
resource recovery 76 179
nutrient removal 73 147
sludge 73 187
pharmaceuticals 70 175
membrane bioreactor 69 154
micropollutants 68 164
circular economy 66 140
denitrification 62 136
sars-cov-2 62 148
landfill leachate 61 147
microplastics 61 124
water quality 59 103
water reuse 59 123
biodegradation 58 116
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Keyword Occurrences Total link strength
biogas 55 135
biochar 54 133
covid-19 54 130
nitrification 54 138
phosphorus 54 149
antibiotic resistance 53 114
life cycle assessment 52 121
constructed wetlands 51 91
disinfection 51 128
wastewater reuse 51 94

Table S1.2 The most frequent co-occurrences for the articles about “MWW treatment”

based on the search held on February 29, 2024

Keyword Occurrences| Total link strength
wastewater treatment 74 83
MWW 46 52
wastewater 39 52
circular economy 31 46
sustainability 31 32
microalgae 23 41
sewage sludge 22 20
resource recovery 21 29
anaerobic digestion 19 37
life cycle assessment 17 27
energy recovery 15 30
nutrient removal 12 18
membrane bioreactor 11 16
sludge 11 12
wastewater treatment plant 11 14
adsorption 10 5
constructed wetlands 10 11
wastewater reuse 10 13
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