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UNLOCKING SUSTAINABILITY IN WASTEWATER DENITRIFICATION
THROUGH WASTE-DERIVED VOLATILE FATTY ACIDS

SUMMARY

Wastewater treatment is a crucial process, designed to remove contaminants and
suspended solids from wastewater prior to its discharge into the environment. One of
the primary nutrient contaminants found in municipal wastewater is nitrogen.
Biological treatment process is the most common process employed in wastewater
treatment plants (WWTPs) for nutrient removal. Traditionally, wastewater has
undergone nitrogen removal through nitrification and denitrification processes, where
organic carbon source has served as an electron donor in the denitrification process for
heterotrophic denitrifiers. Therefore, carbon sources play an important role in
wastewater treatment during biological nitrogen removal. The growing need for
improved denitrification, driven by stricter nutrient discharge standards, is leading to
an increased demand for external carbon sources. External carbon sources
conventionally used in wastewater treatment such as methanol or ethanol are often
acquired from fossil derived sources, raising environmental and economic concerns.
To address these issues, this thesis explores a more effective solution for carbon source
in denitrification: waste-derived volatile fatty acids (VFAs). VFAs are fatty acids with
carbon chains ranging from 2 to 6 (such as acetic acid, propionic acid, butyric acid,
etc.), generated and can be obtained during the anaerobic digestion (AD) of various
organic waste materials as intermediate metabolites. The transformation of waste into
VFAs also offers an additional means to reduce the ever-increasing amount of waste.
Consequently, VFAs present a sustainable alternative that shows promise in
optimizing denitrification processes while mitigating ecological impacts.

Long-term fermentation and filtration, affirming the viability of immersed anaerobic
membrane bioreactors (MBRs) for sustainable VFA generation was constructed and
rapid generation of VFAs at a concentration of up to 11.8 g/L could be successfully
achieved. The effect of pH in the batch experiments on the production and yield of
VFAs during acidogenic digestion was evaluated. Under the optimal conditions, a high
yield of 0.65 g VFAs/g VSteq was obtained for the organic loading rate (OLR) of 1 g
VS/L/d using FPPL substrate and chicken manure as inoculum. The results show that
the application of sequential multi-step bioconversion of potato starch industry
residues has the potential to increase the variety of value-added products generated
from a single organic residue while enhancing nutrient recovery capacity.

In the second experimental work, VFA effluent with high ammonium, chicken manure
(CKM) derived VFA effluent, was subjected to ion exchange process to remove
ammonium. Ammonium removal potential was explored by using a low-cost natural
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ion exchanger, clinoptilolite. Experiments were conducted for both synthetic and
actual VFA (AD-VFA) solutions, and the effects of different parameters were
investigated with batch and continuous studies. It was observed that the Langmuir-
type isotherm provided the best fit to the equilibrium data in the isotherm
investigations carried out with the AD-VFA solution. The maximum adsorption
capacity (qm) was found as 15.7 mg NHa'/g clinoptilolite. The effect of some
operational parameters on process performance such as pH, initial NHs" loading and
potassium ion (K*) concentration were investigated. The pH had a negligible effect on
ammonium removal for a pH range of 3-7, while the removal efficiency of ammonium
decreased with the increase of initial NH4" loading and K* concentration. At the
optimum conditions determined in batch experiments, the ammonium removal from
synthetic and AD-VFA solutions were compared and average ammonium removal
efficiencies of 93 and 94% were found in 12 h equilibrium time for synthetic and AD-
VFA solutions, respectively. Overall findings indicated that clinoptilolite has excellent
potential for ion exchange when combined with biological processes such as
acidogenic fermentation of VFAs to purify the solution from high-ammonium content.

Fossil-based materials such as methanol are frequently used in the denitrification
process of advanced biological wastewater treatment as external carbon source.
Volatile fatty acids (VFAs) produced by anaerobic digestion of food waste, are
sustainable compounds with the potential to act as carbon sources for denitrification,
reducing carbon footprint and material costs. The application of VFAs as external
carbon source presents a novel possibility for sustainable denitrification in wastewater
treatment. In the studies performed, the effectiveness of food waste-derived VFAs
(AD-VFA) was investigated in the post-denitrification process in comparison with
synthetic VFA and methanol as carbon sources. Acetic acid had the highest rate of
disappearance among single tested VFAs with a denitrification rate of 0.44 g NOx-N
removed/m?/day, indicating a preferential utilization pattern. While AD-VFA had a
denitrification rate of 0.61 mg NOx-N removed/m?/day, sVFA had a rate of 0.57 mg
NOx-N removed/m?/day, indicating that impurities in AD-VFA did not play substantial
role in denitrification. AD-VFA proved to be promising carbon source alternative for
denitrification in wastewater treatment plants. In the continuation study, although
solely added AD-VFAppL as a carbon source had a slower denitrification capability
(0.56 £ 0.13 mg NOx-N removed/m?*/day) than methanol (1.04 + 0.46 mg NOx-N
removed/m?/day), up to 50% of the methanol can be replaced by waste-derived AD-
VFApp. and achieve comparable performance (1.08 + 0.07 mg NOx-N
removed/m?/day) with the pure methanol. This proves that the co-addition of VFAs
together with methanol can fully compete with pure methanol in performance. This
integration emerges as a sustainable approach, attaining parallel denitrification
performance while reducing reliance on fossil-derived sources. This proves that the
co-addition of VFAs together with methanol can fully compete with pure methanol in
performance, providing a promising opportunity for wastewater treatment plants to
potentially reduce their carbon footprint and become more sustainable in practice
while benefiting from recovered nutrients from waste.
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In conclusion, this thesis reimagines WWTPs as places that recover valuable
resources, going beyond only wastewater treatment. Bridging VFA generation with
value-added usage holds the potential to strengthen biorefineries and promote
environmentally friendly wastewater solutions.
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ATIKTAN KAYNAKLANAN UCUCU YAG ASITLERi YOLUYLA ATIKSU
DENITRIFIKASYONUNDA SURDURULEBILIRLIK KiLiDIiNIN
ACILMASI

OZET

Atik su aritimi, atik suyun ¢evreye desarj edilmesi Oncesi kirleticileri ve askida kati
maddeleri uzaklastirmak icin tasarlanmis ¢ok 6nemli bir islemdir. Evsel atik sularda
bulunan baglica besin kirleticilerinden biri nitrojendir. Biyolojik aritma prosesi, atik
su aritma tesislerinde (AAT) besin giderimi i¢in kullanilan en yaygin prosestir.
Geleneksel olarak atik su, organik karbon kaynaginin, heterotrofik denitrifikasyon
maddeleri i¢in denitrifikasyon prosesinde bir elektron vericisi olarak gorev yaptigi
nitrifikasyon ve denitrifikasyon prosesleri yoluyla nitrojenin uzaklastirilmasina tabi
tutulur. Bu nedenle biyolojik azot giderimi sirasinda atiksu arittiminda karbon
kaynaklar1 6nemli bir rol oynamaktadir. Dahada sikilastirilan ya da dngoriilen desarj
standartlarinin etkisiyle artan denitrifikasyon ihtiyaci, harici karbon kaynaklarina olan
talebin artmasina yol agiyor. Atik su aritiminda geleneksel olarak kullanilan metanol
veya etanol gibi harici karbon kaynaklari ¢ogunlukla fosil kokenli kaynaklari
kullanarak elde ediliyor ve bu da ¢evresel ve ekonomik kaygilar artirtyor. Bu konulari
ele almak i¢in bu tez calismasi, denitrifikasyonda karbon kaynagi i¢in daha etkili bir
¢ozlimil aragtirmaktadir: Atiklardan tiiretilen ucgucu yag asitleri (UYA'lar)’ nin
kullanim1. UY A'lar, karbon zincirleri 2 ila 6 arasinda degisen (asetik asit, propiyonik
asit, biitirik asit vb.) yag asitleridir ve ara metabolitler olarak ¢esitli organik atik
malzemelerin anaerobik fermentasyonu (AF) sirasinda elde edilebilir. Atiklarin
UYA'lara doniistiiriilmesi, giderek artan atik miktariin azaltilmasia yonelik ek bir
ara¢ da sunuyor. Sonu¢ olarak UYA'lar, ekolojik etkileri azaltirken denitrifikasyon
siireclerini optimize etme konusunda umut vaat eden siirdiiriilebilir bir alternatif
sunuyor.

Siirdiiriilebilir UYA iretimi i¢in batik anaerobik membran biyoreaktorlerinin
(MBR'ler) uygulanabilirligini dogrulayan uzun vadeli fermantasyon ve filtrasyonu
birlestiren sistem kurulmustur ve 11,8 g/L'ye kadar konsantrasyonda hizli UYA
liretimi basariyla gerceklestirilmistir. Optimum kosullar altinda, fermente patates
protein likorii (FPPL) substrati ve asi olarak tavuk giibresi kullanilarak 1 g
UKM/L/giin organik yiikleme oran1 (OLR) i¢in 0,65 g UY A/g UKMpesienen gibi yiiksek
bir verim elde edildi.

Ikinci deneysel calismada, yiiksek amonyum iceren UYA ¢ikis suyu, tavuk giibresi
(CKM) tiirevi UYA c¢ikis suyu, amonyumun uzaklastirilmasi i¢in iyon degistirme
islemine tabi tutulmustur. Amonyum giderme potansiyeli, diisiik maliyetli bir dogal
iyon degistirici olan klinoptilolit kullanilarak aragtirildi. Maksimum adsorpsiyon
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kapasitesi (qm) 15,7 mg NH4'/g klinoptilolit olarak bulunmustur. Belirlenen optimum
kosullarda amonyum giderimleri karsilastirilmis ve sentetik ve AF-UYA ¢ozeltileri
icin 12 saatlik denge siiresinde sirasiyla ortalama %93 ve %94'liikk ortalama amonyum
giderim verimleri bulunmustur. Genel bulgular, ¢6zeltiyi yiiksek amonyum
igeriginden arindirmak icin VFA'larin asidojenik fermantasyonu gibi biyolojik
islemlerle birlestirildiginde klinoptilolitin miikemmel iyon deg§isimi potansiyeline
sahip oldugunu gosterdi.

Metanol gibi fosil kokenli malzemeler, ileri biyolojik atiksu aritiminda denitrifikasyon
prosesinde dis karbon kaynagi olarak siklikla kullanilmaktadir. Gida atiklarinin
anaerobik parcalanmasi ile {iretilen ugucu yag asitleri (UY A'lar), denitrifikasyon igin
karbon kaynagi olarak hareket etme, karbon ayak izini ve malzeme maliyetlerini
azaltma potansiyeline sahip siirdiiriilebilir bilesiklerdir. UYA'larin harici karbon
kaynag1 olarak uygulanmasi, atik su aritiminda stirdiiriilebilir denitrifikasyon i¢in yeni
bir olasilik sunmaktadir. Yapilan calismalarda, gida atiklarindan elde edilen UY A'larin
(AF-UYA) denitrifikasyon sonrasi siiregte etkinligi, karbon kaynagi olarak sentetik
VFA ve metanol ile karsilastirmali olarak arastirilmistir. Asetik asit, tek test edilen
VFA'lar arasinda en yiiksek giderim verimine sahipti ve 0,44 g NOx-N
giderilen/m*/giin denitrifikasyon oraniyla kiyaslanabilir bir verime isaret ediyordu.
AF-UYA'da uzaklastirilan NOx-N/m?*/giin 0,61 mg denitrifikasyon oranina sahipken,
sVFA'da uzaklastirilan NOx-N/m?/giin oran1 0,57 mg idi, bu da AF-UYA'daki
safsizliklarin denitrifikasyonda 6nemli bir rol oynamadigimi gostermektedir . AF-
UY A'nin atik su aritma tesislerinde denitrifikasyon i¢in umut verici bir karbon kaynagi
alternatifi oldugu kanitlandi. Devam ¢alismasinda, karbon kaynagi olarak yalnizca
AF-UYAppL eklenmis olmasina ragmen, metanolden (1,04 + 0,46 mg NOx-N
uzaklastirilmis/m?/giin) daha yavas bir denitrifikasyon kapasitesine (0,56 + 0,13 mg
NOx-N uzaklastirilmis/m?/giin) sahip olmustur. Metanoliin %50'ye kadar1 atiktan
tiiretilmis AF-UYAppL ile degistirilebilir ve saf metanol ile karsilastirilabilir
performansa (1,08 + 0,07 mg NOx-N uzaklastirilmis/m?/giin) ulasilabilir. Bu,
VFA'larin metanolle birlikte eklenmesinin performans acisindan saf metanol ile
tamamen rekabet edebilecegini kanitlanmaktadir. Bu entegrasyon, fosil kaynakli
kaynaklara olan bagimlilig1 azaltirken paralel denitrifikasyon performans: saglayan
stirdiiriilebilir bir yaklasim olarak ortaya ¢ikmistir. Bu, UY A'larin metanolle birlikte
eklenmesinin performans agisindan saf metanol ile tamamen rekabet edebilecegini
kanitlamakta ve atik su aritma tesislerine potansiyel olarak karbon ayak izlerini
azaltmadir, ayn1 zamanda atiklardan geri kazanilan besinlerden faydalanirken pratikte
daha siirdiirtilebilir hale gelme konusunda umut verici bir firsat sunmaktadir.

Bu ¢alismanin sonuglari, atik su aritma tesislerinde stirdiiriilebilir denitrifikasyon icin
atiklardan tiiretilen UYA’larmin  kullanimmin potansiyelini  vurgulamaktadir.
UYA’larin kullanimi, sadece g¢evresel etkileri azaltmakla kalmaz, ayni zamanda
ekonomik agidan da avantajlar sunar. Geleneksel fosil kokenli karbon kaynaklaria
olan bagimlilig1 azaltarak, atik su aritma siireglerinin daha siirdiiriilebilir ve maliyet
etkin hale gelmesine katkida bulunur. Ayrica, atiklarin degerli bir kaynaga
dontistiiriilmesi, dongiisel ekonomi prensiplerine uygun olarak atik yonetiminde yeni
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bir paradigma olusturur. Bu baglamda, UYA’larin genis ¢apta benimsenmesi, hem
cevresel siirdiiriilebilirligi artiracak hem de atik su aritma tesislerinin operasyonel
verimliligini ytikseltecektir.

Sonug olarak bu tez, atik su aritma tesislerinin 6tesinde, degerli kaynaklarin geri
kazanildig1 yerler olarak AAT'leri yeniden tasavvur etmektedir. UYA iiretimi ile
katma degerli kullanim arasinda koprii kurmak, biyorafinerileri gliglendirme ve ¢evre
dostu atiksu ¢ozlimlerini tesvik etme potansiyelini barindirmaktadir.
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1. INTRODUCTION

In an era characterized by an ever-escalating environmental crisis and an urgent need
for sustainable solutions, wastewater management has emerged as a critical frontier.
The widening discrepancy between the need of the industrialized world to ensure the
availability of resources and nonrenewable feedstocks such as fossil fuels has had an
alarmingly significant impact on global environmental problems. With growing
awareness of the critical consequences of pollution on ecosystems and human health,
there is a pressing global obligation to revolutionize our approach to wastewater
treatment. However, rather than focusing solely on improving effluent wastewater
quality, wastewater treatment plants (WWTPs), critical facilities for urbanization, are
also coping with new challenges such as energy consumption, operating costs, and
stringent effluent limits. Therefore, developing innovative strategies for next-

generation WWTPs that consume less energy and are more sustainable is critical.

In conventional wastewater treatment, influent wastewater undergoes different
treatment stages to remove organic matter and nutrients, such as nitrogen and
phosphorus. Generally, biological nitrogen removal is accomplished by aerobic
nitrification, i.e., the oxidation of ammonium (NH4") to nitrate (NOs"), followed by
anoxic denitrification, i.e., the reduction of NO;3~ to nitrogen gas (N2). During the
subsequent anoxic denitrification stage, denitrifiers produce N», released into the

atmosphere by reducing the NO;™ ions produced during nitrification (Kim et al., 2016).

The problem at the denitrification stage is that denitrifying bacteria, unlike nitrifying
bacteria, requires organic carbon sources for growth and energy acquisition. In some
wastewater treatment processes with stepwise denitrification following effective
nitrification, or multistage nitrification and denitrification followed by a high-load
activated sludge process with a limited area to expend further, most organic carbon
sources are readily depleted/ exhausted for further processing. Therefore, influent
wastewater in the post-denitrification stage requires the addition of a readily
biodegradable external carbon source to achieve highly efficient biological nitrogen

removal. Common external carbon sources, such as alcohols (e.g., methanol and



ethanol), acetate, and glycerol, are widely used for denitrification. However, the
associated costs and environmental concerns, particularly with fossil-fuel-based
options such as methanol, pose challenges. Issues include varying prices and
availability, seasonal fluctuations, and the need for large on-site storage, thereby
increasing process footprints. In conclusion, ex situ organic carbon source addition
places external demands on the wastewater treatment facility, making it far from self-

sustaining.

This thesis aims to contribute to reducing the dependence on fossil fuel sources by
investigating alternative carbon sources for wastewater denitrification. To achieve this,
denitrification potential of waste-derived volatile fatty acids (VFAs) as an alternative
carbon source for the denitrification process and compared their performance with that

of commonly used carbon sources were evalued in this thesis project.

1.1 Impact

The studies described in this thesis investigate the feasibility of using waste-derived
VFAs, an acidogenic fermentation product, as a carbon source for denitrification in an

attempt to provide answers to the following research questions:

e How can VFAs be produced, extracted, and improved for an end application in

wastewater denitrification?

e What is the denitrification potential of waste-derived VFAs as an alternative
carbon source in wastewater treatment, and how does it compare with that of

commonly used carbon sources, e.g., methanol?

e How can sustainability be enhanced through wastewater treatment using waste-

derived VFAs?

1.2 Purpose of Thesis

The main aim of this thesis was to evaluate the potential of waste-derived VFA-bearing
anaerobic digestion (AD) effluents in the denitrification process during wastewater
treatment and the replacement of fossil-based conventional carbon sources, e.g.,

methanol.

The specific objectives described below were to investigate:



1. A continuous VFA recovery technique from a waste stream using an immersed

membrane bioreactor (Paper I);

2. Effects of high nitrogen concentrations of VFAs, and its possible risks related
to the intended end use so evaluating the ion exchange process performance of

waste-derived high-nitrogen VFA effluents (Paper II);

3. An evaluation of waste-derived VFAs as an alternative carbon source for

denitrifying moving bed biofilm reactors (Paper III);

4. Effects of sequential and simultaneous supplementation of waste-derived
VFAs and methanol as alternative carbon source blend for wastewater

denitrification (Paper IV).

1.3 Thesis Structure

This thesis is divided into six chapters as follows:
Chapter 1 introduces the scope and the main objectives of the performed research;

Chapter 2 provides an information on the production of volatile fatty acids (VFAs)
from the effluent of fungi biomass cultivation on low-grade residues from the potato
starch industry with batch and semi-continuous membrane bioreactors (MBRs)
containing the effluent of already fermented potato protein liquor (FPPL) inoculated

with chicken and cow manure.

Chapter 3 describes the the upgrading process of waste-derived VFAs, the NH4"
removal strategy from N-rich VFA effluents using an ion exchange process. This study
investigates the potential for removal of ammonium using a naturally occurring zeolite
(clinoptilolite) from chicken manure (CKM) derived VFA effluent recovered from an
anaerobic membrane bioreactor (MBR). Experiments were conducted for both
synthetic and actual VFA (AD-VFA) solutions, and the effects of different parameters

were investigated with batch and continuous studies.

Chapter 4 and Chapter 5 discusses the direct use of VFA mixtures and the
application of waste-derived VFAs as carbon sources for wastewater post-
denitrification process. Volatile fatty acids (VFAs) produced by anaerobic digestion
of food waste, chicken manure and potato protein liquor, are sustainable compounds

with the potential to act as carbon sources for denitrification, potentially reducing



carbon footprint and material costs. In this study, the effectiveness of waste-derived
VFAs were investigated in the post-denitrification process in comparison with

synthetic VFA and methanol as carbon sources.

Chapter 6 presents the main conclusions of this research and offers insights for future

research.



2. TOWARDS MAXiMUM VALUE CREATION FROM POTATO PROTEIN
LIQUOR: VOLATILE FATTY ACIDS PRODUCTION FROM FUNGAL
CULTIVATION EFFLUENT!

2.1 Introduction

Potato can be grown under a wide range of conditions, making it a common crop in all
EU countries and worldwide. The global annual potato production is now over 370
million tons, of which, in 2021, 826 400 tons was produced in Sweden, corresponding
to an area under cultivation of 23 750 ha (Jordbruksverket, 2022). The yield per hectare
for starch potato processing in Sweden is estimated at 41 950 kilos (Agriculture,
2022). However, the potato industry entails side streams that take up a significant part
of the original biomass. Especially in southern Sweden, potato starch production
generates a large amount of low-value residuals consisting of potato liquor and potato
pulp (Kuktaite et al., 2015). The potato liquor is treated with steam to coagulate the
protein fraction, which is separated using a decanter. The remaining potato liquor,
which mainly consists of the soluble fraction of the waste from potato starch
production, is concentrated to form potato protein liquor (PPL). Together with the
processing costs and stricter EU requirements, the potato and starch industry is forced
to use valuable resources responsibly and develop a more efficient approach that can
produce more value-added products from the by-products (Ahokas et al., 2014).
Increasing resource efficiency by maximizing the utilization of nutrients in a used
resource is a step further than converting organic waste into bio-based resources and
i1s a major contribution to sustainable production with higher circularity. Therefore,

efficient utilization of protein-rich side streams is important for the starch industry.

IThis chapter is based on: Sapmaz, T., Uwineza, C., Mahboubi, A., De Wever, H., Koseoglu-Imer, D.
Y., & Taherzadeh, M. J. (2023). Towards maximum value creation from potato protein liquor: Volatile
fatty acids production from fungal cultivation effluent. Biomass Conversion and Biorefinery, 1- 14.



In current practices, residual effluents from the potato starch industry usually end up

as fertilizer (Souza Filho et al., 2017a).

This common scenario has been compared with other scenarios in different literature
(Souza Filho et al., 2017a) and the use of PPL for the cultivation of fungal biomass
and proteins (Schiigerl & Rosen, 1997; Souza Filho et al., 2017b), yeast biomass (Lotz
et al., 1991) and enzyme production (Klingspohn et al., 1993) were investigated. PPL
has been valorized through conversion of a high fraction of its nutrients into food and
feed grade fungal biomass in a previous study (Souza Filho et al., 2017b). This partial
valorization approach generates another type of effluent stream that can be used to
maximize value creation from PPL. In this regard, the well-known valorization method
of anaerobic digestion can use the effluent from fungal cultivation that still contains

high chemical oxygen demand (COD), unconverted organics and fungal metabolites.

A modified version of anaerobic digestion, acidogenic fermentation or acidogenic
digestion which provides conditions for the production of volatile fatty acids (VFAs)
rather than biogas (mainly methane) can help with further value creation from such
effluents. VFAs including fatty acids with 2 to 6 carbon chains (acetic acid, propionic
acid, butyric acid, etc.) are important platform chemicals produced in the anaerobic
digestion process as an intermediate metabolites (Zhang et al., 2022). Traditionally,
VFAs are synthesized commercially through petrochemical pathways. Due to the
continuously rising environmental awareness on the excessive application
consequences and resource scarcity of global oil sources, new alternative approaches
such as VFA generation from low or negative value organic waste has attracted great
attention. The generated VFAs through acidogenic fermentation or digestion have
market demands in applications such as bioplastics and bioenergy production, external
carbon sources for biological nutrient removal, and usage in pharmaceutical and food
industries (Agnihotri et al., 2022; Sapmaz et al., 2022b; Wainaina et al., 2019b).
Different sources of organic waste including food waste (Sapmaz et al., 2022b; Shewa
et al., 2020; Wainaina et al., 2019a), lignocellulosic materials (Sun et al., 2021), waste
activated sludge (Fang et al., 2020; Yuan et al., 2019), and various animal manures
(Huang et al., 2016; Jomnonkhaow et al., 2021; Yin et al., 2021) have been used as
feed stock for acidogenic digestion and VFAs production. The addition and type of
inoculum are also essential for the effectivity of the anaerobic process because they

provide the initial microbial population (Rajput & Sheikh, 2019). The main benefit of



employing inoculum from manure with AD process is related to have a faster starting

time and well optimized digestion process (Paes et al., 2020).

This study focuses on a sequential biological treatment strategy for the production of
different value-added products from potato starch industry residues. In this regard, the
waste generated from the fungal cultivation of PPL was further valorized for the
production of volatile fatty acids via acidogenic fermentation. The effect of pH
adjustment through changes in the inoculum to substrate ratio, inoculum type (cow
manure (CM) and chicken manure (CKM)) and methane production inhibition were
initially evaluated in batch assays. In order to benefit from continuous VFA production
from this rather low organic bearing effluent and in situ recovery of the particle- and
microorganism-free VFA bearing stream, two immersed membrane bioreactors
(iIMBRs) operating with different inoculum type and at different organic loading rate
were applied. Changes in the VFAs production and distribution, MBR performance
(transmembrane pressure (TMP) and flux), medium characterization (viscosity, pH,
extracellular polymeric substance (EPS), soluble microbial products (SMP), solid
content), and inoculum activities were analyzed to determine the underlying
mechanism for efficient VFA production by anaerobic digestion of FPPL. The
introduced approach in this study targets maximum nutrient recovery and enhanced
resource efficiency for industries generating organic residues through bioconversion

approaches.

2.2 Materials and Methods

2.2.1 Substrate and inoculums

Potato protein liquor (PPL) was obtained from Lyckeby Starch AB (Kristianstad,
Sweden) and used for fungal cultivation study in a pilot-scale reactor with 1200 L
capacity (Process& Industriteknik AB, Kristianstad, Sweden) with results presented in
another study by Sar et al. [24]. After completion of cultivation, the fermented broth
was passed through a sieve in order to collect the fungal biomass that is a product of
fungi fermentation process. The already fermented residues and a waste liquid (FPPL)
from the pilot-scale reactor that were commonly drained to the sewage system were
collected and stored at -18 °C to be used as substrate in this study. The composition of
substrate used is shown in Table 2.1. The same batch of liquid was used for all

experiments described in this article. For inoculum, cow manure (CM) was provided



by Hushallningsséllskapet Sjuhirad (Ldnghem, Sweden) and chicken manure (CKM)
was collected from Sjomarkens Hongards (Sjomarken, Sweden). The as-received total
solid (TS) of CKM and CM were 87.0 = 0.47 and 45.2 + 0.17 g/L), respectively, while
volatile solids (VS) were 51.4 + 0.77 and 32.3 = 1.23 (g/L), respectively.

Table 2.1 : Composition of fermented potato protein liquor (FPPL).

Component Value
pH 7.54
tCOD (g/L) 13.6 +£0.55
sCOD (g/L), 13.3+0.58
NH4"™-N (mg/L) 381 £69.90
TKN (g/kg) 43.4+0.15
Protein (%) 27.1 £0.09
TS (g/L) 18.1+0.10
VS (g/L) 9.2+0.08
TSS (g/L) 2.0+0.05
VSS (g/L) +0.09

2.2.2 Batch digestion

CKM, CM and FPPL used in the anaerobic batch experiments were thermally treated
at 80°C for 15 min (thermal shock) using a water bath to inhibit the activity and growth
of methanogens (Mondylaksita et al., 2021). The batch assays were carried out under
mesophilic conditions (37 = 1°C) for 23 days, using 120 mL glass serum bottles as
bioreactors. Batch acidogenic digestion experiments were performed in triplicate with
a working volume of 80 mL and inoculum to substrate ratios of 1:1 and 1:4 (on VS
basis) (Table 2.2). A total of 1 g/L VS including the substrate and inoculum mixture
were loaded to each bioreactor. The inoculum controls contained same VS loading as
in the mixture. Tap water was added to fill the serum bottles to the same working
volume for each condition, and then the initial pH was measured. Based on the as-
mixed pH of the inoculum and substrate, the pH of the controls (inoculum only) was
defined. Prior to digestion, all bottles were tightly sealed and purged with nitrogen gas
for 2 min to remove any residual oxygen and create anaerobic conditions. The reactors
were placed in water bath shakers at 37 + 1°C and 110 rpm for incubation. Liquid and

gas samples were collected on day 1, 2, 3, 5, 7, 9, 11, 13, 15, 18 and 23. During



incubation, 250 puL of biogas was sampled using a gas-tight syringe (VICI, Precision
Sampling Inc., USA) to analyze the volume and composition of the biogas. A 1 mL
aliquot was taken from the digestion medium using a syringe to analyze the VFAs

content and distribution.

Table 2.2 : Experimental conditions applied for batch assays.

FPPL with CKM as inoculum FPPL with CM as inoculum
Organic Organic
Substrate | ding Initial Set pH Substrate y ding Initial Set pH
and rate pH pH: pH: and rate pH pH: pH:

inoculum o ve/L) 790 756 | "™ (gvsi) 741 7.2

CKM 0.5 8.68 . CM 0.5 7.79 .

CKM 0.2 8.68 . CM 0.2 7.79 .
CKM and . . CM and . .

FPPL 0.5:0.5 7.90 as mixed FPPL 0.5:0.5 7.41 as mixed
CKM and ; . CM and . .

FPPL 0.2:0.8 7.56 as mixed FPPL 0.2:0.8 7.02 as mixed

2.2.3 Anaerobic immersed membrane bioreactor (iMBR) setup and operation

Two identical iMBRs that house second generation Integrated Permeate Channel (IPC)
membrane panels were used (Fig. 2.1). The MBRs were operated semi-continuously
at 37 °C with a working volume of 3.5 liters. The IPC flat- sheet membranes were
developed and supplied by the Flemish Institute for Technological Research (VITO
NV, Mol, Belgium) (Doyen et al., 2010) . Flat sheet membrane panels were made of
hydrophilic polyethersulfone (PES)/PVP membranes coated on both sides of a spacer
fabric with a total effective area of 205.8 cm?. Membranes had an average pore size of
0.3 um and two different membranes were used in this regard in each MBR. Membrane
specifications were the same, but the membrane age was different in the MBRs. MBR2
had a lower permeability from the beginning as they were not virgin membranes and
have been used in different practices. Hence, the membranes were exposed to
application and cleaning cycles which could not fully regenerate the capacity of the
membrane. Each membrane panel had a total of 12 built-in air/gas diffusers on each
side of the panel with a diameter of 0.5 mm. This allows effective membrane surface
scouring during digestion and filtration and helps better mixing and mass transfer in
the reactor using nitrogen gas. The iMBRs benefited from a gas flow meter (Dwyer
Instruments, USA) to control the nitrogen flow. The nitrogen flow was set at 5 L/min
during the filtration cycle and 3 L/min when filtration was not applied. During

filtration, permeate flow was measured using Atrato 710-V11-D ultrasonic flowmeters



(Titan Enterprises Ltd, Dorset, England), while liquid pressure on the permeate line
was measured using a PMCI131 pressure sensors (EndresstHauser AB, Solna,
Sweden). Temperature and pH in the bioreactor were monitored real-time using a
probe combined with a transmitter via fermenter PLC (Micro DCU-300, Germany).
Peristaltic pumps (Watson Marlow 400) were used separately to withdraw permeate
from the membrane modules in the reactors. The filtration process consisted of a 4-
min filtration cycle followed by a 30-second backwash cycle. Data logging and control
of the permeate pump, pressure sensors and flow meters were centrally controlled and
automated with LabView-based MeFIAS® software (Doyen et al., 2003) kindly
customized and developed for these specific lab-scale iMBRs by VITO NV. MBR1
was initially loaded with a total of 3.5 L of thermally treated FPPL (4 g VS/L) and
chicken manure as inoculum (4 g VS/L). For MBR2 cow manure was used instead as
inoculum with the same loading ratios. During the start-up phase (days 1-6), iMBRs
were operated in batch mode. Then, the iMBRs were switched to semi-continuous
mode by performing the filtration cycle before the daily feeding of the reactor.
Separation of the VFA-bearing effluent was performed by filtering out 350 ml of
permeate a specific initial flowrate of 0.3-0.4 L/h (gives the average flux of 20 L/m%h
(LMH)) before feeding the same volume of the thermally treated FPPL. To compare
membrane filtration performance at a different organic loading and VFA production
at different solids concentrations, feeding regime began with an organic loading rate
(OLR) of 1 gVS /L/d on day 6, and later increased to 2 g VS/L/d from day 26" (i.e.,
after approximately 2 hydraulic retention times (HRT) at which the VFA concentration
remained stable or unchanged) until day 48", The initial pH of the MBRs were 8.15
and 8.28 for MBR1 and MBR2, respectively, and the pH during the digestion process
was not controlled. Samples were collected every 24 hours from the MBRs’ bulk
medium for viscosity, COD, total solids (TS), total suspended solids (TSS),
ammonium, extracellular polymeric substances (EPS) and soluble microbial product

(SMP) analysis.
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Figure 2.1 : Schematic diagram of the membrane bioreactor setup.

2.2.4 Analytical methods

Concentration and distribution of VFAs (acetate, propionate, iso-butyrate, butyrate,
iso-valerate, valerate, and caproate) in the permeate and gas volume and compositions
(H2, CH4, and CO) from the batch digestion were analyzed using Gas
Chromatography (GC) (Clarus 550; Perkin-Elmer, Norwalk, CT, USA) as described
by Jomnonkhaow et al. (2021). The volumetric gas measurements were transformed
to standard conditions at 1.01 bar of pressure and 273.2 K of temperature and presented
as NmL as in Fig. 2.3. Prior to analysis, the liquid samples were mixed with an acid
mixture (25% (v/v) formic acid and 25% (v/v) ortho-phosphoric acid in a 1:3 ratio) to
protonate the -COOH groups of the VFAs needed to facilitate extraction in the sample,
and then centrifuged at 8000 rpm for 5 min and the supernatant was then filtered
through 0.2 um syringe filter to remove particulate matter before GC analysis. Butanol
solution with a concentration of 1 g/LL was used as an internal standard. The pH was
determined using a pH meter (Mettler Toledo F20 FiveEasy, OH, USA). Viscosity
measurements were carried out with a Vibro viscometer (SV -10, A&D Co., Ltd.,
Tokyo, Japan). TS, VS and TSS, volatile suspended solids (VSS) were measured using
an oven and a muffle furnace at 105+1°C and 550+1°C, respectively, according to the
American Public Health standard methods (Federation & Association, 2005). Total
chemical oxygen demand (tCOD) and soluble chemical oxygen demand (sCOD) were
measured using COD 15000 test kits (range of 1.0-15.0 g/L Oz) and ammonium
nitrogen (NH4"-N) was analyzed using Ammonium 100 test kits (range of 0-80 mg/L)
(Nanocolor, MACHEREY-NAGEL GmbH & Co. KG, Germany). sCOD samples

were filtered through a 0.45 um syringe filters before analysis. Concentrations of
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tCOD, sCOD and NH4'-N were measured using Nanocolor 500D photometer
(MACHEREY-NAGEL GmbH & Co. KG, Germany). For EPS and SMP analysis,
protein content of EPS and SMP was measured according to the modified Lowry
method (Frelund et al., 1996; Griebe & Nielsen, 1995), and carbohydrate content was
analyzed according to Dubois et al. (1956) by using glucose (0-200 mg/L) as a
polysaccharide standard and bovine serum albumin (0-200 mg/L) as a protein standard
for calibration. SMP, loosely bound EPS (LB-EPS), and tightly bound EPS (TB-EPS)
were extracted according to the method described by Li and Yang (2007).

For comparison of VFA yield data from batch experiments, statistical significance was
determined using MINITAB® software package (version 17.1.0, Minitab Inc., State
College, PA, USA) using one-way analysis of variance (ANOVA, p<0.05) with a 95%
confidence interval. All experiments were performed in duplicates and the error bars

indicated in the graphs represent two standard deviations.

2.3 Results and Discussion

In this study, the valorization of the effluent from fungal cultivation on PPL to VFAs
using CKM and CM as inoculum was investigated using both batch assays and semi-

continuous iMBRs.

2.3.1 Batch digestion of FPPL to VFAs

In order to investigate the potentials of VFAs generation from FPPL, batch tests were
conducted considering thermal shocking, different types of inoculums (CKM and
CM), and inoculum to substrate ratios. When exposed to extreme conditions such as
high temperatures, acidogenic bacteria can generate spores, whereas methanogens
cannot (Setlow, 2014; Valdez-Vazquez & Poggi-Varaldo, 2009; Wainaina et al.,
2019a). The ability of acidogens to form spores has been exploited as a strategy to kill
methanogens by applying 80°C for 15 min thermal shock pretreatment. The obtained
maximum VFAs productions together with calculated yields are summarized in Table

2.3.
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Table 2.3 : Summary of pH and produced VFAs from batch assays.

FPPL with CKM as inoculum FPPL with CM as inoculum

Maximum VFA produced Maximum VFA produced

Substrate and Initial & set Substrate and Initial &

inoculum pH Final pH Concentration Yield inoculum set pH Final pH Da Concentrati Yield
@L)  (gVFA/gVSudea) Y on(gl) (gVFA/gVSauc)
7.41 + 7.30 +
CKM (0.5gVS) 790+0.01 6.46+0.01 18 2.64+0.20 0.42+0.01 CM (0.5 g VS) 0.01 0.10 23 1.76 £0.20 0.3+0.01

CKM +FPPL(0.5g _ o0 o CM+FPPL (0.5g 741+ 688+

6.81+£0.10 18 5.56=%0.10 0.44 +0.01 11 5.76+£0.20 0.5+0.01

VS:0.5 g VS) VS:0.5gVS) 0.0l 0.10
702+ 729+
CKM(02gVS) 7.56+001 676+0.10 18 188+£0.10 0754001 | CM(02gVs) '~ oo 13 1.04+020  0.4+0.01
CKM + FPPL CM +FPPL (02g 7.02+  7.04+
756+£0.00 697+0.10 18 5.89+0.10  0.47+0.01 11 5684040  0.4+0.01
(0.2 g VS:0.8 g VS) VS:0.8gVS) 0.0l 0.01
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The results of VFA concentration and distribution during batch digestion under each
of the planned conditions are shown in Fig. 2.2. The maximum VFA concentration of
5.89 £0.10 g/L and 5.76 + 0.20 g/L was obtained from the conditions with CKM as
inoculum with an I:S ratio of 1:4 (initial pH of 7.56) and CM as inoculum with an I:S

ratio of 1:1 (initial pH of 7.41), respectively.

Normally, the higher the VFA production, the lower the final pH of the medium,
however, this is not the case with CKM batch digestion. When comparing CKM +
FPPL (1:4) and CKM + FPPL (1:1) results, the former happens to have a slightly
higher final pH value. This can be explained by the difference in the starting I:S ratio
and the buffering capacity of CKM in the I:S ratio of 1:4 during acidogenic digestion
(Table 2.2). For both conditions, a total of 1 g VS was used in batch reactors and the
yields obtained under these conditions were 0.47 g VFA/g VSadded and 0.46 g VFA/g
VSadded, respectively. Both inoculums showed similar maximum yields for FPPL at
similar pH. The yield for the CKM-only reactors was about 0.75 g VFA/g VSadded,
while the VFA production was only 1.88 + 0.10 g VFA/L produced only by 2 g VS of
CKM at set pH of 7.56 as the inoculum itself was highly biodegradable compared to
FPPL, resulting in higher bioconversion. The maximum VFA production yield for CM
was 0.46 g VFA/g VSadded at initial pH 7.41. The reason for CKM-only batch
fermentation produces a considerable amount of VFAs can be attributed to its

substantial sCOD content.

The different digestion substrates/inoculums used affect the optimal pH in the VFA
production system. In a batch digestion study (Yin et al., 2021) investigating the effects
of initial pH (5.0, 6.0, 7.0, and 9.0) on VFA production from CKM, the highest yield
was found to be 0.27 + 0.01 at an initial pH of 6.0. In the same study, the highest net
yield of VFAs was reported to be 0.53 g VFA/g VS (23.11 g/L) using heat shocked
inoculum and substrate, and without pH control (Yin et al., 2021). The maximum yield
found in the current study for the substrate + inoculum conditions, however, was
comparatively lower at 0.47 = 0.01 g VFA/g VSadded With an I:S ratio of 1:4 (initial pH
of 7.56). The reason for that could be the initial microbial characteristics of the
inoculums used. In another study on anaerobic co-digestion of sewage sludge and
cattle manure, it was found that the initial pH of 9.0 significantly increased VFA
production and provided a yield of 67.99 + 1.44 g/kg TS (with a VS ratio of sewage

sludge to cattle manure of 3:7) (Dai et al., 2016). Cow manure was also used as an
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inoculum for acidogenic digestion of food waste, yielding a VFA production yield of
0.43 g VFAs/g VS where an initial pH of 9 dropped to 7 during VFA fermentation
(Tampio et al., 2019). In the current study, the slighter lower yields achieved compared
to the abovementioned studies could be due to the type of substrate and load of soluble

organic matter and the non-optimal initial as-mixed pH values.

In addition to the efficiency in VFA production, the change in VFA composition due
to use of 2 different inoculums (CKM and CM) was also investigated. As expected,
acetic acid was the predominant VFA in most conditions, followed by propionic and
butyric acids, except for days 2 and 3 in for the FPPL + CM assays. The results indicate
that the VFA composition was not affected by the difference in inoculum. A similar
conclusion was drawn by Atasoy et al. (2019), who worked with three different
inoculum types (large and small granular, and slurry) and emphasized that inoculum
type did not significantly affect the VFA composition. This shows that the

microorganisms in inoculums are more acclimated to produce similar VFA patterns.

Fig. 2a, 2c, 2e and 2.2g show results acquired from batch reactors loaded only with
inoculum (as control) along with the ones with a mixture of substrate and inoculum.
The maximum total VFA (tVFA) concentrations of 5.56 £ 0.10 g/L and 5.89 = 0.10
g/L were achieved for CKM + FPPL (1:1) and CKM + FPPL (1:4), respectively, on
day 18. When CM was used as inoculum, 5.76 = 0.20 g/L and 5.68 + 0.40 g/L of VFAs
were detected on day 11 for CM + FPPL (1:1) and CM + FPPL (1:4), respectively. As
expected, the reactors operating with inoculum only had lower concentrations of VFAs
than the reactors to which FPPL was added. According to the findings, substrate is
crucial to the production of VFAs. The difference between the two shows the

contribution of FPPL to the VFA generated.

The cumulative gas productions for different conditions in batch experiments are
presented in Fig.2.3 presenting changes in H>, CH4 and CO> generation volumes.
According to the obtained CH4 production results for CKM (CKM + FPPL, pH 7.90
and CKM + FPPL, pH 7.56), it was found that methane production was almost
completely inhibited in heat shocked assays as they showed almost no production and
remained stable during digestion (Fig. 2.3b). However, for the inoculums (CKM, pH
7.90 and CKM, pH 7.56), signs of methane production were observed from day 13 and
day 9, respectively. Moreover, in the case of the reactors inoculated by CM, thermal

pretreatment was able to hinder methanogens during almost the entire digestion period
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under all conditions, except for CM with pH 7.41, where 0.7 mL CH4/g VS production
started on the last day of digestion (day 23) (Fig. 2.3e). The effectiveness of heat shock
treatment at different temperatures on methane inhibition has been confirmed in
different literature, with some reporting methanogens recovering in long runs
(Jomnonkhaow et al., 2021; Mei et al.,, 2016) which can back up what has been
happening in this study. Carbon dioxide and hydrogen production commenced on day
1 in all batch fermenters. Carbon dioxide content appears to be higher for CM
compared to CKM (Fig. 2.3c and Fig. 2.3f). The CO; yields for FPPL at initial pH of
7.90, FPPL at pH 7.56 together with CKM as inoculum and FPPL at pH 7.41, FPPL at
pH 7.02 together with CM were similar under the tested conditions and ranged from
7.5-14 mL/g VS. Hydrogen gas that is produced and VFAs have some parallels as they
are both mediators and precursors to biogas synthesis. As a result, hydrogen gas is
typically created as a byproduct of bioprocesses that are advantageous for high-
yielding VFA generation, and vice versa (Mondylaksita et al., 2021). CKM only at pH
7.9 showed the highest H> yield of 11.7 mL/g VS. Stabilization of H> production
occurred shortly after for FPPL with CKM and CM batch reactors (Fig. 2.3a).
Stabilization of the cumulative production data could be explained by gas production
having come to a halt, interaction of other operating factors or the amount of gas
produced being equal to the conversion of it in the complex anaerobic metabolism

(Guo et al., 2010).
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2.3.2 VFAs production and recovery using iMBR

Semi-continuous anaerobic iMBRs were used for acidogenic fermentation and in situ
recovery of VFA-bearing permeate using FPPL as feed and CKM (MBR1) and CM
(MBR2) as inoculums. They were run for 48 days with 6 days of startup. The
concentrations and compositions of VFAs in the iMBR during the anaerobic digestion

process are shown in Fig. 2.4.
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Acetic acid is often the main component of the tVFAs during anaerobic digestion
(Srisowmeya et al., 2020). This was also the case in the present study, where acetic
acid comprised 59 — 97% of the tVFAs in both reactors and at both operating OLRs.
The features of the substrate and inoculum, the operating conditions, and the initial pH
and pH changes during digestion by the microbial community responsible for the
specific acid type all have an impact on VFA distribution (Bedaso, 2019; Lee et al.,
2014). Following acetic acid, butyric acid (1 — 21%) and propionic acid (6 — 18%)
were the second and third largest VFA components in the digestion of FPPL (Fig. 2.4).
Longer-chain fatty acids such as valeric and caproic acids were produced at very low

concentrations. This is in line with the results from batch experiments (Fig.2.2).

The iMBRs were initiated in batch mode and accumulation of VFAs during batch
mode reached 5.39 + 0.23 g/L for MBR1 and 2.93 = 0.02 g/L for MBR2 on day 5 and
stabilized thereafter. Afterwards on day 6, batch mode was switched to semi-
continuous mode with a OLR of 1 g VS/L/d. The VFA production in this OLR
increased to a maximum of 8.25 g/L for MBR1 and 7.61 g/L for MBR2. The average
of tVFAs on MBR1 and MBR2 were 5.84 +1.03 g/L and 5.26 + 1.31 g/L, respectively,
during the period of day 6 to day 26. In order to enhance production and yield of VFAs,
OLR is one of the most important operational parameters to be focused on. Applied
OLR also has a great impact on the microbial community structure (De Groof et al.,
2021). The change in the microbial community can lead to changes in the metabolic
pathways, which means a different distribution of the individual VFAs (Li et al., 2021).
Therefore, the OLR was doubled to 2 g VS /L/d on day 26, which required feeding and
filtration twice a day (one in the morning and one in the evening) due to the low VS
content of the feedstock (9.2 + 0.08 g/L). VFA samples were taken daily before the
first and second filtration and feedings, and the results of both VFA profiles are shown
in Fig. 2.2. When the OLR was doubled, the average total production of VFAs in both
reactors increased to 10.40 + 0.79 g/L for MBR1 and 10.22 + 0.86 g/L for MBR2,
which is an increase in VFA production of almost 44% and 48% for MBR1 and MBR2,
respectively. The systems stabilized during day 40 - 48 in terms of VFA production.
Further increases in the various OLRs could not be attempted due to the low VS of the
feedstock. It was observed that doubling the OLRs resulted in a higher increase in
MBR2, although the average concentrations for MBR2 were always lower compared

to MBR1. Moreover, the maximum VFA yield was calculated as 0.65 g VFAs/g VSteq
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and 0.36 g VFAs/g VSgq4 for OLR 1 and 2 g VS/L/d in MBR1, and 0.54 g VFAs/g
VSted and 0.35 g VFAs/g VStq for OLR 1 and 2 g VS/L/d, respectively in MBR2. The
reduction of the VFA yield by increasing substrate loading, and hence the presence of
an optimum OLR value, has already been described in the literature (Jomnonkhaow et
al.,2021). When this point is achieved, the first phase of acidogenic digestion becomes
restricted. These studies attribute this point of inflection to the system's hydrolytic
capacity with increased concentrations of different compounds such as K*, Na“,
chlorophenols, and heavy metals (Cu>Zn>Cr>Cd>Ni>Pb) that are responsible for
acidogenic inhibition might be an influencing parameter that leads to an inhibition of
the acidogenic step (Magdalena et al., 2019). The pH of the reactors was not controlled
or adjusted during the digestion which can be another reason of this reduction on VFA
yields. Methanogens should be kept in an environment with controlled pH and
temperature because these factors are essential for the anaerobic bacteria's ability to
function. Methanogenesis requires pH levels of 6.5-7.5, while acidogenesis and
acetogenesis need pH levels of 5-5.5 (Osman et al., 2021). The average pH during the
whole semi-continuous process in present study was 8.10 = 0.13 and 8.31 + 0.15 at
MBRI1 and MBR2, respectively. In literature, the production of VFAs from potato
related residues are limited to potato peel waste or waste potato (den Boer et al., 2016;
Lietal.,2019; Luet al., 2020; Ma et al., 2017). In one of these studies (Lu et al., 2020),
the waste of peeled potatoes from a student cafeteria was used to produce VFAs and
the highest VFA production was found to be 41.9 g COD /L and 632.2 mg COD /g
VSteq at a pH of 7.0. Li et al. (2019) also reported the importance of pH control and
microbial diversity analysis for feasible and efficient acidogenic digestion in a study
using potato waste from a vegetable processing center and an anaerobic sludge as
inoculum for VFA production. The highest concentration and proportion of VFAs

were observed as 7.8 g/LL and 49.7% for butyric acid at pH 6.0 (Li et al., 2019).

2.3.3 iMBRs performance during anaerobic digestion and filtration

In the current research, two identical iMBRs were used to conduct in situ recovery of
VFA-containing effluent during acidogenic digestion of FPPL. Semi-continuous
production and recovery of VFAs was performed at an HRT of 10 days by filtering
out 350 ml of the liquid medium as permeate before feeding on daily basis. Membrane
filtration was performed over a 48-day period at a set initial permeate flux of 20 LMH.

After approximately 2 HRTs of filtration and feeding at OLR of 1 g VS/L/d, the OLR
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was increased to 2 g VS/L/d (day 26). During filtration, membrane filtration
performance, and the changes in the membrane surface condition and the extent of
fouling was tracked by observing changes in the filtration parameters (TMP and flux)

and medium characteristics (SS, viscosity etc.).

As shown in Fig. 2.5a, the starting TMP for the MBR2 was slightly higher than that of
MBRI1 which is due to different ages (consecutive experiments that the membranes
were exposed to previously) of the membranes in the MBRs. Another reason may be
due to the characteristics of the inoculum (CKM and CM) that may have affected the
initial TMP through initial adsorption of a layer of foulants to the membrane surface
at first contact. TMP fluctuated between 0.011 - 0.103 bar throughout the digestion
period for MBR1 (Fig. 2.5a). The trend for the increase in the concentrations of TSS
in MBR1 indicated accumulation rates of 0.13 g TSS/L/d. The average TSS at OLR of
1 g VS/L/d was 4.71 +1 g/L. Although, this value increased to 8.25 +£2 g/L. at OLR 2,
an unlimited solid retention was considered where no drainage of the accumulated
sludge was performed throughout the digestion. The average viscosity for MBR1 was
0.93 £ 0.12 mPa.s during OLR1 and 0.99 + 1.10 mPa.s during OLR2. The difference
in viscosity could not have been the cause of TMP difference as the viscosities are low
and rather in the same range during the digestion period. TMP fluctuated between
0.064 - 0.219 bar throughout the digestion period for MBR2 (Fig 2.5a). The trend for
the increase in the concentrations of TSS in MBR2 indicated accumulation rates of
0.17 g TSS/L/d. The average TSS at OLR of 1 g VS/L/d was 5.16 £ 1.5 g/L in MBR2.
Similarly, as seen in MBR1, TSS value increased to 9.10 + 2.3 g/LL at OLR 2 for
MBR2, an unlimited solid retention was considered where no drainage of the
accumulated sludge was performed throughout the digestion. The low accumulation
of TSS compared to similar studies (Barreto et al., 2017; Jomnonkhaow et al., 2021;
Wainaina et al., 2020) is due to the low solid content (TS and VS) of the fed substrate
in addition to the ease of breakdown and solubilization of organic suspended solids

(Table 2.1).
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Figure 2.5 : Changes in TMP and TSS during digestion and filtration in the
immersed membrane bioreactor at different OLRs (the red arrows represent
membrane chemical cleaning incidents).

Considering the changes in the membrane surface condition and resistance to liquid
permeation, the TMP of MBR1 and MBR2 maxed at 0.10 bar and 0.22 bar on day 42
and 32, indicating the highest membrane fouling throughout the period (Fig. 2.5a and
2.5b). At a relatively high flux of 20 LMH, a constant but gradual increase in TMP
was observed even though TMP levels are very different in both MBRs. This increase
can also be attributed to the changes in the membranes surface condition due to cake
layer build up and its subsequent resistance to permeate flow (Judd, 2010). The
increase in the TMP together with medium TSS content shows the gradual deposition
of foulants on the membrane surface gradually adding cake layer resistance to
membrane hydraulic resistance. As presented in Fig. 2.5b, 2.5¢ and 2.5d which
illustrate TMP patterns at different intervals, MBR1 using CKM as inoculum was the
least problematic when it comes to the changes in membrane hydraulic resistance. The
first and second filtering cycles on day 36 appear to be perfect repeats in both MBRs,
with no decrease in performance (Fig. 2.5¢ and Fig. 2.5d). As indicated in Fig. 2.5a
with red arrows, membrane chemical cleaning was performed in two occasions when

the TMP had values between 0.15-0.20 bar. Although chemical cleaning temporarily

23



reduced the TMP, fouling re-occurred progressively as the conventional physical
fouling preventive method of gas scouring and backwashing proved rather ineffective.
Although TSS has been quite stable, the development of a biofilm and the deposition
of biopolymers (proteins, polysaccharides) that cannot be easily removed by
backwashing could have contributed to hydraulic resistance (Meng et al., 2017;
Sambusiti et al., 2020). For this reason, the concentration of carbohydrates, proteins
and humic like substances in EPS and SMP were analyzed to determine their

contribution to the rise in TMP observed during filtration.

2.4 Conclusions

The effluent from fungal cultivation on PPL was used to further maximize value
creation from the potato starch industry through acidogenic digestion of VFAs. The
effect of inoculum type and substrate to inoculum ratio on VFA yield on FPPL was
investigated. iMBRs inoculated with either cow or chicken manure were used to
generate a particle- and microorganism-free VFA-bearing effluent with a maximum
yield of 0.65 g VFAs/g VSteq recovered at a flux of 20 LMH in a long-term (48-day)
digestion and filtration process. The findings prove that a multi-stage bioconversion
of potato starch industry residues to value added products with the aim of nutrient

reuse and resource circularity can be realized.
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3. WASTE-DERIVED VOLATILE FATTY ACID PRODUCTION AND
AMMONIUM REMOVAL FROM IT BY ION EXCHANGE PROCESS WITH
NATURAL ZEOLITE?

3.1 Introduction

In order to meet the Sustainable Development Goals and prevent global warming,
transmission from a linear to circular economy and conversion of waste back to
resources should be implemented (Taherzadeh, 2019). One way to realize the
abovementioned goals is to generate highly recovered and sought-after chemicals and
materials from waste rather than fossil sources. Volatile fatty acids (VFAs) are sought-
after platform chemicals such as acetic, propionic, and butyric acids with great market
interest that have conventionally been synthesized from fossil resources. However,
these acids are intermediates of microbial degradation of organic wastes, so they can
be obtained from anaerobic digestion (AD) of organic wastes and thus contribute
greatly to a sustainable circular economy. The acid-forming bacteria in AD processes,
which include acetogenic bacteria and homoacetogenic bacteria, are the group of
microbes that are primarily in charge of producing VFAs (Yuan et al., 2019). These
VFAs represent a group of valuable carboxylic acids used for a variety of applications,
including bioenergy production (Cesaro et al., 2020; Chen et al., 2017; Sydney et al.,
2018), biodegradable plastics (Fradinho et al., 2014; Reddy et al., 2014), an additional
carbon source for enhanced biological nitrogen and phosphorus removal from
wastewater (Kim et al., 2016; Liu et al., 2018; Zhu et al., 2021). In addition, VFAs can
also be used as food additives and animal feed supplements (Fujihara et al., 2002;

Rigout et al., 2003).

2This chapter is based on: Sapmaz, T., Mahboubi, A., Taher, M. N., Beler-Baykal, B., Karagunduz, A.,
Taherzadeh, M. J., & Koseoglu-Imer, D. Y. (2022). Waste-derived volatile fatty acid production and
ammonium removal from it by ion exchange process with natural zeolite. Bioengineered, 13(6), 14751—
14769.
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Anaerobic digestion, a common bioconversion approach used mainly for treating
organic waste, is a promising option for producing VFAs from renewable and cheap
resources in a sustainable manner. AD uses organic-rich waste streams as input
material and traditionally converts them to the final product of biogas through a
sequential microbial conversion process involving hydrolysis, acidogenesis,
acetogenesis, and methanogenesis. VFAs are intermediate products of AD (generated
during the acido- and acetogenesis stages) with a higher market value than biogas,
which need to be efficiently produced, recovered, and purified from AD effluent in
order to be commercialised. The purer VFA solution has a higher market price and a
wider range of applications from production of pharmaceuticals to wastewater
treatment (Atasoy et al., 2018). In-depth studies on traditional pre-treatment and co-
fermentation methods have also been conducted in the literature with the aim of
increasing VFA production and composition, as well as the effects of some key
variables that influence VFA composition and production (Fang et al., 2020).
However, the recovery process of VFAs still poses a great challenge because the AD
effluent is a complex medium containing microorganisms, particulate matter,
macromolecules, and dissolved nutrients such as nitrogen (N), potassium (K), and
phosphorus (P) (Barlog et al., 2020). Some separation techniques such as precipitation,
distillation, adsorption, ion exchange, liquid-liquid extraction, and/or membrane
processes can also be used to separate microorganisms and particles as well as
macromolecules such as proteins and lipids from AD effluents (Aktij et al., 2020).
Among the newly developed separation technologies for VFA recovery from
anaerobic digestate, membrane-based processes are considered to be very attractive

and competent methods (Aktij et al., 2020).

The high ammonia content in the AD effluents is one of the challenges in building a
VFA platform. Considering the potential use of VFAs as an additional carbon source
for wastewater denitrification process, or the production of polyhydroxyalkanoates
(PHASs) as bioplastics, the NH4" content of the effluent is an undeniable drawback.
Although the presence of a certain amount of ammonium is beneficial for microbial
growth in AD, inhibitory concentrations can be reached during the degradation of
protein-rich substrates. Therefore, in processes where limited nitrogen concentrations
are important, the excess amount of ammonium in the VFA-containing AD effluent

should be removed with minimal loss of VFAs. Common technologies used for
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ammonium removal include breakpoint chlorination, air stripping, nitrification-
denitrification, and ion exchange (Metcalf et al., 1991). Among these methods, ion
exchange has gained great research and industrial attention due to process simplicity
and the application of low-cost abundant raw minerals as exchangers (Inglezakis et al.,
2001a). For this purpose, natural zeolites such as clinoptilolite could be applied as the
ion-exchanging material. The high selectivity of clinoptilolite for ammonium ion is an
asset and gives it advantage over conventional and synthetic exchange resins such as

purolite and amberlite (Jorgensen & Weatherley, 2006).

Ion exchange is a special type of adsorption based on electrostatic attraction. In this
process, the pollutant (adsorbate) or compound to be removed is separated from the
liquid phase and concentrated on the solid phase (adsorbent). Ion exchange can also
be considered as a reversible chemical reaction driven by electrostatic attraction
between the ions in solution (adsorbate) and the exchangeable ion on the ion exchanger
(Weber Jr, 1972). There are many studies using the ion exchange process to recover
nutrients from different types of waste streams (Beler-Baykal et al., 2011; Beler-
Baykal et al., 1996; Ishii & Boyer, 2015; Kocatiirk & Baykal, 2012). However, to the
knowledge of the authors, the removal of ammonium from the organic waste derived
AD-VFA effluent with clinoptilolite has not been studied. Therefore, it is of great
importance to understand the ion exchange performance of clinoptilolite for the
removal of ammonium from VFAs mixtures. This is an important application since
production of VFAs and removing contaminants like ammonium may be key
technology in the upcoming biorefineries. It is essential to carry out an experimental
study to assess the different effects of the various processes on the functionality of
VFA production and recovery to comprehend how this can be done and which
operational elements influence the recovery of purer and higher concentrated VFAs

from fermentation broths.

The objective of this study is to investigate a well-established process, ion exchange,
for a new application, namely the removal of ammonium from bio-based VFAs
mixtures. The purpose of this study is to research the removal of ammonium from
synthetic and chicken manure derived AD-VFA solutions by ion exchange using
natural zeolite (clinoptilolite). Following this, batch tests will be used to determine the
effects of initial ammonium loading, pH, and the most common competing ion, K", on

ammonium removal. The experimental steps of ion exchange process that were carried
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out includes isotherm studies, batch-column experiments for ammonium removal, and

continuous experiments for producing breakthrough curves.

3.2 Materials and Methods

3.2.1 Chemicals

Acetic acid (>99.7%), propionic acid (>99.5%), butyric acid (>99%), NH4+Cl and NaCl
were purchased from Sigma-Aldrich (Burlington, MA, US) and KCI of reagent grade
was provided from Merck (Darmstadt, Germany). The water used in the preparation

of all synthetic solutions was ultrapure (Milli-Q at 25 °C).

3.2.2 The solid phase: Clinoptilolite

The natural zeolite, clinoptilolite, which is an alumina silicate was used as the ion
exchanger. It was obtained from Rota Mining Corporation and originated from the
mines of the Gordes region in Manisa, Turkey. Its mineralogical composition was
determined by Rota Mining (Rota, 2021) as 90-95% clinoptilolite, 0-5% cristobalite,
and 0-5% tridymite. The shared oxygen atoms between aluminium and silicon in
clinoptilolite result in a negative charge that is balanced by the presence of
exchangeable cations such as Ca?*, K*, and Na®, depending on the composition. The
chemical formula of clinoptilolite is (Ca, K2, Naz, Mg)s Alg Siszo O96.24H20 with
chemical composition shown in Table 3.1 (Rota, 2021). Its theoretical exchange
capacity was 1.5-2.1 meq/g based on the mineralogical composition according to
Methylene Blue Chloride Method as indicated in the product information sheet by Rota
Mining Corporation (Rota, 2021). The apparent density of the clinoptilolite was found
to be 0.86 g/cm’ using the standard method. Clinoptilolite was firstly sieved to obtain
a specific particle size, which in this study was 1-2 mm. The sieved clinoptilolite was
then washed several times with distilled water to remove non-adherent impurities and
small particles, followed by air-drying for 24 h to remove moisture. It was proven in
the literature that the sodium form of clinoptilolite is the most recommended form to
provide the highest capacity for the removal of ammonium, therefore, Na-form of
clinoptilolite was used for the experiments (Yurtoglu, 2007). Clinoptilolite has a
monoclinic platy crystal structure with angular granules as its physical appearance
(Rota, 2021). The utilized particle size ranged from 1000 to 2000 um. The conditioning

of clinoptilolite aims to remove certain ions from the surface to replace them with
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easily exchangeable ions prior to ion exchange application. Clinoptilolite in the sodium
form is known to have a higher ammonium removal capacity as compared to its
original form (Cincotti et al., 2001; Cooney et al., 1999; Inglezakis et al., 2001b;
Yurtoglu, 2007), therefore, using the sodium form is beneficial (Hedstrém, 2001). For
this reason, prior to the ion exchange process, conditioning was carried out to increase
the ammonium holding capacity of clinoptilolite. Using a 1 M NaCl solution according
to the procedure recommended by Yurtoglu (2007), at flow rate of 11.7 L/min for up
to 48 h. Prior to use in experiments, the clinoptilolite was dried at 103-105 °C to
remove moisture in an attempt to obtain constant weight. The same batch of

conditioned clinoptilolite was used in all runs of the experimental work.

Table 3.1 : Characteristics of the clinoptilolite (from Rota (2021)).

Constituent Properties/ Value (wt.%)
SiO» 65—172
ALO; 10-12
CaO 24-3.7
K>O 25-38
Fe 03 0.7—-1.9
MgO 09-1.2
Na,O 0-0.08
MnO 0-0.08
Cr203 0-0.01
P>0s 0.02 -0.03

3.2.3 Liquid phase

Two different solutions were used: waste-derived anaerobic digestion VFA effluent

(AD-VFA) and synthetic VFA solution (sVFA).

3.2.3.1 Anaerobic digestion VFA effluent (AD-VFA)

Chicken manure (CKM) was used as AD substrate and inoculum was collected from
a laying hen farm Sjomarkens Honsgard AB (Boras, Sweden) with total solid (TS) and
volatile solid (VS) concentrations of about 320 and 220 g/L, respectively. To ensure
consistency, as-received CKM was diluted with tap water to VS of about 120 g/L. (~2
times dilution) and mixed with a high-performance blender (Waring® CB15, CT,
USA) at high speed for about 30 s. The liquid phase was separated with a sieve (mesh

size about 0.1 mm) and the characteristics were checked after thorough mixing.
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Thermal pretreatment (thermal shock) was used to inhibit the activity of methanogens
in CKM. Each feed solution was placed in a 100 mL of flask, then heated to 80 °C for
15 min in a water bath while being completely mixed at a speed of approximately 300
rpm to ensure a homogeneous temperature, and then cooled in an ice chamber. Some
properties of the sieved thermally shocked CKM (the feed for AD) are pH of 7.9+ 0.1,
total VFA concentration of 4.5 = 0.2 g/L, of which acetic acid content of 3.8 £ 0.2 g/L,
and ammonium concentration of 4500 mg/L. The supernatant from the heat shocked
CKM (mesh size approximately 0.1 mm) was diluted to approximately 10 g VS /L and
used as inoculum for the production of VFAs effluent in an anaerobically digested
membrane bioreactor (MBR). The operation of MBRs is described more detailed in
Section 2.4.1. The VFA solution filtered from the reactor each day was collected and
stored in the freezer before it was used further in experiments. AD-VFA solution that
is mixed and stored had a pH of 6.8, ammonium of 1955 + 135 mg/L and total VFA
concentration of 7 = 0.2 g/L (Table 3.2). AD-VFA solution was used in the isotherm

studies and the batch mode fixed bed column operation during this study.

Table 3.2 : The properties of recovered AD-VFA.

Range of the effluent during VFA effluent used

Parametggs Uit fermentation in this study
pH / 6.02 - 8.18 6.8+0.1
NH4-N mg/L 1381 — 2262 1955 + 135
tCOD g/L 12.0 - 68.7 13.8+£0.6
Acetic acid g/L 50-11.9 537+£0.2
Propionic acid g/L 0.8-3.1 0.81+0.1
Butyric acid g/L 0.6-24 0.75+0.1
Caproic acid g/L 0.05-0.15 0.07+0.0
Total VFAs g/L 6.50 - 18.0 7.0+0.2
Na* mg/L 986.3 —1045.7 1016 +29.7
K* mg/L 1535.6 —1572.4 1554+ 18.4
Ca* mg/L 32-33 33+0.0
Mg2?* mg/L 59.4-63.6 61.5+2.1
Fe?* mg/L 1.8-3.2 25+0.7
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3.2.3.2 Synthetic VFA solution (sVFA)

The synthetic VFAs solution was prepared by dissolving acetic acid, propionic acid,
butyric acid and NH4Cl in Milli-Q water to represent VFAs and ammonium content.
The total concentration of VFAs was arranged as 7.1 g/L theoretically to simulate
waste-derived VFA effluent (AD-VFA) content including acetic, propionic, butyric
acids at the ratio of 4.5:2:0.6, respectively. pH of the solution was measured as 2.8 +
0.2 and the amount of NH4" was changed in the range of 500-2070 mg/L. In order to
study the effect of K" ion on process performance, KCI solution was prepared as 0.5
and 2 M for required K ion concentration. Synthetic VFA solution was used in batch
experiments (the effect of initial loading, pH, and K" concentration), batch mode fixed
bed column operation and breakthrough experiments to understand the system

behaviour of processes investigated.
3.2.4 The experimental setup

3.2.4.1 Experimental set up and operation of MBRs for AD-VFA production

In order to generate the VFAs effluent required for this study, MBR using CKM as
feed was used. The MBRs that were operated semi-continuously (Fig.2.1) used for the
anaerobic digestion of CKM consisted of a reactor with a 2" generation microfiltration
integrated permeate channel membrane panel (PES, 0.3 um average pore size; VITO
NV, Belgium), with a filtration area of 205.8 cm? submerged in a reactor (Biotech
GmbH, Germany) and with 3.5 L working volume. Permeate flow and membrane
pressure were recorded automatically using a control recording system developed in-
house. pH, the concentrations of VFAs, and ammonium concentrations from permeate
in the reactor were recorded by daily. The 350 mL of permeate containing VFA was

filtered off daily and kept in freezer before use in ion exchange experiment.

3.2.4.2 Isotherm experiments

Waste-derived AD-VFA was used in the isotherm experiments. In order to generate
the isotherms for ammonium removal by clinoptilolite, the equilibrium time was
determined first using AD-VFA solutions with concentrations of 1930, 1035, 801, 524
mg NH;/L prepared by serial dilution of AD-VFA. After that, the isotherm
experiments were carried out to determine the capacity of clinoptilolite for ammonium

in AD-VFA mixture in duplicates (Eq. 3.1) (Balarak & McKay, 2021).
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O—Ce)XV

Equilibrium capacity (mg NH4" /g clinoptilolite), (qe) = «© 3.1

m

Co is the initial ammonium concentration (mg/L), Ce is the equilibrium concentration
of ammonium in the solution (mg/L), V is the volume of the solution (L), m is the mass
of the clinoptilolite used (g), qe is the amount of adsorbate per mass of the adsorbent
under equilibrium conditions (mg/g). During the isotherm experiments, 2.0, 4.0, 6.0,
10 and 20 g clinoptilolite was put in each flask including 50 mL of AD-VFA solution
having 1955+135 mg/L of ammonium placed in a water bath-shaker (Grant OLS 200,
Grant instrument Itd, UK) for 12 h which had been determined as the equilibrium time.
The ammonium concentrations of the samples were measured at the beginning of
experiment and then at the equilibrium time (12 h). All experiments were performed
at temperature of 22+2 °C. Isotherms were plotted as the amount of ammonium
adsorbed onto the clinoptilolite, ¢., against the equilibrium concentration of
ammonium in the solution, C.. The experimental results were fitted to Langmuir
Isotherm model (Eq. 3.2) and Freundlich model (Eq. 3.3) to determine the best

isotherm model that represented the experimental data.

Ce
9e= AmK: T (3.2)

qe= Kp C,*/" (3.3)

In these non-linear expression of isotherm models, Ki is a Langmuir constant
associated with adsorption energy or net enthalpy, Kr is the Freundlich constant and n
is a constant with a function of adsorption intensity and qm is the surface concentration
obtained when all adsorption sites are exhausted (maximum capacity of adsorbent)

(Chen, 2015).

3.2.4.3 The effects of pH, initial ammonium loading and competing cation (K*)

in batch experiments

Batch experiments were performed as duplicate to investigate the influence of pH (3,
5, 6, and 7), initial ammonium loading (2, 2.5, 5.0, and 10 mg NH4"/ g clinoptilolite),
and competing ion-K* concentration (500, 1000, and 2000 mg/L) using a synthetically
prepared VFA solution. The experiments were carried out in the batch mode using
conical Erlenmeyer flasks of 250 mL (working volume of 200 mL) placed in a
temperature-controlled water bath shaker at 110 rpm and with a temperature of 22+1

°C. The aforementioned synthetic VFAs mixture (Section 2.3.2) was used at this stage.

32



The effect of pH on the removal of ammonium by the ion exchange process with
clinoptilolite has been studied in the literature (Karadag et al., 2008). In this study,
since the removal of ammonium was studied in the presence of VFAs, and the tests
were carried out at different pH values for observing the changing of VFA species with
pH changes. The pKa values of the targeted VFAs are reported as 4.76 for acetic acid,
4.88 for propionic acid, and 4.82 for butyric acid. The pH values of AD-VFA solutions
may change based on the substrate type and the operational parameters of the
anaerobic digester. The pH values of the synthetic VFAs mixture and AD-VFA
solution were measured as 2.8 = 0.2 and AD-VFA and 6.8 + 0.1, respectively. Thus,
the effect of pH on overall ion exchange performance was investigated at 3.0, 5.0, 6.0
and 7.0. The ion selectivity of clinoptilolite was given by the manufacturer as Cs™ >
NH4" > Pb* > K* > Na® > Ca?" > Mg?" > Ba?" > Cu?" > Zn?" (Rota, 2021). In the
experiments of competing ion effect, different K™ concentrations in the range of 500
to 2000 mg/L were tested due to high concentration of potassium ion (K*: 1554 + 18.4
mg/L) that could compete with the ammonium ion strongly in the exchange process

(Table 3.2).

The effect of initial ammonium loading (mg NH4" initially loaded per gram of
clinoptilolite) was studied in the batch mode by changing clinoptilolite loading through
the use of constant ammonium (760.50 + 54.83 mg/L) and VFAs concentrations (7.46
+ 0.51 g/L) and variable amounts of clinoptilolite. All the experiments were carried

out at the same stirring rate and in duplicates.

3.2.4.4 Batch fixed bed column experiments

In this part of experiments, the ion exchange experiments for the removal of
ammonium from two different solutions, synthetic and AD-VFA solutions were
carried out in fixed bed columns. The fixed bed columns were all made of Plexiglas
and operated in duplicates. The columns were 3 cm in inner diameter and 35 cm in
height (Fig. 1). The column experiments were carried out in batch and up-flow mode.
Fixed bed column experiments were performed until equilibrium was attained, which
had taken at most 30 hours. AD-VFA solution was fed to the column at a flow rate of
28 £ 1.6 mL/min using a peristaltic pump, Watson-Marlow 403 (Watson Marlow,
United Kingdom). Bed volume was calculated by measuring the height of the bed and
found as 0.23 L when filled with 200 g clinoptilolite for an initial loading 2.5 mg
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NH, /g clinoptilolite. The pH for synthetic VFA was adjusted to the same value as of
AD-VFA (pH: 6.8). In this study, two columns were operated using two different
solutions and samples were taken at certain time intervals, and the results were given

with mean and standard deviation values.

Chicken manure

Volatile Fatty Acids
(VFAs)

Figure 3.1 : Schematic overview of MBR setup for AD-VFA production and fixed
bed batch column setup for ammonium removal.

3.2.4.5 Breakthrough experiments

In this step, breakthrough curves at three different ammonium concentrations were
generated for ammonium in synthetically prepared VFA solution, to observe system
behaviour. Breakthrough experiments were performed in up-flow fixed bed columns
with continuous flow mode and at flowrates of 14 = 1.5 ml/min. Synthetic solutions
were prepared with different initial ammonium concentrations (570, 1135 and 2070
mg/L) and a constant VFA concentration of 7.1 + 0.8 g/L. The height of the bed was
kept constant, and the column was filled fully (bed height: 33 cm). Effluent from the
column was sampled continuously and the samples were analyzed for ammonium
concentrations. The experiments were conducted at 16.6 min empty bed contact time
(EBCT) that was found with Eq. 3.4, where Vy is the bed volume and Q denotes the
flowrate in the fixed bed column (Guida et al., 2021).

EBCT =V,/Q (3.4)

3.2.5 Analytical methods

For characterization of VFAs, total solid (TS) and total suspended solid (TSS) contents

were measured using oven at 105 °C following the standard methods of the American
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Public Health Association (APHA-AWWA-WEF, 2005). Total chemical oxygen
demand (tCOD) was measured using the CSB 15000 test kits (range of 1.0-15.0 g/L
02) (Nanocolor, MACHEREY-NAGEL GmbH & Co. KG, Germany) for
characterization of AD-VFA. The concentration of tCOD was measured using the
Nanocolor 500D photometer (MACHEREY-NAGEL GmbH & Co. KG, Germany).
The analysis of trace elements (Fe, Mg, K, Na, and Ca) was performed using
microwave plasma atomic emission spectrometry (MP-AES 4200, Agilent
Technology, Santa Clara, USA). The pH was measured using a pH combination
electrode from Orion Ross Model according to the manufacturer's recommendations.
Ammonium concentration was measured using an Orion 720 ion meter and ammonia
electrode. Prior to ammonium measurements and VFA analysis, samples were filtered
through a 0.45 pm microporous membrane filter. VFA compositions (acetic,
propionic, isobutyric, butyric, isovaleric, valeric acid and caproic acid) were analysed
by means of Perkin-Elmer gas chromatograph (GC) (Clarus 590; Norwalk, CT, USA)
equipped with a flame ionization detector (FID) and a capillary column (Elite-WAX
ETR, 30 m x 0.32 mm x 1.00 um, Perkin-Elmer, Shelton, CT, USA). The injection
port and the detection temperature were maintained at 250°C and 300°C, respectively.
Nitrogen was used as the carrier gas at a flow rate of 2 mL/min and a pressure of 20
psi. Prior to analysis, the liquid samples were mixed with an acid mixture (25% (v/v)
formic acid and 25% (v/v) ortho-phosphoric acid in a 1:3 ratio) to pronate the -COOH
groups of the VFAs needed to facilitate extraction in the sample, and then centrifuged
at 10000xg for 5 min. The supernatant was then filtered through a 0.2 um syringe filter
to remove particulate matter. The range of VFA standards used were between 0.3125-

10 g/L. Butanol solution with a concentration of 1 g/L was used as an internal standard.

3.3 Results and Discussion

Thermally pre-treated CKM was used as substrate in an immersed MBR for enhanced
VFA production and in situ recovery of VFAs in a semi-continuous AD. It was aimed
both to investigate the production of VFA and to remove NH4" from this solution.
Batch and continuous ion exchange studies were conducted to investigate ammonium
removal from collected AD-VFA effluents by clinoptilolite. Batch tests were used to
investigate the effects of some important parameters on ammonium removal, while

column studies were used as preliminary studies for the practical application of
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continuous VFA treatment. Within this context, the effects of initial ammonium
loading, presence of K" ions and pH on ammonium removal were investigated in batch
tests. Then, ammonium removal from synthetic and real VFA media (AD-VFA) was
compared and batch column studies were conducted to investigate the effects of other
constituents in AD-VFA on ammonium removal. In the final phase, breakthrough
experiments were performed at constant empty bed contact time (EBCT) at different

ammonium concentrations and a preliminary evaluation was made for future studies.

VFAs were produced from the fermentation of CKM at organic loading rates of 2 to 4
g VS/L/d. The effluent bearing VFAs that was to be use from ion exchange was
obtained by in-situ recovery from anaerobic acid fermentation reactor using an
immersed microfilter (unpublished work). The properties of the permeate effluent
mixture is presented in Table 3.2. The organic composition of the substrate, as well as
the source of the substrate influence the type of the VFAs produced (Zhang et al.,
2020). It was also proposed that operational conditions may dictate which catabolic
product would be dominant, allowing for more efficient growth in the mixed culture
fermentation system at the same time (Jankowska et al., 2015). The VFA formed after
fermentation is not pure, but rather contains a considerable mineral impurity in an
aqueous solution (Reyhanitash et al., 2017). NH4*-N content in the permeate was in
the range of 1381 — 2262 mg/L during the fermentation of CKM. The daily
fermentation effluents from the reactor were homogeneously mixed, and the
characteristics of the solution employed in this study were determined (Table 3.2).
Ammonium content has been found to be 1955 + 135 mg/L (Table 3.2). K* has the
highest concentration (1554.0 + 18.4) among other cations in the effluent solution
(Table 3.2). The concentration of impurities may vary depending on the source of the
wastewater/feedstock and the type and conditions of the fermentation (Reyhanitash et
al., 2017). In the current study, in situ recovery of VFAs-rich filtrate by the MBR not
only prevented the washing out of microorganisms, ensuring the continuous and stable
operation of the anaerobic acid fermentation process (Jomnonkhaow et al., 2021;
Wainaina et al., 2020), but also obtained a VFAs solution with low turbidity (Parchami
et al., 2020), suitable for downstream processing such as ion exchange for ammonium

removal.
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3.3.1 Isotherm experiment results

In this study, isotherm experiments were performed in a real VFA solution (AD-VFA),
and the isotherm constants and ammonium removal capacity were compared with the
isotherm constants obtained in pure ammonium solution in distilled water without
other constituents such as competing ions determined by using the same type of
clinoptilolite [32]. The objective is to determine how the ammonium removal
capacities change in AD-VFA solution. Such a comparison is critical for designing
real applications. Isotherms were generated from equilibrium data using clinoptilolite
and AD-VFA solution in an attempt to evaluate ammonium removal capacity. For this
purpose, firstly, equilibrium time experiments were carried out at four different
ammonium concentrations that may be expected to prevail in actual large-scale
operation, for 30 hours as can be seen in Fig. 3.2, and 12 hours was chosen as the

equilibrium time.
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Figure 3.2 : Equilibrium time profile with different initial adsorbate concentrations.

Both the Freundlich and Langmuir models were used to evaluate the experimental
results of ammonium removal from a real VFA solution. As can be seen from Table
3.3 and Fig. 3.3, Langmuir model had a slightly better fit compared to the Freundlich
isotherm model, with a regression coefficient (R?) value on Langmuir, which is 0.9998.
A comparison of the regression coefficients in these two model solutions (pure
ammonium and AD-VFA) reveals that the Langmuir model represent the system better
than the Freundlich model. In the Langmuir model, an adsorbate is bound to the active

adsorption site and all surface areas are assumed to have the same attractive force.
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According to the Langmuir model, the maximum adsorption capacity (qm) was found
as 15.7 mg ammonium/g clinoptilolite (Table 3.3) while the equilibrium capacity (qe)
shows 11.3 mg/g for 1510 + 85 mg NH4"/L equilibrium liquid phase concentration in
Fig 3.3a.

The C. values obtained in this study were placed in the Langmuir equation obtained
by Allar (Allar, 2015), and while the qm value was 27.4 mg/g, the qe value for 1510
mg/LL was found as 26.8 mg/g. The graph for pure solution and AD-VFA
comparatively is shown in Fig. 3.4. The differences of equilibrium capacities between
the pure solution and the AD-VFA solution is 15.5 mg NH4"/g. This difference shows
that existence of ions other than ammonium in AD-VFA solution has reduced the
equilibrium capacity for ammonium for this specific solution. The content and the
concentration of competing cations was measured with MP-AES device and their
concentrations are presented in Table 3.2. As shown in Table 3.2, the average
potassium concentration in the real VFA environment was measured as 1554 + 18.4
mg/L. In addition, the ammonium concentration was measured as 1955 + 135 mg/L
and was very similar to potassium concentration. K™ competes with ammonium (Wang
et al., 2007) and hence the ammonium removal by ion exchange of AD-VFA is lower
than in pure solution. According to a study done by Rizzioli et al. (2021) on the
purification and concentration of VFAs using various batch adsorption tests, Lewatit
and Amberlyst ion exchange resins had respective adsorption yields of 40 and 27%. A
real fermentate with an initial VFA concentration of roughly 18 g/L was subjected to
the best adsorbent, Lewatit, and the best desorption conditions, resulting in a final VFA
content that was three times higher than in the original solution (Rizzioli et al., 2021).
Depending on the source and the fermentation process applied, Na®, K", HoPO4~
/HPO4*", Cl" and SO4>" ions are common in fermentation effluents (Reyhanitash et al.,
2017). However, negatively charged ions are not expected to interfere with the cation
exchange process and K™ might be the most critical competing ion. In addition to these
ions, AD-VFA contains other soluble organic compounds as well as VFA (Rizzioli et

al., 2021).
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Table 3.3 : The values of isotherm model equations.
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Figure 3.3 : (a) [sotherm curve and (b) Langmuir and (c¢) Freundlich isotherm
models of ammonium with clinoptilolite for AD-VFA solution.
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Figure 3.4 : Comparison between ion exchange isotherms of pure NH4" solution,
and AD-VFA with gm values from Langmuir. The figure contains results from
experiments that were done in a previous study done by Allar (2015).

3.3.2 The effect of initial NH4" loading on ammonium removal

One of the most important design parameters in the ion exchange process is the initial
ammonium loading which affects the removal efficiency of the system (Beler Baykal
et al., 2009). The initial ammonium loadings (mass of NH4/mass of clinoptilolite)
were arranged as 2.0-2.5-5.0-10 mg NH4'/g clinoptilolite and the graph of ammonium
removal is presented in Fig. 3.5a and Fig. 3.5b. The figures show that at the initial
ammonium loading of 2.5 mg NH4"/g clinoptilolite, ammonium removal was found to
be over 92%, and higher initial loadings, lead to relatively lower efficiencies which
will not permit the product to be used effectively, as an external carbon supplement
for denitrification for instance. It may be observed that ammonium removal increased
with decreasing the initial loadings up to 2.5, whereas further reduction of initial
loading down to 2 mg/g did not result in a significant improvement in ammonium
removal. Increasing the amount of clinoptilolite leads to lower initial loadings per g of
adsorbent within same initial ammonium concentration. The removal of ammonium is
essentially unaffected up to the initial loading threshold of 10 mg NH4'/g clinoptilolite,
and a removal efficiency of 94% was achieved for ammonium in a study on the transfer
of plant nutrients from urine to clinoptilolite by examining the removal efficiency
under various initial ammonium loadings (5-34 mg NH4'/g clinoptilolite) (Beler
Baykal et al., 2009). Hence, in accordance with previous findings, increasing the
amount of adsorbent to a certain extent resulted in increased removal of ammonium
ions (Beler Baykal et al., 2009; Rengaraj et al., 2001). Therefore, initial ammonium

loading, 2.5 mg NH4'/g clinoptilolite, was selected for the rest of the experiments.
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There was no VFAs loss from the solution during the sets of initial loading tests (Fig.

3.5¢).
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Figure 3.5 : Effect of initial loading on ammonium removal with ion exchange from
sVFA solution.
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3.3.3 The effect of pH

The pH of solutions was 2.8 + 0.2 for synthetic VFA and 6.8 + 0.1 for AD-VFA
effluent. The pH is an important factor for ammonium/ammonia equilibrium in ion
exchange processes. Although ammonium is the dominant form at low pH, its
concentration starts to decreases at pH values above 8 (pKa. of ammonium is 9.25) as
it transforms to the non-ionised form of ammonia (Dong & Sartaj, 2016) which cannot
undergo ion exchange process. From the perspective of ammonium removal, pH
values below 8 are not expected to be critical, and that is what the results show in this
present work as well, as may be observed in Fig. 3.6a and Fig. 3.6b. Moreover, whether
VFAs exist in dissociated or undissociated (free acid) form depends on pH as well
(Ramos-Suarez et al., 2021), therefore, VFA concentrations were also measured
during the ion exchange batch studies. This has led to conducting batch experiments
at different pH values ranging from 3-7 to determine the effect of pH on the overall
ion exchange process. In this range of pH, the efficiency of ammonium exchange was
not directly affected by the change in pH. VFAs exist mainly as undissociated acids at
pH values below the dissociation constant of acids (< 4.86 at 25 °C) (Wainaina et al.,
2019a); however, the dissociated form of VFAs are dominant in higher pH values
(Reyhanitash et al., 2017). As can be seen in Fig. 3.6a and Fig. 3.6b, pH had no
significant effect on VFAs concentrations as well as ammonium removal. The
maximum removal (about 96%) for ammonium was found at pH 3, as shown in Fig.
3.6a moreover, the removal efficiency of ammonium was still above 90% at all
different pH values investigated in this work as expected. The results in this study
show that pH values between 3 and 7 have no significant effect on the ammonium
removal efficiency. It was evident that the presence of VFAs did not affect the removal
of ammonium (with a 0.5-1% decrease only). There is nearly no VFAs loss from
solution during ammonium adsorption (Fig. 3.6b). Similar results were obtained in a
previous study using clinoptilolite for ammonium removal from leachate (Karadag et
al., 2008). In that study, pH values of leachate were in the range of 4 to 10. It was
shown that changes in the pH in the range between 6 and 8 had little effect on
ammonium removal with the best removal performance was recorded at pH of 7 with
57.8% (Karadag et al., 2008). Specific anions in the solution could reduce ammonium
adsorption due to hydrolyzation of ions and the associated pH change (Liu et al., 2010),

therefore, the VFA concentrations were also controlled during the ion exchange batch
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studies. As the synthetic solution used has both ammonium and VFAs it was of
importance to see the effect of both cations and anions. There are also some studies on
the removal of VFAs by anion exchange resins (Bhandari et al., 2000; Eregowda et
al., 2020; Fufachev et al., 2020; Rebecchi et al., 2016; Takahashi et al., 2013);
however, clinoptilolite is a cation exchanger. Hence, it does not affect the

concentrations of deprotonated VFAs (carboxylate salts) in the effluent.

It can be concluded that addition of chemicals for pH adjustment would not be required
when ion exchange system was adapted directly to the fermenter, which would mean
that no additional cost would be required. This possible integration of processes
eliminates the need to integrate an additional pH adjustment and control system, which

indirectly reduces the cost.
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Figure 3.6 : Effect of pH on ammonium removal with ion exchange from sVFA
solution.
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3.3.4 The effect of K™ concentrations on ammonium removal

In this part of the study, the effect of potassium ion on ammonium removal was studied
since it is a constituent found in higher concentrations in real VFA effluent and has a
competing effect on ammonium removal (Table 3.2). The cations in the solution and
ammonium would compete with each other, resulting in a decrease in ammonium
exchange by the ion exchanger (Lei et al., 2008). The selectivity order of clinoptilolite
between cations at similar concentrations is Cs* > NH4" > Pb*" > K" > Na* > Ca®" >
Mg?* > Ba?" > Cu**, Zn*" as it is given by manufacturer (Rota, 2021). Although the
clinoptilolite used in this study is a highly ammonium-selective zeolite (Kithome et
al., 1998), at comparable concentrations of the major competing cations, the increased
concentration of K™ and Ca" ions could alter the selectivity order of the clinoptilolite
depending on the characterization of the fermentation liquid. As shown in Fig. 3.7a,
with the addition of maximum 2 g/L K* compared to no addition of K*, the removal
efficiencies dropped from 92% to 81%, while initial ammonium concentration

decreased from 898 mg/L to 67 mg/L and from 773 mg/L to 149 mg/L, respectively.

Wang et al. (2007) showed that the presence of potassium, calcium and magnesium
ions would compete with ammonium ions for ammonium exchange with the Chinese
Na-modified zeolite. Of these ions, the presence of potassium had the strongest effect
on the reduction of ammonium removal, followed by calcium. This is consistent with
the results of another study by Farkas et al. (2005), where both support the findings of
reduction on ammonium removal. There is negligible VFA loss from the solution

during the run of different K™ ion tests (Fig. 3.7b).
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Figure 3.7 : Effect of K™ ion on ammonium removal with ion exchange from sVFA
solution

3.3.5 Ammonium removal from synthetic and AD-VFA effluent using fixed bed

columns

Based on the results of different initial loadings batch experiments, an initial loading
of 2.5 mg NH4"/g clinoptilolite was selected for full circulation (=batch) column
experiments. In the data obtained in the Section 3.1 of isotherm experiments, the
equilibrium capacity (qe) that is evaluated through Langmuir isotherm was 26.8 mg/g
in the pure solution and the capacity decreased to 11.3 mg/g due to the presence of
other constituents in AD-VFA medium. In the experiments that is presented in Fig.
3.8, however, there was no difference between synthetic VFA and AD-VFA for
ammonium removal. In this experimental stage, the removal of ammonium was
investigated in fixed bed column using both AD-VFA and synthetic VFA solution with
an initial tVFA concentration of 7.9 £ 0.8 and 5.9 + 0.3 g/L, and ammonium
concentrations of 2090 + 36 and 2067 + 41.6 mg NH4'/L, respectively. For a clearer

comparison, ammonium removal and VFAs concentrations were analysed and
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presented in Fig. 3.8 and Fig. 3.9, respectively. It can be observed that starting from
an initial value around 2100 mg/L ammonium, which could come from the
fermentation of protein- and/or urea-rich wastes such as animal manure, especially
chicken manure, or slaughterhouse wastes, most of the ammonium content is removed
within 12 hours. The results indicated that other ions present in AD-VFA did not
decrease the ammonium removal percentages; in fact, the ammonium removal
efficiency of 93.8% was almost comparable to that of synthetic VFA (92.6%) at a
reaction time of 12 hours (Fig. 3.8b). Therefore, while a slight K™ effect was observed
in the batch experiments, K™ showed no negative effect in these column experiments.
Ion exchange process from AD-VFA solution allowed even higher ammonium
removals even in the presence of other ions due to its large ion exchange capacity. It
can be explained that the concentrations of other ions (K*, Na*, Mg?*, Ca** Fe?"), were
much lower than the ammonium concentration in real VFA medium and also their
selectivity order was lower than that of ammonium. Table 3.2 shows that the
concentration of the competing cation K* in the AD-VFA was 1554 + 18.4 mg/L, while
that of ammonium was 1955 + 135 mg/L. The composition and the concentrations of

the VFAs was stable during the 72-hour experiments (Fig.3.9).

2400 g 100 b)
2100 ,I,a) —=— Synthetic VFA T 50 - 92.6
1800 1 —2— AD-VFA s
— Q
= 1500 | = 60 -
- =
T 1200 - S —
= € X140 |
W 900 | g =40
600 § 20 -
300 g
T T I T u|I u| F E 0
0 12 24 36 48 60 72 &
time (h) O Synthetic VFA @ AD-VFA

Figure 3.8 : Ammonium removal of clinoptilolite in sVFA and AD-VFA solutions
(pH 6.8).
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3.3.6 Preliminary breakthrough experiments for ammonium removal

In the last step of the study, in an attempt to gain a first overview, a preliminary
breakthrough experiment with a solution of ammonium and sVFAs was performed
with three different initial ammonium concentrations (selected based on expected
ammonium concentration in the fermentation step). The number of bed volumes and
number of hours processed at breakthrough point and surface concentration of the beds
are used as performance indicators. Fig. 3.10 shows the results of the breakthrough
experiment for ammonium obtained with initial ammonium concentrations of 570,

1135 and 2070 mg/L at a contact time of 16.6 minutes.

In this study, the extent of NHsremoval from the VFA solution aims not to interfere
with further nitrogen removal application (denitrification). Ammonium concentrations
above 60 mg/L affect nitrification negatively (Pasmionka et al., 2021). This leads to

interference with whole nitrogen removal process. In the denitrification phase, the
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ammonium content of the carbon source given to the environment may also enter the
nitrification ammonium stream, affecting the ammonium concentration in the output
stream. Hence, ammonium concentration at in the ion exchange effluent should be as
low as possible by continuing to use of VFAs enriched effluent in nutrient removal so
as not to cause external deterioration of ammonium removal. Thereby, the point where
the C/Co value reached 0.01% was chosen as the breakthrough point in this study. This
indicates that the column must be regenerated if the ammonium concentration at the
outlet of the column is above this limit. Results showed that the breakthrough point
where ammonium concentration first appeared in the effluent was reached faster at
higher initial ammonium concentrations, indicating the need for further flow through
studies. Increasing ammonium concentrations from 570 mg/L to 2070 mg/L resulted
in sharper breakthrough curves and breakthrough for 2070 mg NH4"/L was almost
immediate (3 BV or 0.8 h). However, for ammonium concentrations lower than 2070
mg/L, considerable amounts of ammonium removal, with a 99% (C/C¢=0.01%)
removal efficiency for about 6 BV or 1.7 h and 13 BV or 3.6 h at 1135 and 570 mg
NH4"/L, respectively. Under the experimental conditions employed, the removal of
ammonium was practically completed at 1-4 h depending on the initial ammonium
concentration in the VFA solution. Total ammonium removed is obtained calculating
the area above the breakthrough curves and dividing this area by the amount of
clinoptilolite in the column gives the mass ammonium adsorbed per unit mass of
zeolite for the continuous system. The surface concentration of the clinoptilolite was
calculated as 17.6, 21.2, 22.7 mg NH4"-N/g clinoptilolite for 570, 1135, 2070 mg
NH4"/L initial concentrations, respectively. The liquid phase concentration decreased
by 32%, 20% and 15% to 17.6, 21.2 and 22.7 mg NH4"/g clinoptilolite in the sSVFA
solution compared to pure ammonium solution. The ammonia concentration at the
effluent of column starts increasing after 3 BV (0.8 h), 6 BV (1.7 h) and 13 BV (3.6 h)
for the inlet ammonium concentrations of 2070, 1135 and 570 mg/L, respectively. As
the inlet concentration of ammonium decreased, breakthrough occurs at later BVs as
expected. Based on the preliminary results from breakthrough, effective ammonium
removal with better performance can be expected at higher contact times by either
increasing the height of the bed, using a larger/bigger column structure, or decreasing

the flowrate.
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Figure 3.10 : Ammonium breakthrough curves in different concentrations of sVFA
solution.

3.4 Conclusion

An application of the ion exchange process using a low-cost natural ion exchanger,
clinoptilolite, was investigated on a laboratory scale for ammonium removal from
synthetic and AD-VFA solutions. The results obtained provided valuable data for
promoting biological nutrient removal processes in WWTPs as further implications
with ammonium purified VFAs. Isotherm experiments showed the highest equilibrium
capacity of 11.3 mg NH4"/g clinoptilolite from AD-VFA effluent with an equilibrium
time of 12 hours. Ammonium removal of more than 92% from synthetic VFA and AD-
VFA at a reaction time of 12 h was achieved by using a batch-mode operated
clinoptilolite column. Breakthrough surface concentration per g of clinoptilolite that
has been done on a mixture of synthetic VFAs and NH4Cl (570, 1135 and 2070 mg
NH;"/L) were determined to be between 17.6 to 22.7 mg NHy'/g clinoptilolite in
breakthrough studies. Although an earlier breakthrough occurs at an ammonium
concentration of 2070 mg/L, larger columns or lower flow rates need to be used, as
well as further studies on the regeneration of the adsorbent and the recovery of the
adsorbed ammonium need to be performed. The results obtained show selective
removal of ammonium with minimal loss of VFAs from VFA-containing fermentation

liquid produced during digestion of nitrogen-rich feedstock.
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4. POTENTIAL OF FOOD WASTE-DERIVED VOLATILE FATTY ACIDS
AS ALTERNATIVE CARBON SOURCE FOR DENITRIFYING MOVING
BED BIOFILM REACTORS?

4.1 Introduction

Nutrient pollution is a well-documented widespread problem around the world, such
as the Baltic Sea (Murray et al., 2019), the Mississippi River basin (Henderson et al.,
2021; Mengistu et al., 2020), and Lake Taihu in China (Xu et al., 2015; Zhao et al.,
2021). The two main nutrient pollutants in municipal wastewater are nitrogen and
phosphorus, both of which are natural components of the ecosystem. However,
uncontrolled accumulation of these nutrients, mostly due to human activities, leads to
eutrophication of the receiving water bodies. This process favours the growth of algae
and other aquatic plants, which in turn leads to a variety of negative effects such as
extensive algal growth (algal blooms) and oxygen deficiency in the sea. Successful
nutrient removal in wastewater treatment plants (WWTPs) is one of the keys to
ensuring the environmental quality of receiving waters, indirectly protecting drinking

water resources, and closing the loop by recycling used water for irrigation.

The treatment procedure in conventional WWTPs involves several processing stages.
To remove sediments, organic debris, and nutrients from wastewater a combination of
physical, chemical, and biological procedures and operations are applied. Preliminary,
primary, secondary, and tertiary and/or advanced wastewater treatment are all names
that are used to denote different levels of treatment (Burton & Stensel). While
preliminary treatment removes big particles and grit from raw wastewater, primary
treatment is to eliminate floatable and settable solids, and secondary treatment is to

biologically remove soluble organics and eliminate refractory solids as sludge.

3This chapter is based on: Sapmaz, T., Manafi, R., Mahboubi, A., Lorick, D., Koseoglu-Imer, D. Y., &
Taherzadeh, M. J. (2022). Potential of food waste-derived volatile fatty acids as alternative carbon
source for denitrifying moving bed biofilm reactors. Bioresource Technology, 364, 128046.
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Secondary effluent undergoes nitrogen and phosphorous removal during tertiary
treatment. Common nitrogen removal via sequential nitrification and denitrification
(or activated sludge) can be performed at WWTPs using different technological
approaches, including continuous flow activated sludge systems, sequencing batch
reactors, fixed film (trickling filters, suspended plastic carriers, aerated filters), and
granules. Nitrification is the oxidation of nitrite to nitrate that follows the biological
oxidation of ammonium to nitrite done by nitrifiers, including nitrite-oxidizing
bacteria and ammonia-oxidizing bacteria. Wastewater from the nitrification process
subsequently passes through to the denitrification process. In denitrification, however,
nitrate is used as an electron acceptor by heterotrophic denitrifying bacteria, so that N»
is finally formed via series of gaseous nitric oxide intermediates (Rahimi et al., 2020).
The problem with denitrification is that, unlike nitrification bacteria, which thrive on
inorganic carbon sources such as CO,, denitrifying bacteria require organic carbon
sources for growth and energy acquisition. As most of the organic carbon source has
been depleted during the initial treatment stages, denitrification often must be supplied
with external organic carbon to comply with the allowable total nitrogen limits. In
most cases, the lack of an easily biodegradable carbon source that can be used as an
effective substrate by heterotrophic denitrifying bacteria is the limiting factor during
denitrification (EPA, 2013). This ex-situ organic carbon source provision, preparation
and addition inserts external loads to WWTPs, making them far from self-sustaining

and sustainable.

Commercially available and commonly used external carbon sources for
denitrification include mainly alcohols (i.e. methanol, ethanol), acetate or glycerine
(Playchoom et al., 2011). However, purchasing, transporting and storage of the carbon
source adds to process total costs, the price and availability of the carbon source can
vary locally and seasonally, and most importantly fossil-based carbon sources such as
methanol are controversial, questioning the environmental sustainability and
circularity of the process (Cherchi et al., 2009). In addition, to ensure year-round
access to the carbon source, large volumes are to be stored at the plant site, resulting
in higher process footprints. Using industrial waste streams as a carbon source could
be a potential alternative, however, the carbon source quality and consistency can

fluctuate, affecting the WWT process.
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As discharge limits become more stringent, existing WWTPs are challenged to cap
operating costs as low as possible while enhancing effluent quality (Palatsi et al.,
2021). Therefore, the choice of external carbon sources becomes of critical
environmental and economic importance (EPA, 2013). Thus, it is important to seek
new sustainable, low energy and capital demanding approaches in provision of low

cost and renewable carbon sources for WWTPs.

The applicability of various electron donors for denitrification has been studied in
recent decades. Literature revealed that, there is a lot of potential for recovering
valuable chemicals like biomethane, bioethanol, and volatile fatty acids (VFAs) from
industrial and municipal organic waste (Mahmoud et al., 2022). Due to the high levels
of proteins, carbs, and lipids present, even low or negative value organic waste can
further valorise valuable chemicals thanks to their high organic and biodegradable
composition. It has been demonstrated that wastes with these qualities can be used to
produce VFAs. VFAs are produced in the first two phases of anaerobic digestion
process. Hydrolysis, acidogenesis, acetogenesis, and methanogenesis are the four steps
of anaerobic digestion operation. The end of acidogenesis is marked by the microbial
conversion of organic material into simpler monomers of VFAs. Since anaerobic
digestion has a lower carbon footprint than other petrochemical routes, it is typically
extracted as an intermediary from anaerobic digestion process to generate the VFAs,
which is becoming more and more significant (Garcia-Aguirre et al., 2017). VFA can
replace petrochemical derivatives because it can be converted into various platform
chemicals. The market needs for the VFAs produced by acidogenic fermentation or

digestion include carbon source alternative in biological nutrient removal processes.

There is a lot of waste produced globally along the food supply chains. Food waste is
one of the significant wastes created because it accounts for a sizable portion of the
organic waste produced globally (Wainaina, 2020). According to data by UNEP, 931
million tonnes of food waste were produced in 2019, with families producing 61% of
it, food service producing 26%, and retail producing 13% (United Nations
Environment Programme (2021)). One of the applications of mixed VFAs is the
creation of value through usage as carbon source along with waste volume reduction.
In the literature, there are records of food waste VFA effluents having been used
biodegradable carbon source and thus electron donors to improve nitrogenous

compounds removal performance (Feng et al., 2021; Kim et al., 2016; Yan et al., 2018;
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Zhang et al., 2016b). All these studies clearly indicate the potential of using organic
carbon already present in food waste streams. Although promising, the majority of the
research detailed above is still in its early stages and is primarily limited to laboratory
scale experiments. To the best of the authors' knowledge, there is no literature on the
inclusion of an external carbon source from AD-VFAs against routinely utilized

methanol to improve specifically post-denitrification systems in WWTPs.

The objective of this study was to evaluate the potentials of food waste-derived VFA-
bearing anaerobic digestion effluent in the denitrification step of wastewater treatment
and replacement of fossil-based conventional carbon sources. In this regard, the
denitrification capacity of single VFAs together with VFA effluents from food waste
(AD-VFA), and it’s corresponding synthetically simulated VFA solution (sVFA) were
compared to methanol for attached growth post denitrification in moving bed biofilm
reactors (MBBRs). The effects of single VFAs (Acetic acid: AA, Propionic acid: PA,
Butyric acid: BA, Valeric acid: VA, and Caproic acid: CA) provided based on
chemical oxygen demand (COD) and molar weight basis were thoroughly investigated
in this study. Denitrification rates, NO3 -N removal efficiencies along with variations
of NH4*-N, NO3;-N, and NO; -N during the denitrification process have been
determined and compared for all effects. The suitability of biodegradable food waste
derived VFAs as electron donors for denitrification as well as their feasibility and

performances have been fully explored in this study.

4.2 Materials and Methods

4.2.1 AD-VFA provision from food waste and characteristics of all carbon

sources used

Carbon sources used in this study include one of the traditionally used carbon sources
(methanol) and heat shock treated food waste through anaerobic digestion effluent
(hereinafter referred to as AD-VFA). Methanol (>99.8%, Sigma-Aldrich) was used as

reference carbon source for the denitrification experiments.

AD-VFA from anaerobic digestion of food waste used in this study was produced as
explained by Wainaina et al. (2020), and was utilized as carbon source for
denitrification study. The AD-VFA was produced in a continuous stirred tank reactor

with a working volume of 3.5 L, and the MBR housed a second generation Integrated
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Permeate Channel (IPC) membrane panel. The IPC flat-sheet membrane was
developed and produced by the Flemish Institute for Technological Research (VITO
NV, Mol, Belgium). Hydrophilic polyether sulfone coated membrane on both sides of
a spacer fabric were used to create a flat sheet membrane panel with a total effective

area of 68.6 cm”. The average pore size of the utilized membrane was 0.3m.

Heat shock pre-treatment, which enhances VFA generation, is one means of
deactivating methanogens in which applied to food waste in the production stage of
VFAs (Jomnonkhaow et al., 2021; Mondylaksita et al., 2021; Wainaina et al., 2019a).
Methanogenesis must be blocked throughout the acidogenic digestion process in order
to increase VFA production. Hence, the heat shock treatment was carried out in a water
bath which was shaken at 110 rpm at 80 °C for 15 min. The MBR for the production
of VFAs was operated in a similar design as described in (Jomnonkhaow et al., 2021).
The micro filtered, particle-free and VFA-rich permeate was recovered from the
anaerobic digestion process, which ran in a semi-continuous mode. After anaerobic
digestion and MBR filtration, the recovered AD-VFAs were collected and stored at -

18 £ 2 °C to be evaluated as an external carbon source for denitrification.

To be systematic, both naturally produced VFAs, and synthetically produced version
with the synthetic compounds were considered. As for the synthetic VFAs, laboratory
grade acetic, propionic, butyric, iso-butyric, valeric, iso-valeric and caproic acids were
purchased from Sigma-Aldrich and the synthetic VFAs solutions (sVFA) were
prepared by dissolving these acids in Mili-Q® water to represent AD-VFAs. Individual
VFA types were also evaluated (AA, PA, BA, VA, and CA). The properties of carbon

sources used are listed in Table 4.1.
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Table 4.1 : Characteristics of carbon sources evaluated.

Parameters AD-VFA sVFA Methanol
pH 5.38£0.02 2.91+0.02 -
sCOD (g/L) 14.5+0.71 11+£0.00 1185
NH4"-N (mg/L) 380.0 +£0.00 - -
PO4-P (mg/L) 99.1+0.42 - -
NO3-N (mg/L) 32+0.14 - -
NO:2-N (mg/L) 0.01 £0.00 - -
AA (g/L) 0.71 £0.01 0.7+0.1 -
PA (g/L) 0.29+0.04 0.3+0.1 -
Ibu (g/L) 0.21+0.00 0.2+0.05 -
BA (g/L) 0.79+0.19 0.8+0.1 -
Iva (g/L) 0.07+0.10 0.1+0.1 -
VA (g/L) 0.21+0.00 0.2+0.05 -
CA (g/L) 2.09+0.29 2.1+£0.1 -
tVFA (g/L) 437+0.11 44+£0.2 -

4.2.2 Post denitrifying MBBR operation

The study was conducted on AnoxKaldnes K1 type carriers (AnoxKaldnes, Lund,
Sweden) and wastewater originating from an MBBR type reactor from a municipal
wastewater treatment plant (Gryaab, Gothenburg, Sweden), and having been
transported to the laboratory for experiments and used for denitrification in this study
within 24 h. The wastewater and carriers were collected at three different batches and
the average pH, sCOD, NH4-N, PO4-P concentrations of denitrification influent
wastewater was: pH: 6.46+0.21, sCOD (g/L): 38.00+13.08, NH4"-N (mg/L): <4, POs-
P (mg/L): 0.52+0.04. A lab-scale system was built-up and operated with four identical
glass reactors with a total capacity of 2L which were used for the evaluation of studied
AD-VFAs as external carbon source in denitrification process. Each reactor had 1L
AnoxKaldnes K1 type carriers that was measured with an Erlenmeyer flask and filled
up to 1.8L with wastewater that was firstly nitrified in an aerated nitrification MBBR
taken from inflowing wastewater to denitrification at the wastewater treatment plant.
The carriers were cylindrical high density polyethylene cross-shaped cut out rings with
a bulk surface area of 500 m?/m? and a maximum filling ratio of 70%. Carriers measure

7 mm in depth and 10 mm in diameter.

The denitrification rate was controlled under anoxic conditions with an excess of NOs,

NH4, PO4 and a carbon source. Therefore, stock solutions of 1000 mg/L NH4Cl, 50

56



mg/L KH2PO4 and 1000 mg/L KNO; were prepared. Nitrogen gas was purged in the
reactors for 30 minutes before and during the experiments to ensure anoxic conditions.
All reactors were fully mixed under anoxic conditions by placing them on a hot plate
with magnetic stirrer (240 rpm) and duplicating for each carbon source tried. 100 ml
of POy stock solution and 10 ml of NH4 stock solution were added to the reactors.
After 30 minutes sparging 25 ml of NO3 stock solution and carbon source was added
and the denitrification test started. The amount/dosage of carbon source added usually
denoted to the amount of COD required to remove each unit of NO3. Therefore, a
COD/N ratio of 9.5 was selected to the work in this study. The amount of each carbon
source added was calculated before the denitrification experiments began. The
temperature in the denitrification reactors was 15-18 °C. Temperature values were
measured before and after denitrification. Methanol was used as the reference carbon

source for all sets of experiments.

The denitrification rate (DNR) (Shrestha et al., 2009) was calculated as follows:

k (mg/L/min) x 60 (min) x 24 (h) x Vs (L)
Acarrier (M?) x 1000 (mg)

DNR (g NO,/m?/d) = 41

Where k, Vs and A carier are:

k (mg/L/min) = NOx removal rate

Vs (L) = Vo (L) = (Vsample/2) — (Vecarriers (L) X bulk volume of the carriers (14%)
A carrier = V carriers (1L) X specific surface area of carriers (500 m*/m?)
Denitrification capacity was calculated as follows:

The amount of NO3-N removed from the system in 60 minutes is estimated by
subtracting the first minute's data from the concentration of the 60 minutes sample
(4.2). The computed value for NO3-N is deducted from the final 60 min NO>-N
concentration to get the denitrification capacity for NO»-N. (4.3).

D¢ap(NO3 — N) = mg(NO3 — N) (1 min) — mg(NO3 — N)(60 min) = mgNO3; — N removed/L/ h (4.2)

Diap(NO; — N) = Degpy(NO3 — N) — (NO, — N)(60 min) = mgNO, — N removed/L/h  (4.3)

4.2.3 Analytical methods

During denitrification, samples were taken at regular intervals (1, 5, 10, 20, 30, 40, 50,

and 60 min) to determine the content of nitrogenous compounds, COD, PO4-P, and

57



pH. Samples were filtered through 1.6 um glass microfiber filters before analysis.
NANOCOLOR® tube tests were used to determine the concentrations of NO3-N, NO,-
N, NH4-N, POsP and COD according to the manufacturer's instructions
(MACHEREY-NAGEL GmbH & Co. KG, Germany). VFA profiles and
concentrations were determined by gas chromatography (Agilent 7890 GC, Perkin-
Elmer, Shelton, CT, USA) with hydrogen flame ionization detector and capillary
column, using butanol solution (1 g/L) as internal standard. The VFA standards
utilized ranged from 0.3125 to 10 g/L. Temperature and pH were routinely measured
at the beginning and end of denitrification using a digital thermometer and pH
electrode (S400, Mettler Toledo, Switzerland), respectively. All measurements were

performed in parallel to obtain reliable results.

4.2.4 Statistical analysis

MINITAB® 17 (Minitab Ltd., Coventry, UK) was used to perform all statistical
analyses. The one-way analysis of variance (ANOVA) was analyzed using a general
linear model with a 95% confidence interval; statistical differences were discovered at
p-value 0.05. Pairwise Tukey test comparisons were done to gain a better

understanding of the level of variations between results obtained.

4.3 Results and Discussion

4.3.1 Denitrification using single VFAs as carbon source

Individual VFAs were added as a carbon source during denitrification, using the same
C/N ratio of 9.5 and based on the same molecular weight (MW) of each acid, which
corresponds to the advised methanol loading (C/N ratio of 9.5 equal to 5 mmol
methanol), in series of batch assays. This set of experiments was performed to better
understand how the composition of VFAs effluent would affect denitrification and to
identify the rate and capacity of denitrification in terms of molecular size and the

respective metabolic pathway of each VFAs.
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Figure 4.1 : a) Denitrification rate based on the same C/N ratio and b) the same
molecular weight.

As can be seen in Figure 4.1, employing single acids resulted in noticeably lower
denitrification rates and capacities than methanol (p-value < 0.05). For the
denitrification test conducted based on the same C/N ratio, while methanol showed
0.96 g NOx-N removed/m?/day, acetic acid showed the highest rates of denitrification
after methanol, with a value of 0.44 g NOx-N removed/m?/day. The performance of
other acids was comparable, with values for propionic acid, butyric acid, valeric acid,
and caproic acid, being respectively at 0.28, 0.25, 0.32, and 0.24 g NOx-N
removed/m?/day (Figure 4.1a). However, the difference between single acids and
between acetic acid and methanol is not statistically significant (p-value > 0.05). This
shows that acetic acid is the preferred type VFA among all the acids studied, in
compliance with the results by Elefsiniotis and Li (2006) who claimed faster utilization
of acetic acid than propionic acid, resulting in preferred carbon source in terms of
denitrification. This also is confirmed by Torresi et al. (2017), that the length of time
it takes for a molecule to be digested and utilized in the denitrification process
increases with its complexity. Theoretically, the denitrifying bacteria may consume

smaller carbon source molecules more easily, which improves the removal efficiency.
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As aresult, low molecular weight organic substances such as acetic acid may be more

ideal carbon sources (Domingos et al., 2009; Pelaz et al., 2018; Torresi et al., 2017).

The predominant use of VFAs can also be explained biologically through the
metabolic pathway for the breakdown of the specific VFA. For example, a VFA with
a more complicated metabolic pathway may have a lower rate of consumption. Since
acetic acid is directly oxidized and converted to acetyl-CoA, its degradation follows a
straightforward mechanism. On the other hand, the 3 and above carbon VFAs are
either used by other, more complicated processes, or are going through numerous
rounds of sequential oxidation, resulting in lower denitrification rates (Elefsiniotis et

al., 2004).

Nevertheless, there was a variation in the denitrification rate when carbon sources were
added at an equal mole (0.005 mol). The order of denitrification rate of the single
VFAs in this case does not have a significant difference (p-value > 0.05 for all cases),
which is different from previous studies (Elefsiniotis et al., 2004). Acetic acid,
propionic acid, butyric acid, valeric acid, and caproic acid had mean denitrification
rate values of 0.29, 0.30, 0.38, 0.34, and 0.22 g NOx-N removed/m?/day, while
methanol had 0.77 g NOx-N removed/m?/day, respectively. These results disprove the
notion that acetic acid is the preferred VFA for denitrification by demonstrating that
there is a weak relationship between molecular complexity and denitrification rate.
This relationship was also reflected in denitrification capacity. When the carbon source
was based on the C/N ratio, 5.2 mg NOs-N/L/h was removed by acetic acid. However,
when balancing the carbon source by molecular weight, butyric acid had the highest

overall value, with a value of 6.8 mg NOs-N removed/L/h (Figure 4.1c and 4.1d).

The changes in the concentration of NO3-N and NO;-N are displayed in Figure 4.2a-
f. To follow up on possible complete depletion of carbon sources, the values were
recorded up to 120 minutes. All VFAs were consumed at a slow pace in the first 60
minutes, whereas the rate of NO3-N decomposition accelerated after 60 minutes
(Figure 4.2a-f). This initial lag might be interpreted as the microbial populations not
being acclimated to the new carbon source provided. This claim is supported further
by the fact that the rate of NOs3-N elimination increases with time. In all runs with
methanol and individual VFAs, the NO>-N concentration stayed below 5 mg/L
throughout the experiment, showing that the NO»-N created from the reduction of

NO;-N was used up right away due to the delayed conversion of NO3 to NO> (Figure
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4.2). Contrarily, in the run for methanol, which displayed rather rapid decrease in NO3-

N, however, a noticeable increase in NO2-N were seen. Intriguingly, the rate of NO>—

N removal from the individual VFAs was much higher than that from methanol. As

NO2-N does not accumulate in the system, NO>-N removal rates in all single acid tests

are noticeably high. This is due to a

slower but more balanced denitrification

performance due to the NO3 removal rate compared to methanol. This implies that

VFAs outperformed methanol, in terms of NO>—N reduction.
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Figure 4.2 : Concentration of NO3-N (solid line) and NO>-N (dashed line) for a)
methanol, b-f) single VFAs.

Table 4.2 shows that the acidity of the denitrification medium increased over time for

some sets although denitrification is known to cause alkalinity. The extent of this rise
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is dependent on the solution’s ability to act as a buffer because nitrification, on the
other hand, results in acidity (Albina et al., 2019). The observed increase in pH can be
attributed to the purity of the added carbon source, which can influence this change.
The largest pH shift is observed when VFAs are added on a molar basis as opposed to
adding on a C/N basis, as larger amounts were added (Table 4.2) when the carbon
source was molecular weight based (Nativ et al., 2021). Since acetic acid is the
strongest acid of all VFAs tested (with a lowest pKa of 4.76) (Pervez et al., 2022), it
caused the largest pH shift.

Table 4.2 : pH and temperature change during the test using single VFAs with C/N
ratio of 9.5 and same molecular weight (5 mmol).

pH Temperature
Carbon source
pH, 0 min pH, 60 min T (°C),0 min T (°C), 60 min
Methanol (C/N 9.5)  7.05+0.11  7.66 +£0.11 15.03%1.00 17.92+1.00
AA (C/N9.5) 7.09+0.11 6.18+1.32 14.40+0.49 16.35+0.49
PA (C/N9.5) 7.14+0.25 6.85+0.05 16.30+0.35 17.95+0.35
BA (C/N 9.5) 7.07£0.24  7.11+0.14 16.45+0.64 18.05+0.64
VA (C/N9.5) 7.10£0.25  7.27+0.12 16.75+0.57 17.61+0.57
CA (C/N9.5) 7.10+0.33 7.47+0.49 16.25+0.42 17.40+0.42
AA (5 mmol) 7.14+0.08  6.31+0.04 14.50+0.00 18.00+0.00
PA (5 mmol) 7.30+0.08  6.48+0.03 16.35+0.21 19.25+0.07
BA (5 mmol) 7.34+0.00  6.71%0.08 16.00+0.00 19.00+0.14
VA (5 mmol) 7.3240.06  6.79+0.00 16.30+£0.28 18.60+0.00
CA (5 mmol) 7.41+0.00  6.93+0.21 16.10+0.14 18.45+0.21

As shown in Table 4.3, the recorded values of nutrients remained relatively constant
throughout the analysis. The test based on the same molecular weight shows the
greatest differences in initial and final nutrient content. In the molecular weight-based
tests and the C/N ratio-based tests, the initial ammonium levels varied from 10.0 to
18.3 mg/L and 6.0 to 8.2 mg/L, respectively. There were no significant changes in the
detected phosphate content.
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Table 4.3 : The change of nutrients concentration and added volume of carbon
sources for individual VFAs experiments.

Carbon source NN mell) rort mel) CcoD Volume of

(CS) NHs-N, NHsN, PO4P, PO4-P, of CS  CS added
0 min 60 min 0 min 60 min (g/L) (uL)
Methanol (C/N 9.5) 8.3+1.3 8.8+0.0 3.4+£1.7 2.1+1.3 1185 201
AA (C/N9.5) 7.1£0.7 7.6£0.6  2.7+0.2 3.9+0.3 1122 212
PA (C/N 9.5) 6.0+2.3 7.7£0.4  3.1+0.2 3.3+0.3 1501 159
BA (C/N 9.5) 7.2+1.7 8.240.8  3.1+0.3 3.2+0.7 1750 136
VA (C/N 9.5) 8.1+0.7 8.6+0.3 3.0£0.4 3.5+0.7 1912 124
CA (C/N9.5) 8.2+1.4 7.6£0.6  2.7+0.1 3.3+0.5 2043 117
AA (5 mmol) 10.0+0.0 9.5+0.7 1.24+0.0 2.6+0.1 1122 285
PA (5 mmol) 12.5+0.7 14.0£1.4  1.3+0.2 2.5+0.1 1501 373
BA (5 mmol) 13.34£0.4 12.5+0.7  1.3%0.1 2.5+0.0 1750 457
VA (5 mmol) 14.0+0.0 14.840.4  1.3+0.0 2.5+0.0 1912 544
CA (5 mmol) 18.3+3.2 20.0+£2.8  2.5+0.9 2.7£1.0 2043 627

4.3.2 Denitrification using AD-VFA and sVFA as carbon source

The influence of using AD-VFA and sVFA as carbon sources on denitrification was
examined using carriers acclimatized to methanol at Gryaab WWTP. Denitrification
using methanol was also performed as a reference. In this section the denitrification
potential of real VFA effluent (AD-VFA), sVFAs solution and methanol are

compared.

The results of the denitrification assays are illustrated in Figure 4.3. As can be seen,
when methanol was used as the carbon source the denitrification rate topped at 1.04
mg NOx-N removed/m?/day, while AD-VFA had 0.61 mg NOx-N removed/m?/day and
sVFA had 0.57 mg NOx-N removed/m?/day. Each level mean in these results is in the
same control level (not moderately significant, p value>0.05), demonstrating the AD-
VFA and its synthetic counterpart (sVFA) as a potential carbon source for
denitrification. Denitrification rate variations on methanol in terms of standard
deviations may be caused by the microbial population and diversity of microorganisms
carried by carriers even though duplications have been performed in the same day. The
carriers for this experiment were obtained from Gryaab AB, where the post-

denitrification process uses methanol as an external carbon source. As a result, the
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microbial population has for long been adapted to methanol utilization. As asserted in
literature the addition of a single carbon source restricts microbial diversity in
denitrification in comparison to a carbon source with a variety of organic carbon-
bearing components (Du et al., 2020). This could spark a conversation about how
crucial microbial culture is when used in conjunction with a certain carbon source to
achieve even higher denitrification rate. A certain carbon source metabolic pathway
might also play a significant role. According to a study by Torresi et al. (2017), longer
and more complex carbon sources require longer time to be metabolized and utilized
in the denitrification process, which may explain why methanol has a greater rate of

denitrification.

—
(=]
—
oo

.
= a) Denitrification rate = ENOs-N
o 15 o 15 NO:-N
=
= =
’§ 12 E 12
-] -
E 0.9 g 9
; 0.6 I 7 6 T
X 8
9 03 Z 3
ok o

0.0 =0

Methanol AD-VFA sVFA Methanol AD-VFA sVFA

L
wh
(3]
wh

¢) Nitrogenous content of methanol d) Nitrogenous content of VFApy

%)
(=}
S}
(=}
|

—
w
—
A
1

NO,-N (mg/L)
=
NO,-N (mg/L)
=
—
f

i
w
1

‘0_: 1 \’

S —‘—‘-i'_"“_'-i_ﬂr‘_glg-‘-l-u-}
0 10 2';) '30 40 30 60 ’ 0 10 20 30 40 50 60
Time (minutes) Time (minutes)
—@— Methanol NOs-N Methanol NO2-N AD-VFA NOs-N == AD-VFA NO>-N
sVFA NOs-N sVFA NO:-N

Figure 4.3 : a) Denitrification rate and b) denitrification capacity using AD-VFA,
and sVFA, and methanol, c), and d), shows NOs-N (solid line), and NO»-N (dashed
line) concentrations.

The total concentration of AD-VFA was 4.4 g/l and AD-VFA was composed of 16%
acetic acid, 20% butyric acid, and 40% caproic acid. AD-VFA has a larger distribution
of longer chain VFAs which can affect the pace of denitrification (Table 4.1 and Figure
4.3a). As can be seen in Table 4.1, AD-VFA also contained 380.0 mg/L ammonium,
99.1 mg/L phosphate. Regardless of the impact of impurities on denitrification, to meet
nutrients discharge limits, the VFA effluent with the lowest nutrient content is favored.

The sCOD/NO:s-N ratio of 9.5 was applied for all carbon sources, therefore the total
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concentration of VFAs in the effluents affects the volume of effluent to be applied to

reach similar sCOD loading and this defines the inflow of impurities.

Denitrification rates and capacities obtained for AD-VFA, and its synthetic counterpart
(sVFA) were nearly equal (Figure 4.3a and 4.3b), supporting the claim that
components other than VFAs in the AD-VFA effluent have no detrimental effects on
denitrification performance. The nitrate and nitrite concentrations of the tests are
plotted against time in Figure 4.3¢ and 4.3d. As can be seen in Figure 4.3c, even though
methanol had a much faster nitrate removal rate compared to the VFAs, nitrite
accumulation is the highest for methanol. However, removal of nitrite was
substantially closer in rate to nitrate disappearance for the AD-VFA effluent. In this
regard, the best result was achieved when AD-VFA was applied, where the amount of
removed nitrate was quite similar to that of nitrite. This indicates that even though
methanol has higher denitrification rate and capacity, mainly due to nitrate conversion,
the VFAs were just as effective or better than methanol in eliminating nitrite. The lack
of nitrite accumulation in VFA effluent lends credence to the claim that nitrite

elimination in methanol and VFA effluent is equivalent.

The hypothesis that the composition of AD-VFA effluents plays a significant role in
denitrification efficiency is further supported by the observation that nitrate removal
performance improved over time for the AD-VFA. This work is comparable to a study
on denitrification in which VFA filtrate/effluent was compared with other routinely
utilized carbon sources (Kim et al., 2016), where denitrification was carried out using
sludge as denitrification inoculum. In comparison to methanol and acetate, it was
shown that VFAs had the highest potential for denitrification, while methanol had the
slowest rate (Kim et al., 2016). However, the study conducted by Kim et al. (2016)
employed denitrification sludge, whereas, in this work MBBR reactor was utilized.
This would imply that when applied in combination with denitrification sludge, VFAs
are a better carbon source for denitrification. The reason for this may be the use of a
denitrifying inoculum in the form of suspended sewage sludge and not one
immobilized on carriers. Sewage sludge is a well-studied inoculum largely used for
biogas production, where VFAs are the intermediate product and are eliminated via
beta-oxidation. This provides additional support for the idea that the microbial

community and adaptation play a significant role in denitrification efficiency.
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On the other hand, the study mentioned above discovered that the denitrification
capabilities for VFAs and methanol were 2.78 mg nitrate-N removed/h and 0.82 mg
nitrate-N removed/h, respectively. In comparison, significantly higher values of 10.6
mg nitrate-N removed/h and 7.6 mg nitrate-N removed/h were observed in this work
for methanol and AD-VFA, respectively (Figure 4.3c and 4.3d). These values indicate
that the different results are not due to the reactor type, as the MBBR denitrification
showed much higher nitrate removal values compared to the denitrifying sludge used
in the comparative study. This supports the argument that the lower denitrification
efficiency of VFAs as carbon source is primarily due to the microbial community
involved in the process and their biochemical reaction rates when using VFAs as

electron donors.

In the denitrification experiments, as the reason was to see what effect the addition of
carbon sources has on pH, pH was not adjusted, and it was controlled before and after
denitrification as it is shown in Table 4.4. Although, denitrification functions best at
neutral pH (range of pH 6-9), possible pH manipulation in WWTPs would result in
high economic costs. In all assays the pH of denitrification ranged from 7.05 to 7.66,
primarily reflecting the pH of the influent wastewater to the denitrification tanks. The
final pH values (Table 4.4.) were all slightly higher than initial on the basis that
denitrification reaction causes alkalinization (Ji et al., 2017). When the VFAs derived
from anaerobic digestion applied, as they often have a neutral pH, which can mean
that they do not have the same influence on the pH of the denitrification as

synthetically produced pure VFAs have (Table 4.2).

Table 4.4 : pH, temperature, and nutrients change during the denitrification test
using AD-VFA and sVFA.

Carbon sources

Parameters Methanol AD-VFA SVFA
pH, 0 min 7.05+0.11 7.15+0.11 7.15+0.02
pH, 60 min 7.66+0.11 7.51£0.01 7.22+0.01
T (°C), 0 min 15.03£1.00  16.80+0.64 18.10+0.78
T (°C), 60 min 17.92£1.00  18.85+0.64 18.75+0.78
NH4-N (mg/L), 0 min 8.3+1.3 11.0+4.2 7.843.9
NH4-N (mg/L), 60 min 8.8 £0.0 12.8+1.1 8.8+3.9
PO4-P (mg/L), 0 min 3.4+1.7 4.120.5 3.8+0.7
PO4-P (mg/L), 60 min 2.1£1.3 4302 3.6:0.4
COD of CS (g/L) 1185 14.5 9.0
Volume of CS added 0.201 16.41 26.44

(mL)
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Regarding temperature, at the start of the experiment, the temperature was between 15
to 18 °C. This can be thought of as the average natural temperature during the
denitrification process as the temperature of the incoming wastewater might vary from
7 to 25 °C due to seasonal changes in Sweden. According to a study by Elefsiniotis
and Li (2006) on the effect of temperature on denitrification, regardless of temperature,
none of the carbon sources evaluated demonstrated a tendency to lose denitrification
efficiency throughout a range of temperatures studied (10-30 °C). The initial
ammonium and phosphate content of the denitrification batches were different as an
initial C/N ratio of 9.5 was to be reached on carbon sources containing different initial
composition (Table 4.4). Additionally, compared to methanol, AD-VFA and sVFA as
carbon source had a lower COD content, hence a larger volume of them was applied,
resulting in a greater amount of unwanted nutrients. With an initial concentration of
11.0 mg/L. ammonium and 4.1 mg/L phosphorus for AD-VFA compared to 7.8 mg/L
ammonium and 3.8 mg/L phosphorus when the synthetic solution was employed. AD-

VFA effluents, as expected, had the higher end nutrient concentrations (Table 4.1).

4.4 Conclusions

This study demonstrates that AD-VFA are promising carbon source that has the
potential to replace methanol in denitrification. VFAs in WWTPs have been shown to
reduce carbon footprints and enhance sustainability. Acetic acid is the preferred type
among all the single acids. VFAs outperformed methanol in the removal of nitrite.
With C/N ratio of 9.5 and denitrification rates of 0.61+£0.04 and 0.57+0.03 g NOx-
Nremoved/m?*/day, respectively, AD-VFA and sVFA performed nearly as well as
methanol (1.04+0.46 g NOx-Nremoved/m*/day). To demonstrate the viability of
conventional application, the potential of using different VFAs, concentrating VFAs,

and combining carbon sources must be researched further.
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5. THE EFFECT OF SEQUENTIAL AND SIMULTANEOUS
SUPPLEMENTATION OF WASTE-DERIVED VOLATILE FATTY ACIDS
AND METHANOL AS ALTERNATIVE CARBON SOURCE BLEND FOR
WASTEWATER DENITRIFICATION*

5.1 Introduction

An increase in the population almost always leads to an increase in key challenges
worldwide. The protection of the aquatic environment and the conservation of surface
waters are no exceptions (Elefsiniotis & Li, 2006). The rise in harmful nutrients in
municipal wastewater has compelled policymakers to take an action and enact
stringent legislation and regulations to prevent nutrient release. This is to avoid further
issues such as eutrophication and the degradation of rivers and lakes. The treatment of
contaminated wastewater is a critical step in preventing these issues. Surface water
protection requires the application of mechanical, chemical, and biological wastewater
treatment systems (Anderson et al., 2002). The objective of managing wastewater is
two-fold, namely, to reduce the negative impacts on the environment and economy
caused by its disposal, as well as to extract energy and resources from this waste flow.
By doing so, we can create a more sustainable system that not only minimizes
environmental damage but also provides economic benefits through increased resource

efficiency (Cecconet & Capodaglio, 2022).

Biological nutrient removal, which removes nutrients such as nitrogen, and
phosphorus, is one of the most important processes in a wastewater treatment plant
(WWTP). The biological nutrient removal process often contains three consecutive
stages that are phosphorus removal, nitrification, and denitrification (Swinarski et al.,
2009). Nitrogen removal consists of two main steps of nitrification and denitrification.

Nitrification is facilitated by specialized autotrophic bacteria, such as

“This chapter is based on: Sapmaz, T., Manafi, R., Mahboubi, A., Koseoglu-Imer, D. Y., & Taherzadeh,
M. J. (2023). The Effect of Sequential and Simultaneous Supplementation of Waste-Derived Volatile
Fatty Acids and Methanol as Alternative Carbon Source Blend for Wastewater Denitrification.
Sustainability, 15(8), 6849.
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ammonia-oxidizing bacteria and nitrite-oxidizing bacteria, that convert ammonium to
nitrate under aerobic conditions (Metcalf et al., 2014). Following nitrification, the
denitrification process then receives the wastewater and utilises heterotrophic
microorganisms to convert nitrate to nitrogen gas via a sequence of biological reactions

(Metcalf et al., 2014).

Fixed film post-denitrification processes, such as deep-bed denitrifying filters,
fluidized bed reactors, submerged attached growth filters, and moving bed biofilm
reactors, are likely to be installed in order to meet final total nitrogen criteria close to

the technological limit (Akter et al., 2022).

The MBBR process, distinct from other fixed films systems, combines the benefits of
both a normal activated sludge process and other biofilm processes by using free-
floating polyethylene medium (carriers) to give significant surface area for attached
biomass growth without the usage of an internal recycling. MBBRs have been utilized
in industrial wastewater treatment since introduction in Norway in the late 1980s

(Odegaard et al., 1999).

Pre-denitrification, post-denitrification, and combinations of the two have all been
denitrification processes in which MBBRs have been employed. A combination
configuration is used by the majority of plants, particularly those in northern Europe,
which allows for operational flexibility in extreme cold climates to increase the

nitrification/denitrification capacity in an existing plant.

However, by the time wastewater enters the post-denitrification process, it has been
depleted of soluble organic material. Low carbon to nitrogen ratios (C/N) in
wastewater are a common issue for WWTPs, reducing denitrification effectiveness.
As a result, more carbon sources are needed for efficient denitrification, requiring
external carbon source addition to elevate the C/N ratio to a suitable level for effective

denitrification (Wei et al., 2012).

Conventionally, methanol, ethanol or acetate are used to substitute for the lack of
carbon source in the denitrification process (Wei et al., 2012). Due to its effectivity,
methanol is the most often used option for removing nitrate through denitrification
(Dhamole et al., 2015). The use of methanol in conventional denitrification processes
has been judged unsustainable due to its fossil-based production and associated costs,

which can account for up to 70% of WWTP operating and maintenance costs
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(MacDonald, 1990). Zhang et al. (2016a) tested differed carbon sources to find a
greener and cheaper alternative. Although solid carbon sources such as paper, wood
and straw were investigated, they were found to be less effective than methanol,
resulting in very low denitrification rates. Previous studies have investigated
alternative specific waste resources that show promising denitrification values (Cappai
et al., 2004; Fernandez-Nava et al., 2010; Rodriguez et al., 2007). It is known that
heterotrophic nitrate reducers can also use organic acids as electron donors in addition
to a variety of other carbon sources. Acetate, propionate, butyrate, valerate, and
caproate collectively known as volatile fatty acids (VFAs), are additional substrates
for denitrifiers (Pang & Wang, 2021). VFAs, are essential intermediates produced
through acidogenic fermentation of organic waste. Hence, waste-derived VFAs are
acknowledged as a sustainable and affordable external carbon source for biological

nutrient removal processes (Feng et al., 2021).

Livestock manure is currently the greatest organic waste stream in most countries, with
a variety of detrimental environmental effects. However, employing chicken manure
as a readily available biomass for acidogenic fermentation process could reduce its
negative impact on the environment while at the same time creating valuable end
products like VFAs (Ngo et al., 2022). Not only animal manure but industrial waste
streams have also shown a great potential for use in the production of VFAs, owing to
their high concentrations of proteins, carbohydrates, and lipids. For example, the
production of potato starch, particularly one of the common industries in southern
Sweden, leaves behind a significant amount of potato pulp and liquor in which
proteinaceous component of it is coagulated by steam treatment and separated using a
decanter. The residual potato liquor—which primarily contains the soluble portion of
the waste from the manufacturing of potato starch—is concentrated and forms the
potato protein liquor (PPL) that still has 40% solids (Sar et al., 2022). It has been
proven that the properties of such feedstocks are promising for VFA production
(Sapmaz et al., 2023; Yin et al., 2022), which may then be employed as a carbon source

in a denitrification process.

Although there are a number of reports on the application of VFAs for denitrification
(Elefsiniotis & Li, 2006; Elefsiniotis et al., 2004; Lee et al., 2014; Mahmoud et al.,

2022), application of waste-derived VFAs and along with methanol or in stepwise
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manner as carbon source for post-denitrification biofilm process has not been studied

in the literature according to the authors’ knowledge.

In the current research, the feasibility and performance of VFAs originating from
different waste resources of fermented potato protein liquor (PPL) effluent and chicken
manure (CKM)- as electron donors in post denitrification process was evaluated.
Moreover, the potential of sole addition and partial substitution of conventionally used
carbon sources with VFA effluents was evaluated in order to propose solutions for
potentially greener, more sustainable and fossil source-independent wastewater

treatment process.

5.2 Materials and Methods

5.2.1 Carbon source characteristics

In this study, organic carbon sources/electron donors included both traditional carbon
sources methanol and ethanol from the category of alcohols and heat shock treated
various waste streams through anaerobic fermentation effluents namely chicken
manure derived VFA effluent (AD-VFAckm) and potato protein liquor derived VFA
effluent (AD-VFAppL) from the category of organic acids. Because methanol (>99.8%,
Sigma-Aldrich) and absolute ethanol (=99.8%, VWR Chemicals) are routinely utilized

carbon sources, they were used as reference carbon sources for denitrification tests.

To be thorough, synthetically produced VFAs (sVFAckm and sVFAppL) were
evaluated alongside the biologically produced AD-VFAs (AD-VFAckm and AD-
VFAppL). AD-VFAs were created in prior from anaerobic fermentation of chicken
manure (Yin et al., 2022) and potato protein liquor (Sapmaz et al., 2023). Membrane
bioreactor (MBR) was operated in a similar design as described in (Jomnonkhaow et
al., 2021) for the production of AD-VFAckm and AD-VFAppL. After anaerobic
fermentation and MBR filtration, the recovered AD-VFAs were collected and stored
at -18 + 2 °C to be evaluated as an external carbon source for denitrification. As for
the preparation of synthetic VFAs, solutions of AD-VFA effluents were mimicked
using laboratory-grade acetic, propionic, butyric, iso-butyric, valeric, and caproic
acids that were acquired from Sigma-Aldrich. For all denitrification tests, the total
amount of carbon sources added was based on C/N ratio of 9.5 as recommended by

Gryaab WWTP according to operational procedures.
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The properties of each AD -VFAs and carbon sources used are listed in Table 5.1

Table 5.1 : Characteristics of evaluated carbon sources.

Carbon sources

Parameters
AD-VFAckm SVFAckm AD-VFApp, sVFAppL Methanol Ethanol

pH 6.32+£0.02 2.99 +0.02 7.73 £0.02 2.97+0.02 - -
sCOD (g/L) 14.5+0.71 9+0.00 12.5+0.00 8.75+0.00 1185 1650
NH4*-N (mg/L) 2540.0 +28.28 - 485.0 +7.07 - - -
PO,-P (mg/L) 1747.0 + 15.56 - 33.0+0.28 - - -
NO;-N (mg/L) 20.8 +£0.57 - 16.05+0.21 - - -
NO,-N (mg/L) 0.20 £ 0.00 - 0.31£0.00 - - -
Acetic acid (g/L) 4.36+0.02 4.4+0.10 4.15+0.09 4.1+0.10 - -
Propionic acid (g/L) 0.74 +0.01 0.7 +0.10 0.50+0.19 0.5+0.10 - -
Iso-butyric acid (g/L) 0.26 +0.04 0.3+0.10 0.13+0.06 0.1+0.10 - -
Butyric acid (g/L) 1.03 +0.09 1+£0.10 0.66 + 0.05 0.7+0.10 - -
Isovaleric acid (g/L) 0.02 +0.00 0.02+0.01 0.00 £ 0.00 0.0 +0.00 - -
Valeric acid (g/L) 0.02 +0.00 0.02+0.01 0.02 +0.00 0.02+0.01 - -
Caproic acid (g/L) 0.49 +0.01 0.5+0.10 0.52+0.01 0.5+0.10 - -
tVFA (g/L) 6.92 +0.08 7+0.10 5.98 +£0.07 6+0.10 - -

5.2.2 Post-denitrifying MBBR operation

A lab-scale moving bed biofilm reactor (MBBR) system was built-up and operated
with four identical glass reactors the same way as described in Sapmaz et al. (Sapmaz
et al., 2022b). Non-acclimated carriers (AnoxKaldnes™ K1, internal specific surface

area of 500 m?*/m?) were used in post-denitrifying bench-scale MBBRs.
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Figure 5.1 : Experimental schematic drawing of whole process.
The dentitrification rate (DNR) (Shrestha et al., 2009) and denitrification capacity was
calculated in the same way that was presented by Sapmaz et al. (2022b):

* Denitrification rate:

k (mg/L/min) x 60 (min) x 24 (k) X Vs (L)
Acarrier (m?) X 1000 (mg)

DNR (gNO,/m?/d) =

(5.1)

Where k, Vs and A carier are:

k (mg/L/min) = NOx removal rate

Vs (L) = Vo (L) = (Vsample/2) — (Vearmiers(L) % bulk volume of the carriers (14%)
A carrier = V carriers (1L) X specific surface area of carriers (500 m*/m?)

* Denitrification capacity:

The amount of NO3-N removed from the system in 60 minutes is estimated by
subtracting the first minute's data from the concentration of the 60 minutes sample (2).
The computed value for NO3-N is deducted from the final 60 min NO>-N concentration
to get the denitrification capacity for NO»-N. (3).

Deap(NO3 — N) = mg(NO3; — N) (1 min) — mg(NO; — N)(60 min)

(5.2)
=mgNO; — N removed/L/ h

Diap(NOz — N) = Doy (NO3 — N) — (NO, — N)(60 min)

(5.3)
=mgNO, — N removed/L/ h

74



5.2.3 Sampling and analytical methods

Samples were obtained at regular intervals (1, 5, 10, 20, 30, 40, 50, and 60 minutes)
during denitrification to measure the content of nitrogenous compounds, COD, PO4-
P, and pH. Before storing the samples for analysis, samples were filtered using 1.6 pm
glass microfiber filters first and prior to kit analysis, they were filtered again with 0.45
um syringe filters to remove turbid materials. NANOCOLOR® tube tests were used to
measure the amounts of NO3-N, NO>-N, NHs+"-N, PO4-P and COD (MACHEREY -
NAGEL GmbH & Co. KG, Germany) according to the manufacturer's instructions.
Gas chromatography (GC) (Clarus 550, PerkinElmer, Norwalk, CT, USA) with a
hydrogen flame ionization detector and capillary column (Elite-Wax ETR, 30 m x 0.32
mm % 1.00 um, PerkinElmer, Norwalk, CT, USA) was used to calculate VFA profiles,
with 1g/L butanol used as an internal reference. Temperature and pH were routinely
measured at the start and end of denitrification with a digital thermometer and a pH
electrode (S400, Mettler Toledo, Switzerland). To acquire trustworthy results, all
measurements were carried out in parallel. The chemical analyses were performed in
triplicate, and the denitrification study data were conducted in duplicate. Statistical
significance of the obtained results was calculated using one-way analysis of variance
(ANOVA, p<0.05). At the same time, all data points were calculated according to the
mean and together with standard deviations. In statistical analyses, p-values of less

than 0.05 were considered significant.

5.3 Results and Discussion

The supplied VFA effluents from anaerobic MBR of chicken manure and potato
protein liquor substrates were tested as alternative carbon sources for enhanced
nitrogen removal in wastewater treatment. AD-VFAs can replace the fossil-based and
conventionally used methanol or ethanol in the wastewater denitrification process,
potentially reducing carbon footprints and boosting sustainable development. To
evaluate the denitrification potential of AD-VFAckm and AD-VFAppL and compare it
to commonly used methanol and ethanol, this study first evaluated the impact of
different waste-derived VFAs (AD-VFAckm, sVFAckm AD-VFAppr, and sVFAppL),
then evaluated partial substitution/replacement of methanol and ethanol with co-fed

and sequential addition of AD-VFAppL.
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5.3.1 Source of VFA effluents as the sole carbon source on denitrification

To explore the efficiency of proposed carbon sources as external carbon source for
nitrogen removal, VFAs were added into lab-scale anoxic denitrification reactors, and
commercial methanol was used as the control. For all denitrification tests, the total
amount of carbon sources added was based on C/N ratio of 9.5. The effects of using
AD effluents of PPL and CKM substrates as carbon sources on denitrification were
investigated by using carriers provided by the WWTP that had previously been fed
with methanol. This section of the study compares the denitrification potential of AD-
VFAppL, AD-VFAckMm, SVFAppL, SVFAckMm solutions as the sole carbon source, and

methanol as a reference.

The compositions of AD-VFAs were measured in this study (Table 5.1). There was no
apparent variation in VFA effluents properties regarding VFA composition as it is
shown in Table 5.1, indicating the viability of comparing these AD-VFAs for advanced
nitrogen removal. The overall VFA concentration was roughly 6 g/L. for VFApprL and
7 g/L for VFAckwm, respectively. Acetic acid was the predominant product in both AD-
VFAs and accounted for 69.4% and 63% of the total VFAs in AD-VFApp. and AD-
VFAckwm, respectively. Butyric and propionic acid made up 11% and 8.4% in AD-
VFAppL, and 4.9% and 10.7% in AD-VFAckw, respectively (Table 5.1). Distribution
of individual VFAs in the mixture influences the pace of denitrification as there is an
utilization pattern (Elefsiniotis & Wareham, 2007). On the other hand, as shown in
Table 5.1, there were differences in the concentrations of PO4-P and NH4"-N in the
AD-VFAs used. While AD-VFAppL contained only 485.0 mg/L ammonium and 33.0
mg/L phosphate, the values of these nutrients were 2540 mg NH4"/L and 1747 mg
PO4/L in the AD-VFAckwm (Table 5.1). Because the C/N ratio of 9.5 was used, the total
concentration of VFAs in the effluents impacts the volume of carbon source required
for denitrification to achieve equivalent sCOD loading, which defines the impurity in
the reactor. Depending on how or whether contaminants affect denitrification, and the
process configuration of the WWTP, the VFA effluent with the lowest nutrient content
may be preferable to avoid external deterioration and meet nutrient discharge standards

(Sapmaz et al., 2022a).

The results of the denitrification assays are illustrated in Figure 5.1. When methanol
was used as the carbon source, the denitrification rate topped at 1.06 mg NOx-N

removed/m?*/day, while AD-VFApp. and AD-VFAckm had 0.56 and 0.41 mg NOx-N
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removed/m?/day, and sVFApp. and sVFAckm had 0.44 and 0.41 mg NOx-N
removed/m?/day, respectively. Each level mean in this result is in the same control
level (not moderately significant, p value>0.05), demonstrating the naturally occurred
AD-VFAs from PPL and CKM and their synthetic counterpart; sVFAs, as a potential

carbon source for denitrification.
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Figure 5.2 : (a) Denitrification rate (b) denitrification capacity (c-¢) NOx-N removal
profiles over time.

Denitrification rate variations on methanol in terms of standard deviation may be
caused by the microbial population and diversity of microorganisms carried by carriers
that can differentiate during two consecutive days where experiments were conducted.
The carriers for this experiment were obtained from the post-denitrification process
that uses methanol as an external carbon source. Understanding the microbial culture
of the denitrifying community is necessary to comprehend the denitrification rate

theory (Barber & Stuckey, 2000). In order to achieve the highest possible
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denitrification rates, it is believed that the link between bacterial culture and
denitrification ability is crucial. More research is needed to get more firm results
because few studies have been done on comparative analyses of various microbial
cultures. In a study conducted on an anammox batch reactor that was analyzing the
change in bacterial phyla following the addition of glucose as a carbon source, a wider
variety of microbial cultures were seen when organic solids with various amounts of
organic material were introduced. The microbial community's diversity was drastically
decreased when glucose was added as the sole carbon source. This shows that only the
bacteria that can metabolize a given carbon source becomes predominant in
denitrification system (Du et al., 2020). The microbial population in the carriers that
has been used in this study has for long been adapted to methanol utilization. Hence,
the lower denitrification efficiency of AD-VFAppL and AD-VFAckwm as carbon source
is primarily due to the microbial community involved in the process and their
biochemical reaction rates when using VFAs as electron donors. The yield and carbon
utilization rates for VFAs were substantially lower than expected and lower than
methanol as opposed to previously reported in (Kim et al., 2016; Liu et al., 2016;
Mahmoud et al., 2022; Zhang et al., 2016a), indicating that suspended growth methods
may have an advantage in terms of carbon utilization rates over attached growth
processes. Higher biomass concentrations (with greater specific surface area) in
smaller reactor volumes and shorter HRTs are generally advantages of attached growth
methods over suspended growth; nevertheless, it is more difficult to transport
substrates (mass transfer) to the biofilm as an electron donor due to diffusion and
advection (Bill et al., 2009; Rittmann & McCarty, 2001). Furthermore, microbial
culture adaption to a certain carbon source may be one of the reasons why methanol
reaches even higher denitrification rate and capacity as unacclimated carriers were

used in this study.

Denitrification rates and capacities obtained for AD-VFAs, and its synthetic
counterparts (sVFAs) were nearly equal (Figure 5.1a and Figure 5.1b), supporting the
claim that components other than VFAs in the AD-VFA effluent have no detrimental effects
on denitrification performance. These results align with previous study that investigated
the feasibility of using food waste fermentation liquid as the external carbon source

(Feng et al., 2021). The ammonium nitrogen and phosphate in fermentation liquid did
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not only cause any external deterioration of ammonium removal but also enhance the

nutrient removal (Feng et al., 2021).

The nitrate and nitrite concentrations of the tests are plotted against time in Figure
5.1c-e. As can be seen in Figure 5.1c, even though methanol had a much faster nitrate
removal rate compared to the VFAs, nitrite accumulation is the highest for methanol.
However, removal of nitrite was substantially closer in rate to nitrate disappearance
for the VFAppL and VFAckm (Figure 5.1d-e). In this regard, the best result was
achieved when AD-VFAppL was applied, where the amount of removed nitrate was
quite similar to that of nitrite. This suggests that the VFAs are more effective than
methanol, owing primarily to nitrate conversion and particularly in reducing nitrite.
This corresponds to a study done by Kim et al. (2016) that also observed faster removal
of nitrite (in terms of reaction rate and lag length) with the fermentation filtrates as a
denitrification carbon source among those tested (Kim et al., 2016). Therefore,
hypothesis that the impurities even in AD-VFAckm did not cause deterioration in the
denitrification efficiency is further supported by the observation of improved nitrate
removal performance over time when AD-VFApp., AD-VFAckMm, sVFAppL or

sVFAckwm utilized.

Table 5.2 : pH, temperature, and nutrients change during the denitrification.

Carbon sources (CS)
Carbon source used

(Methanol)  (AD-VFApp)  (sVFApp)  (AD-VFAcky) (sVFAckwm)
pH, 0 min 7.05+0.11 6.94+0.03 7.03+0.06 7.10+0.14 7.16£0.25
pH, 60 min 7.66+0.11 7.71%0.15 7.3740.41 7.40+0.28 7.43+0.49
T (°C), 0 min 15.02+1.00 15.70+0.57 15.85+0.78 15.70+0.99 15.45+1.77
T (°C), 60 min 17.52+1.00 17.70+0.57 17.55+0.78 18.00+0.99 18.15+1.77
NH,-N, 0 min 8.3+1.3 11.80.3 7.640.6 19.0+0.8 8.140.6
NH,-N, 60 min 8.8+0.0 12.3£1.8 77412 17.4+3.0 8.5+0.7
PO,-P, 0 min 34417 3.143.2 2.1%1.9 43412 3.0+0.4
PO,-P, 60 min 2.1£1.3 33+1.9 22412 57424 33402
COD of CS (g/L) 1185.0 12,5 8.8 15.5 11.0
Volume of CS added (mL) 0.201 19.04 27.20 16.41 21.64

In the denitrification experiments, the operating parameters such as pH and
temperature were not adjusted. The reason was to see what effect the addition of carbon
sources had on pH change and denitrification. Furthermore, the denitrification tests

have been performed in a manner that could be similar to the traditional approach, with
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the pH not being altered. The need to alter the pH in the WWTPs would result in high

economic costs, hence it could be challenging.

Denitrification process function the best at neutral pH. As microbial denitrification is
a biological respiration process uses various enzymes to reduce nitrogenous
substances, all enzymes that function properly at an ideal pH are affected by the change
of pH (Albina et al., 2019). As a result, the pH range for most denitrifying bacteria is
between 7.5 and 9.5 (Albina et al., 2019). All experiments show that the pH of
denitrification ranges from 6.94 to 7.71, primarily reflecting the pH of the influent
wastewater to the denitrification tanks. The denitrification tests' final pH values (Table
5.2) were all slightly raised on the basis that denitrification reaction causes
alkalinization, raising pH during the denitrification process (Albina et al., 2019; Ji et
al., 2017). Although VFAs are weak acids, adding them as carbon source had little
effect on the reactors' pH because all final pH values were close to the neutral pH of

7.

Regarding temperature, at the beginning of the experiment, the temperature was
between 15.0 to 16.0 °C. This can be thought of as the average temperature that
happens spontaneously during the traditional denitrification process as the temperature
of the incoming wastewater might vary from 7 to 25 °C due to seasonal changes. Initial
temperatures rose to around 18.0 °C for final temperature measurements and remained
between 17.5 and 18.5 °C. As the temperature was not controlled, it is not clear from
this study if temperature affects denitrification efficiency. However, according to a
study by Elefsiniotis and Li (2006) on the effect of temperature on denitrification,
regardless of temperature, none of the carbon sources evaluated, including VFA and
methanol, demonstrated a tendency to lose denitrification efficiency throughout a
range of temperatures studied (10-30 °C). This may suggest that the maintained
temperature may not be necessary to demonstrate that one carbon source is more
efficient than another; rather, maintaining a temperature within a closer range is
enough to see results that are comparable to those obtained by maintaining the same
temperature for all. In contrast to these, as the process originated in Scandinavia,
emphasis has been placed on studying carbon sources (methanol and ethanol) at low
temperatures in MBBRs as well. The use of methanol in pilot-scale denitrifying
MBBRs at 10°C was examined by Rusten et al. (1997), and maximum denitrification

rate of 1.4 g NO3-N/m2/day found with the 4.55 g CODused/g NO}'Neq removed Tatio.
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Similar experiments were conducted by Aspegren et al. (1998) at 16°C, and they
reported a maximum denitrification rate of 2.0 g N/m?/day with the ratio of 4-5 g

COD/g NO3-Ne.

Analysis of the initial nutrients content of the denitrification experiments show a
variation in the ammonium initial values. Ammonium-nitrogen and phosphate-
phosphorus are the nutrients considered. To achieve the required C/N ratio of 9.5, the
carbon source's sCOD value, which represents the amount of carbon source that must
be added, is also presented in Table 5.2. Due to the different characteristics of the
carbon sources utilized in denitrification, the starting nutrient concentration values
displayed variances. Additionally, compared to methanol, AD-VFAs as carbon source
had a lower COD due to the low VFA concentrations, hence a larger volume of them
was needed to maintain the same C/N ratio of 9.5. When AD-VFA effluents were
employed instead of a synthetically prepared solutions and methanol, a greater amount
of nutrients was provided during denitrification due to the addition of higher volumes
(19.04 ml for AD-VFAppL, 16.41 ml for AD-VFAckwm). With an initial concentration
of 19.0 mg/L ammonium and 4.3 mg/L phosphorus compared to 8.1 mg/L ammonium
and 3 mg/L phosphorus when the sVFAckm was employed, AD-VFAckm had the
higher nutrient concentrations as shown by the initial characteristics (Table 5.2).
Ammonium concentrations were around 8 mg/L and phosphorus concentrations were
2.1-3.4 mg/L when employing methanol and sVFAs (Table 5.2). A slight increase in
concentrations was observed, but the change in ammonium and phosphorus
concentrations was not significant and remained the same throughout the test. This
could be due to the agitation that leads breaking up some of the biofilm to be broken

up by the carriers, which would release some nutrients into the mixture.

5.3.2 Effect of co-fed carbon sources on denitrification

The goal of this stage of work is to analyze the effect of a mixed carbon source in a
co-fed denitrification and its possibility to facilitate a partial substitution of
conventionally used carbon sources. For this reason, denitrification test was analyzed
observing the opportunity to mix various carbon sources together in a co-fed
denitrification process. The mixture or partial replacement of methanol may indicate
if it is possible to replace a portion of the added carbon source with VFA effluents and

hint a way to adapt the MBBR denitrification carriers to the new carbon source by
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gradually increasing the amount of VFA effluent parallel to decreasing the amount of
methanol. Evaluated carbon sources in regards are ethanol, methanol and sVFAppr and

AD-VFApp.

Denitrification rate for ethanol observed a value of 1.1 g NOx-N removed/m?/day with
a denitrification capacity of 17.3 mg nitrate removed/L/h (Figure 5.2a and Figure
5.2b). The value reflects similarities with the denitrification efficiencies of methanol.
One reason can be similar metabolic pathway in which both ethanol and methanol are
alcohols and metabolised into their corresponding aldehydes (Schulz, 2002). However,
the metabolic pathway of ethanol metabolites acetaldehyde into acetic acid which then
follows a similar pathway that the VFAs undergo through beta oxidation. If then
ethanol is comparted to VFAs one can observe a significantly better denitrification rate

and denitrification capacity when using ethanol.
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Figure 5.3 : (a) Denitrification rate (b) denitrification capacity (c-f) NOx-N removal
profiles over time for co-fed carbon sources.
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The most efficient value observed under denitrification when using sole VFAs was
observed at 0.56 g NOx-N removed/m?/day (Figure 5.1). One assumption of the
limiting factor for VFAs as a carbon source can be the first steps of the biochemical
pathway. Since ethanol and VFAs undergo beta oxidation, the limiting factor can be
the first steps of the pathway for VFAs when they are metabolized into acyl adenylate.
This can also reflect on the microbial diversity of the used carriers which do not have
a well-established enzymatic network to metabolize VFA in which creates long lag
phase to adapt to a certain carbon source. This in term reflected on the denitrification
capacities negatively. When comparing methanol and ethanol in a 1:1 ratio on a C/N
ratio of 9.5 (Figure 5.2) one can observe a denitrification rate of 0.53 g NOy-N
removed/m?/day. This value is significantly lower than when using purely methanol or
ethanol. When observing the denitrification capacity (Figure 5.2), a value of mg NO»-
N removed /L/h is obtained which is similar to what was observed when using pure
methanol or ethanol. The reason for this is because of the high accumulation of NO»-
N when specifically using methanol purely or in combination. When ethanol was used
a NO2-N accumulation of 4 mg/L was observed, comparing that to the combined
methanol and ethanol a value of 8 mg/L was observed. This indicates that when using
methanol as a carbon source, a slower intermediate stage of NO2-N conversion is
observed in which effects the denitrification rate negatively. This also further
strengthens the argument that VFAs can have a better NO>-N conversion rate than
methanol. This can be observed when methanol and sVFAppL are combined. The
denitrification rate is observed at 1.05 g NOx-N removed/m?/day in a 1:1 ratio with a
C/N of 9.5 and only 3 mg/L NO>-N was accumulated (Figure 5.2). This value was
similar to when using purely methanol and ethanol separately. This indicates that a co-
digestion together with VFAs effluent can be beneficial, increasing the conversion rate

of NO»-N, than if only methanol is used.

The combination of carbon sources in a co-fed denitrification showed promising
results. When ethanol and sVFApp. was combined in a 1:1 ratio with a C/N ratio of
9.5, a denitrification rate of 1.4 NOx-N removed/m*day was obtained and a
denitrification capacity of 16.8 mg NO>-N removed /L/h NO2-N removed. This value
was the highest obtained denitrification rate and highlights the potential of co-
digestion of denitrification. This indicates that when VFA effluent and ethanol are fed

together, a higher denitrification efficiency is obtained. This may indicate that ethanol
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and VFAs effluent have a boosting effect on each other. Another argument can be that
a carbon source with diverse contents can be better utilized by the diverse microbial
quality of the denitrifying microorganisms. These results show that when VFAs
effluents are co-fed into a denitrification process, a high denitrification rate can be
observed. This work can be related to what has been made and stated by He et al.
(2020) in which used granular sludge as denitrifying media. They tested the effect of
a mixture of different mixed carbon sources mixing acetate and sodium succinate and
comparing this to using pure acetate or pure sodium succinate. This study stated that a
mixture of carbon source for denitrification had a great impact on the denitrification
rate and generally performed better than adding pure carbon source. This can
strengthen the arguments that mixing VFAs together with methanol or ethanol can
have boosting effects on denitrification efficiencies and further affect the
denitrification rate positively. However, this study conducted simultaneous
nitrification and denitrification with phosphorus removal in suspended growth process,
which is a slightly different type of biological nutrient removal than suspended growth
process, nevertheless the purpose of the carbon source is the same in both studies
which validates the relevance of comparison. It is important to mention that the results
did not only show improved denitrification but further eases the facilitation of
integrating VFAs in a current conventional denitrification process. With the
understanding that replacing a portion of the carbon source with VFAs effluents one
can gradually increase the ratio of VFAs to an optimal ratio that suits the specific

conventional process.

To further elaborate on denitrification and the effect of co-fed denitrification, a further
set of tests were done comparing methanol with AD-VFAppr in a 1:1 ratio with a C/N
ratio of 9.5 against methanol together with sVFAppL as it is shown inFigure 5.3. The
reason for this is to evaluate if the portion that is set to be VFAs effluent in the carbon
source mixture has any effect on the denitrification regarding other material existing
in the effluent such as nutrients. This is done by comparing this to a carbon source

mixture with the VFA portion being synthetic VFAs mixture.

Similar figures are shown for the denitrification efficiency of the mixed carbon
sources. In comparison to the synthetic mixture, which had a denitrification rate of
1.03 g NOx-N removed/m*/day, the carbon source employing methanol and AD-
VFApp. effluent had a denitrification rate of 1.07 g NOx-N removed/m?/day,
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demonstrating that the denitrification rate is unaffected by contaminants in the actual
effluent at the specified quantities (Figure 5.3). The mixture had identical nitrate and
nitrite removal capabilities, with AD-VFA effluent mixtures having 18.75 and 18.65
and synthetic mixtures having 18.55 and 18.42, respectively (Figure 5.3).
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Figure 5.4 : (a) Denitrification rate (b) denitrification capacity (c-¢) NOx-N
concentrations for methanol together with sVFA and AD-VFA.

The temperature, pH and nutrient contents all follow the same patterns as previously
described in the section 3.1. The initial and final pH range from 6.98 to 7.7 and 7.33
to 7.71 respectively (Table 5.3). The temperatures range from 14.6 to 18.7 and 17.3 to
19.7 for initial and final respectively (Table 5.3). The ammonium content ranged from
9.5 -7.7 mg/L ammonium. The phosphorus content is generally lower than previous
sets ranging from 2.3-3.4 mg/L (Table 5.3). The reason for this can be the quality of
the wastewater collected from the nitrification outlet in the wastewater treatment plant.
Duo to seasonal fluctuations of characteristics of the incoming wastewater to the

denitrification tank may the cause of different values.

Similar pH values of 7.06 for methanol with AD-VFAppL and 6.98 for methanol with
synthetic sVFAppL were observed with mixed carbon sources employing methanol and
AD-VFApp. combined. When employing methanol and AD-VFAppL effluent or

methanol and sVFAppL, a rise in pH was seen during denitrification for both mixed

85



carbon sources, with values of 7.71 and 7.51, respectively (Table 5.3). This indicates
that denitrification took place in both experiments. The denitrification's ammonium
content differed from the synthetic version in terms of initial values and the nutrients
present in the AD-VFA effluent. The initial phosphate content for both seen to be
similar (Table 5.3).

Table 5.3 : pH, temperature, and nutrients change during co-fed carbon sources.

Carbon sources (CS)
Carbon source used

(Ethanol) (Ethanol + (Ethanol (Methanol (Methanol +
Methanol) +sVFAppL) +sVFAppL) AD-VFAppL)
pH, 0 min 7.7£0.02 7.44+0.00 6.99+0.21 6.98+0.01 7.06+0.03
pH, 60 min 7.38+0.38 7.724+0.00 7.33+0.01 7.51+0.03 7.71+0.01
T (°C), 0 min 14.6+0.7 14.8+0.0 14.8+0.78 18.3+0.26 18.7+0.07
T (°C), 60 min 17.4+0.7 17.9+0.00 18.45+0.8 19.7+0.07 19.5+0.07
NH4-N, 0 min 7.1£1.8 9.540.1 7.7+1.2 7.8+0.4 9.5+0.7
NH4-N, 60 min 8.5+2.1 10.0+1.3 8.1+1.0 7.0£0.0 9.5+0.7
PO4-P, 0 min 2.5+0.3 2.440.3 3.6+0.2 1.7+0.1 2.040.1
PO4-P, 60 min 2.6+0.2 2.34+0.2 2.8+0.3 1.240.0 1.8+0.0
COD of CS (g/L) 1650 1650 | 1185 1650 | 8.75 118518.75 1185112.5
Volume of CS added (pL) 144 721100.5 72113,600  100.5] 13,600 100.5 19520

5.3.3 Effect of sequential addition of co-fed carbon sources

To better understand the effect of combination, a mixture of carbon source containing
methanol and AD-VFAppL were set to be analyzed and added to the denitrification in
a sequential manner. Hence, a sequential addition was set up to compare adding
methanol first and the VFA effluent after 30 minutes and vice versa in order to better
comprehend the idea of combined VFAs and the previously described potential
boosting impact. The carbon sources were separately added first at the start of the
denitrification and then again 30 minutes after denitrification to further analyze the
effect of combination. The C/N ratio was 9.5. In the initial test, AD-VFAppL effluent
was employed as the initial carbon source addition, and methanol was added 30
minutes later (1.AD-VFAppL + 2. Methanol). In the second test, methanol was supplied
first, and then, 30 minutes later, AD-VFAppr effluent (1. Methanol + 2. AD-VFAppr)
was added.
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Table 5.4 : pH, temperature, and nutrients during sequential addition of methanol
and AD-VFAppL.

Carbon sources (CS) used

Parameters 1. AD-VFAprL (0-30 mins) + 1. Methanol (0-30 mins) +
2. Methanol (30-60 mins) 2. AD-VFAprL (30-60 mins)

pH, 0 min 7.25+0.03 7.29+0.01

pH, 60 min 7.82+0.06 7.82+0.01

T (°C), 0 min 18.3+0.71 18.15+0.21

T (°C), 60 min 19.70+0.14 19.85+0.07

NH4-N (mg/L), 0 min 11.0+0.0 11.5+£0.7

NH4-N (mg/L), 60 min 11.0+1.4 11.0£1.4

PO4-P (mg/L), 0 min 2.5+0.0 2.5+0.1

PO4-P (mg/L), 60 min 2.320.1 2.2+0.1

COD of CS (g/L) 12.51 1185 11851 12.5

Volume of CS added (mL) 9.52'10.1005 0.1005 1 9.52

There was no discernible difference between the pH and temperature change. The
same carbon sources were employed, but they were introduced at different periods
during the denitrification process, resulting in negligible changes in the initial and final

nutrient concentrations as well as pH and temperature variations (Table 5.4).

When AD-VFAppL was added first and then methanol, the measured denitrification
rate was equal to a value of 1.0 g NOx-N removed/m?/day and this value was 1.06 g
NOx-N removed/m?/day when methanol was added before AD-VFAppr (Figure 5.4a).
Dentitrification capacities were similar, removing 17.7 mg/L/h of nitrate when AD-
VFAppL was added first and then methanol was added afterwards, and 17.9 mg/L/h of
nitrate when methanol was applied first and then AD-VFAppL. The nitrite levels show
the most change. When AD-VFApp. was added second, nitrate quickly decreased and
reached a final value of 0.125 mg/L after 120 minutes, however when methanol was
processed second, an accumulation of nitrite was visible at 1.6 mg/L (Figure 5.4b).
This further supports the claim that VFAs are superior to methanol in the elimination
of nitrite and that methanol may have some inhibitory effects on nitrite removal. Not
only the alternative carbon sources needed to be increased to have more soluble
substrates, but the adjustment strategy (mixed carbon sources) is required to increase
the rate of nitrogen removal. Therefore, given that mixed carbon sources perform
similarly to simple methanol and even better when compared in terms of nitrite

removal rates, this emphasizes the potential for combined carbon sources to be widely
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applicable. A reduced rate of denitrification was noticed for up to 30 minutes when
AD-VFAppL was applied first. A significantly greater rate of denitrification was seen
with the addition of methanol. An accelerated rate of denitrification was seen when
methanol was added first. Moreover, the denitrification rate significantly increased
with the addition of AD-VFAppL. These results also lend credence to the idea that,

when the rate of denitrification is considered, methanol and ethanol can speed up VFA

metabolism.
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Figure 5.5 : (a) Denitrification rate and (b) denitrification capacity using sequential
addition of VFA and methanol, (¢) NOx-N concentrations.

5.4 Conclusions

There is a considerable potential in the application of waste-derived VFAs as
alternative carbon source for nitrogen removal in wastewater treatment process either
by simultaneous application together with methanol or sequential addition. Animal
excreta (chicken manure) or industrial side-streams (potato protein liquor fermentation
effluent) stand out as large, organic sources for sustainable external carbon production.
VFAs combined with methanol had a high denitrification rate and could be used more

easily by denitrifiers than single VFAs. Furthermore, at the applied conditions
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(C/N:9.5 and 17-18 °C), the addition of VFAs to methanol did not necessitate a lengthy
acclimation period to acquire its full denitrification capacity. When the AD-VFAppL
was introduced after 30 minutes post methanol addition, the denitrification capacity
was superior in terms of NO»-N reduction. The co-fed AD-VFAppL and methanol (1:1)
test revealed highly promising denitrification rates, but more study needs be done to
evaluate addition of alternative ratios as well as full scale applications. The MBBR
denitrification study using VFAs derived from waste revealed that, fossil-based
methanol could be successfully replaced to large extent with waste-derived VFAs to
obtain the same nitrogen removal effectiveness as pure methanol during the post-

denitrification process.
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6. CONCLUSIONS AND RECOMMENDATIONS

The final chapter presents the primary conclusions drawn from this thesis. Finally,

directions for future research are outlined.

6.1 Concluding Remarks

The results presented in this thesis suggest a promising opportunity for reducing the

carbon footprint and promoting the sustainable development of wastewater treatment

plants (WWTPs). In this thesis work, the feasibility of using waste-derived volatile

fatty acids (VFAs) was evaluated as a potentially cost-effective and sustainable

alternative carbon source in WWTP in a closed-loop cycle. The results of this study

led to the following conclusions:

Waste effluent resulting from FPPL has the potential to increase in value
through acidogenic digestion in a membrane bioreactor (MBR), facilitating the

production of valuable VFAs;

A maximum product yield of 0.65 g-VFAs/gVSfed-FPPL and 0.54 g-VFAs/g-
VSfed-FPPL was achieved in MBR1 and MBR2, respectively, with

uncontrolled pH;

Although methanol was superior in the conversion of NO3™ to NO; ™ (methanol-
adapted denitrifiers were used in the entire study), VFAs were in a better
synchrony regarding the conversation of NO3™ to NO,  and NO>™ and N in

leading to reduced NO2™ accumulation;

Maximum denitrification rates obtained using anaerobic digestion AD-VFAs
together with methanol (1:1 on chemical oxygen demand basis), i.e., 1.08 +
0.07 g-NOx-Nremoved/m?/day, were comparable with those obtained using
methanol alone, i.e., 1.04 = 0.46 g-NOx-Nremoved/m?/day, indicating that the
co-addition of VFAs together with methanol can potentially fully compete with

pure methanol in performance;
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Unrefined waste-derived VFAs can support denitrification by replacing half of
the carbon required by methanol; however; further upgrading of VFAs may be

necessary to avoid secondary contamination in WWTP;

Ion exchange process using clinoptilolite can be combined with the acidogenic
fermentation of VFAs to purify the solution by removing its high ammonium
content, avoiding the risk of secondary contamination when used as an external

carbon source in the post-denitrification process;

The rejection percentage (in mass) of total VFAs reached approximately 70%
(concentration of VFAs increased from 6.6 to 35 g/L) with the nanofiltration
process at the tested pH of 9, identified as a promising downstream processing

option to enhance carbon content in VFA effluents.

However, many challenges still need to be addressed to develop effective VFAs for

biological nitrogen removal, as described in the following section.

6.2 Future Work

Based on the results of this study, possible areas for future investigation and

improvement are suggested to move relatively closer to the optimal use of VFAs

derived from low-cost feedstocks as potential carbon sources for industrial-scale

denitrification.

Long-term pilot-scale acidogenic fermentation for VFAs to be used in
continuous pilot-scale denitrification, along with a nitrification, and their

techno-economic analysis and simulations must be carried out.

Further research on acclimatized denitrifiers and full-scale denitrification
process configurations with VFAs as carbon sources is required to optimize

biological nitrogen removal.

To better understand the biological mechanisms, in addition to the overall
nitrogen removal performance, the microbial community structure, particularly
the abundance of denitrifying genes in denitrifying reactors fed with VFAs

needs to be investigated.
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A systematic investigation can be conducted to elucidate the microbial
relationships between denitrification kinetics, NO,  accumulation, and N>,O

emissions.

Membrane selection for concentrating or separating VFAs is a complex
process that presents numerous engineering challenges; therefore, additional
membrane selection and membrane fouling research is required for

downstream processing of VFAs.

Comprehensive techno-economic evaluation, life cycle assessment and plant-
wide modelling tool for the evaluation of different process configurations are
also needed to reveal the feasibility of the proposed process and identify

technology /market barriers and opportunities for improvement.
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