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ABSTRACT

Phosphorus plays a crucial role in plant growth and biological processes. Recovering
phosphorus from waste streams is important for sustainable food production and
environmental stewardship. Bio-based materials can be used for effective phosphate recovery
through adsorption. This sustainable and cost-effective methodology reduces environmental
pollution and eutrophication and contributes to the circular economy. The recovered
phosphate solid can be used as a soil conditioner or fertilizer, promoting efficient nutrient
management and sustainable agriculture. Thus, following this approach, this work aimed to
explore low-cost biowaste materials for effective phosphate recovery from real wastewater.
Various biowastes, including orange peels, spent coffee residues, fish scales, seagrass
residues of P. oceanica, biochar produced from olive kernels, and biochar generated from
vineyard prunings, were tested for their phosphate adsorption capacity. Thermally treated
seagrass (SG-TT) and eggshell (EGSL-TT) residues exhibited the highest capacity from the
biowastes examined. The optimum pre-treatment temperature and exposure time were
determined as 500°C for 1 h and 900°C for 30 min, respectively. Moreover, chemical leaching
experiments of phosphate from dewatered anaerobic sludge (DWAS) were conducted,
evaluating sonication and inorganic acids (sulfuric acid (SA), thermal-sulfuric acid (TSA),
and nitric acid (NA)) as extraction methods to determine the most suitable acid medium to
leach out phosphate. SA and TSA processes with 84.9 and 93.2% extraction efficiency,
respectively. Adsorption batch experiments with real wastes (anaerobic effluent wastewater
and leached solution from DWAS), demonstrated that SG-TT and EGSL-TT have high
adsorption efficiency and selectivity towards phosphate (>78.4% for both materials). After
phosphate adsorption, the solid residues were mixed with compost in different ratios and then
tested as fertilizer substitutes on plant growth. The SG solid residue after adsorption produced
from anaerobic effluent or synthetic solutions imposed a positive effect on plant growth with
germination index (GI) values 96.7 — 111.1%, for all types of seeds tested (Solanum
lycopersicum, Lepidium sativum, and Sinapis alba), while the solid residue after adsorption
produced from DWAS leached solution negatively affected the germination of seeds,
probably due to potentially refractory compounds contained in DWAS. Similar behaviour
was observed in EGSL solid residue remaining after adsorption from DWAS leachate, while

iX



a positively effect was distinguished on plant growth for Sinapis alba and Lepidium sativum
seeds. EGSL-TT were additionally tested in AD systems as a new approach to counteract
excessive acidification and alleviate low pH in anaerobic digestion and showed substantially
higher methane generation than the control. This new proof of concept contributes to the
circular economy; the EGSL-TT is integrated with anaerobic digestion both in-situ for
buffering acidification and ex-situ for phosphorous removal and potential use as a soil

conditioner.

Finally, a process for the valorisation of different type of wastewaters was developed,
which was including SANMBR system in combination with adsorption method. The first
system involved the combination of a submerged anaerobic membrane bioreactor
(SAnMBR) and two biowaste adsorption columns (SG-TT and EGSL-TT) to assess the
recovery of phosphates from low-strength wastewater relatively high in phosphate ion (reject
wastewater from anaerobic sludge dewatering process). The results showed a chemical
oxygen demand (COD) removal of 50%. However, the phosphate removal efficiency in the
reactor was low and as such, the effluent from SAnMBR was then passed through two
columns containing SG-TT and EGSL-TT residues for further removal (resulting in over
95% recovery). In addition, the fractionation analysis of phosphorus showed that inorganic
phosphorus was the substantial phosphorus fraction in eggshell and seagrass end product,
accounting for 92.6 and 95.7% of TP, respectively. Eggshell end product had the highest
proportion of apatite phosphorus fraction (87.4%), which require further time for the
dissolution process, leading to low concentrations of bioavailable phosphorus fractions and
consequently poor germination of seeds. Overall, this study shows that the seagrass and
eggshell could be effectively reclaimed as selective adsorbents towards phosphates in
advanced wastewater treatment processes when combined with a SAnNMBR. The second
system used a SAnNMBR to treat synthetic and domestic wastewater. The COD was
effectively treated, with average removal percentages of 82.3 and 87.8% for synthetic and
domestic wastewater, respectively. Then, the SAnMBR effluent was independently exposed
to EGSL-TT and SG-TT, and the phosphate ions were recovered with percentages up to 71.8
- 99.9% and 60.5 - 78.0%, respectively, for all the flow rates tested. The effluent from EGSL

and SG was exposed to powder-activated carbon (PAC), and the COD was further reduced
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to a concentration of 20.2 + 5.2 and 57.0 + 13.3 mg L. The respective final effluent was
evaluated in phytotoxicity trials demonstrating that the SAnNMBR effluent after the PAC
treatment was significantly better for Lepidium sativum and Sinapis alba seeds tested than
the untreated domestic wastewater. Finally, the determination of volatile organic compounds
(VOCs) depicted a significant decrease from the very first steps of the process, with a
reduction of common wastewater contaminants such as dimethyl disulfide, dimethyl
trisulfide, phenol, p-cresol, nonanal and decanal. The tested technology might be considered
a promising treatment system since can effectively treat domestic wastewater, reduce the
VOC, generates biogas for energy, produces solid products high in inorganically bound
phosphate and the effluent can be used for irrigation.

Keywords: Adsorption, Biowaste, Wastewater treatment, Phosphate recovery, SAnNMBR
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1 Introduction

The circular economy is a resource management technique that prioritizes material reuse,
recycling, and repurposing in a closed loop system, reducing waste and environmental
impact. Phosphate recovery from wastewater using readily available biowaste-based
adsorbents is beneficial for both eutrophication control and waste management. Urban
wastewater treatment plants (UWTPSs) are a major source of phosphorus pollution and a
possible source of recovery. This study uses biowaste-based materials for sustainable
phosphorus recovery from waste streams, which fits within the circular economy framework.
More specifically, the utilization of materials derived from biowaste (eggshells and seagrass)
as adsorbents, coupled with the utilization of wastewater streams (anaerobic effluent, rejected
wastewater, domestic wastewater) as sources of phosphate, represents an innovative
approach that offers a dual benefit of recovering a finite resource and transforming waste into
a valuable input for both agricultural and industrial purposes. Following circular economy
concepts, the utilization of biowaste-based materials can also support sustainable

development and contribute to a more efficient and resilient system of resource management.
1.1 Role and importance of phosphorus

Phosphorus is an essential nutrient that is often growth-limiting for organisms in water
ecosystems (Correll, 1999). It is present in aqueous environments in various forms (Fig. 1-
1), including organically bound phosphate (OP), inorganic phosphate (IP), and
polyphosphate (Biswas et al., 2008). Inorganic phosphate can be classified into two
categories, namely apatite (AP) and non-apatite phosphate (NAIP). AP minerals (mainly
Cas(POs4)2) are the main raw materials used in fertilizer manufacture (Tan and Lagerkvist,
2011). Struvite (mainly Mg(NH4)PO.) is a slow release fertilizer due to its low solubility in
neutral pH solutions (Shu et al., 2006). AIPO4 and FePOs, classified as NAIP, exhibit low
bioavailability and cannot be used directly by plants or as an industrial raw material.
Phosphate reserves of substantial magnitude are present in several countries, most notably in
Morocco with an estimated quantity of 50 billion metric tons, followed by China (3.2 billion),
Egypt (2.8 billion), Algeria (2.2 billion), Syria (1.8 billion), Brazil (1.6 billion), Saudi Arabia



(1.4 billion), South Africa (1.4 billion), and Australia (1.1 billion) (Fig. 1-2). Phosphorus in
numerous products is primarily sourced from phosphate rock mining, and these rocks are
gradually decreasing in availability, resulting in a growing import dependency and insecurity
for countries with limited phosphate rock resources (Cordell et al., 2009; Quist-Jensen et al.,

2018; Monea et al., 2020; Geissler et al., 2019; Smol et al., 2020).

Total Phosphorus
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Apatite Phosphorus Mon-Apatite
(AP) Phosphorus (MAIP)

Figure 1-1. Fractionation of phosphorus.
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Figure 1-2. Phosphorus rock reserves worldwide (Statista, 2022).



Furthermore, phosphate rocks are the primary source of phosphorus for producing
fertilizers. Recent studies highlighted the amount of phosphorus extracted in 2021 to 22
million tons, with 95% being utilized for agricultural purposes, such as fertilizers or animal
feed (Macdonald et al., 2011; Salkunic et al., 2022). According to the findings of the Data
Transmission Network (DTN), an upward trend in the pricing of various fertilisers was also
noted during 2023, as demonstrated by the comprehensive array of fertiliser prices in Table
1-1. As the global population continues to grow, there will be a higher demand for
phosphorus to sustain the increasing food production. However, phosphorus overuse in
agriculture can cause environmental issues. The United States Environmental Protection
Agency (USEPA) reports that the application of phosphorus-based fertilizers to soils over
the threshold of 0.025 mg L will lead to high concentrations of phosphate released in water

ecosystems, resulting in toxic algal blooms and eutrophication.

Table 1-1. Fertiliser’s prices in 2023 from the DTN

Pertiliser - Description Content Price
Chemical Formula b (€/ton)

Anhydrous - NH3 82% nitrogen 913.76

Highly effective type of nitrogen

fertilizer.
Diammonium o i
Phosphate (DAP) - Widely used phosphate fertilizer. 460/18 ﬁonsltL%grirs] 728.51
(NH4)2HPO, o pnosp
m%gg?\g]t??l\r;llxg) _ Granular fertilizer with a high 11% nitrogen 291.39
: 0 :
NH2H,PO4 analysis source of phosphorus. 52% phosphorus
Source of soluble potassium and  51% potassium
Potash - KCI a universal fertilizer. 47% chloride 573.55
Urea - CO(NH>)2 }/g:,:i' ;[i(;ecrrystallme solid nitrogen 46 % nitrogen ~ 557.52
2 Liquid ammoniated phosphate 10% nitrogen
10-34-0 fertilizer. 34% phosphate 659.93
Liquid fertilizer with three forms
UAN28 of nitrogen (urea, ammonium-N, 28% nitrogen 381.18

and nitrate-N).
Liquid fertilizer with three forms

UAN32 of nitrogen (urea, ammonium-N, 32% nitrogen 456.88
and nitrate-N).




However, the depletion of phosphorus, whether it happens in decades or centuries from
now, will have catastrophic consequences for humanity. Thus, phosphorus-containing waste
streams can provide a valuable source of this nutrient for agricultural and industrial
applications while also reducing the produced wastes and the environmental impact of their
disposal. In addition, phosphate constitutes an important nutrient for various industries that
produce streams of wastes with high phosphorus content (Biswas et al., 2007) and can be
found in numerous other waste sources, including industrial effluent, animal manure, and
municipal wastewater. According to European Commission, the percentages of phosphorus
in industrial effluent, animal manure and municipal wastewater reach 100 mg L and 10 g
kg*, while the typical level in urban wastewater is around 4.5 mg L™, respectively. However,
despite the existence of phosphate resources, there is a shortage of feasible and cost-effective
methods for their extraction. Therefore, researchers began to consider modifying current
practices for attaining better management of the phosphorus resources. Following this,
alternative sources of phosphorus and research directed towards developing efficient and
sustainable processes for phosphorus recovery from these sources consist of a novel approach

developed by scientists and engineers (Luyckx et al., 2020).
1.2 Urban wastewater treatment plants (UWTPs)

UWTPs are crucial infrastructure that treat and dispose of wastewater generated in
urban areas by households, commercial buildings, and industry. The design of such plants
focuses on delivering high-quality wastewater by targeting the removal of pollutants,
including pathogens, organic materials, and nutrients to prevent the spread of waterborne
diseases, reduce the pollution in surface water bodies and protect the public health and the
environment (Sikosana et al., 2019). In this regard, the treatment process involves the
primary, secondary, and tertiary treatment of municipal wastewater (Fig. 1-3), which include
the removal of: (a) large solids using physical processes such as sedimentation and screening;
(b) organic matter and nutrients with the use of biological processes such as activated sludge
treatment and (c) disinfection and filtration of treated wastewater to improve its quality using
additional physical and chemical processes (Demirbas et al., 2017). At each stage of the
process, the quality of the effluent wastewater is improved. The preliminary treatment
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protects the equipment from damage and reduces the organic loading. During the primary
treatment, the settleable solids and suspended particles are being removed and the effluent
typically contains low levels of organic matter, however the content of nutrients and other
contaminants are significantly high (Sikosana et al., 2019). Following this, the secondary
treatment is responsible for the removal of pathogens, nutrients, dissolved and suspended
organic matter from the wastewater. The biodegradable organic matter is reduced through
microorganisms’ metabolic processes and the nutrients (P, N) are converted into biomass or
gas. The effluent from secondary treatment is considered suitable for discharge into the
environment due to the low content in suspended and dissolved solids (Sikosana et al., 2019).
Tertiary treatment is the stage of which the quality of effluent is of high-quality and can be
used for various applications such as environmental restoration, irrigation, and for industrial
purposes. As such, this process further reduces the concentration of specific pollutants to

reach the strict discharged limits prior to the release in sensitive water ecosystems.

UWTPs positively influence public health and the environment through the treatment
of municipal wastewater, but even so, it produces considerable amounts of sludge that require
measures and further treatment for its proper disposal. According to data published from the
European Environment Agency (EEA) the production of sludge by UWTPs reached 12.8
million tons in 2019. The disposal of sludge demands its prior treatment since heavy metals,
bacteria, and organic materials are among the toxins present in this sludge, which, if not
adequately managed, can pose severe dangers to the environment and human health.
Furthermore, the high concentrations of nutrients present in the sludge can lead to
environmental problems such as eutrophication, increasing the need for sludge treatment and
disposal. However, the same data regarding the sludge treatment and disposal in terms of
expenses state that treatment and disposal costs account for up to 50% of a UWTP's overall
operational costs. Thickening, dewatering, and stabilization are frequently used in sludge
treatment to lower volume and enhance sludge stability. Depending on regional regulations
and the needs of the market, the treated sludge has the potential to be used for land
applications, incineration, or composting. Low-cost solutions consist of the land application
and composting, while landfilling and incineration consider as expensive options primarily

due to the high capital and operational costs.



The research community focuses on addressing these challenges, and thus, the
direction of scientists moved towards the recovery of fertilizer-used nutrients (P, N etc.) from
the UWTP sludge and wastewater as a sustainable approach for waste management aiming
to assist in the reduction of UWTP costs. In addition, UWTPs can mitigate the impact on the
environment, while providing an important resource for agricultural and industrial
applications by capturing and reusing these nutrients under the concept of circular economy

in the wastewater industry.
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1.2.1 MBR process for the treatment of wastewater

The development and testing of novel and emerging approaches are currently
essential for designing low-cost solutions that treat municipal wastewater. Membrane
bioreactor (MBR) is an innovative wastewater treatment method that replaces secondary
clarifiers in conventional systems with a membrane filtration unit. Utilizing ultra or
microfiltration membranes, MBRs retain sludge and increase microbial concentration within
the reactor. This promising approach can meet stricter water reclamation and usage
requirements, making it suitable for treating various types of wastewater. The MBR system
has emerged as an alternative to the traditional activated sludge process, which has been
plagued by problems such as high cost, low efficiency, and large space requirements (Van
der Roest et al., 2002). The conventional activated sludge (CAS) process and tertiary
filtration can be replaced by immersed and side-stream MBR. The MBR process efficiency
is highly influenced by various design parameters such as membrane surface properties,
permeate flux, retention time, pH, alkalinity, temperature, cleaning frequency, and structural
features (Rahman et al., 2023). However, the quality of sludge, equipment requirements, and
fouling remain significant challenges for the MBR process. Nevertheless, conventional
wastewater treatment systems face significant obstacles due to energy limitations, climatic
changes, and resource depletion (Deng et al., 2022). MBR outperforms CAS in terms of
permeate quality, operational management, and footprint requirements, making it an efficient
tool for sustainable water treatment (Rahman et al., 2023). In general, MBRs may be utilized
in either a side-stream or submerged mode, as illustrated in Fig. 1-4, depending on the
placement and manner of operation of the membrane. In side-stream MBRs, the membrane
is situated externally to the biological reactor, through which the mixed liquor is passed into
the membrane module. Within the membrane module, a permeate stream is produced, while
the concentrated sludge is reintroduced into the bioreactor. In the side-stream configuration,
membrane filtration is carried out using a conventional crossflow process. On the other hand,
in submerged MBRs, the membrane module is directly immersed in the mixed liquor, within
the aerated bioreactor. This operating strategy was applied for reducing the energy

consumption associated with the recirculation pump in the side-stream configuration.
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Figure 1-4. Types of MBR reactors (adapted from Galinha et al.,2018).

Thus, a combination of an anaerobic bioreactor with a submerged membrane,
classified as Submerged Anaerobic Membrane Bioreactor (SANMBR), can have multiple
benefits such as: (1) high effluent quality free of particles, (2) small footprint, making them
appealing in limited available space, and when water treatment for internal recycling is
desired, (3) modularity, (4) consistent and effective operation, (5) decreased downstream
disinfection requirements, and (6) biogas production utilised for electricity generation (Liu
etal., 2020; Vu et al., 2020). More specifically, anaerobic treatment methods can effectively
reduce the organic load in raw wastewater, with recent studies presenting chemical oxygen
demand (COD) removals up to 90% (Gautam et al., 2022; Putra et al., 2020; Bui et al., 2021;
Wang et al., 2021; Xiang et al., 2023). In the study of Yang et al., (2020) for the treatment of
textile wastewater, three processes were tested; (1) an MBR, (2), a conventional activated
sludge technology and (3) a moving bed biofilm reactor and the results revealed that among
all technologies, MBR consisted of the most efficient process. However, to remove nutrients
and other contaminants from the treated anaerobic effluent and meet strict discharge
standards, it is necessary to apply additional treatment technology. A 2020-updated review
by Vinardell et al., (2020) pointed out through numerous surveys that the application of
anaerobic MBR as the main process for the municipal wastewater treatment could make
UWTP energy neutral or even positive due to the methane-rich biogas produced and its high

energy potential production.



1.2.1.1 SAnMBR

MBR significantly improves wastewater treatment. Fig. 1-5 presents the advanced
MBR method for treating the municipal wastewater in UWTPs. The main advantages offered
by such systems over conventional treatment technologies comprise the reduction of
footprint by sustaining a high biomass content in the reactor, the handling of wide
fluctuations in inlet quality, and the solid residue that can be applied directly in the field for
non-potable applications. For the last two decades, aerobic MBRs are extensively being used
for the treatment of industrial and domestic wastewater (Shahid et al., 2020). To lower the
energy demand, the use of a submerged anaerobic membrane bioreactor (SANMBR) can also
be even more sustainable compared to aerobic MBR due to biogas production, which can be
exploited for electricity. In addition, the production of relatively low sludge residual, the
complete liquid-solid separation, the ability to treat numerous types of wastewater and the
high effluent quality without any bacteria make the SAnMBR a promising technology for
wastewater treatment (Du et al., 2022; Lee et al., 2002; Stuckey, 2012).

According to a review study (Mai et al., 2018) on this topic, although SANMBRs can
attain high performance, their effluents hardly comply with the regulation’s discharge limits.
Hence, the incorporation of advanced treatment methods plays a vital role to reach an
acceptable amount of nutrients in the effluents (Zhang et al., 2021). Vyrides et al., (2010)
investigated the post-treatment of anaerobic effluent from a SAnNMBR, which was fed with
saline sewage and found that with the use of powder activated carbon (PAC) the reduction
of dissolved organic carbon (DOC) was higher than 80%. Gebretsadkan et al., (2022)
examined the recovery of ammonium from an effluent produced from a membrane bioreactor
under anaerobic conditions (AnMBR) with the use of sludge-derived activated hydrochar
and showed that activated hydrochar can sufficiently remove the ammonium. Mai et al.,
(2018) studied the treatment of AnMBR effluents (initial feed was synthetic wastewater
containing ciprofloxacin) utilizing six activated carbons. At a dosage of 1 geac L, 22-82%
COD was eliminated. The 13.4 and 1 kDa fractions were the hardest to adsorb, according to
size characterisation, while ciprofloxacin was removed with high removal efficiencies. In

another study (Ittisupornrat et al., 2019), magnetic powdered activated carbon (Mag-PAC)
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was used as an adsorbent for the reduction of dissolved organic matter (DOM) from a MBR
effluent. In batch experiments, a dosage of 4 g L't Mag-PAC achieved, in relatively short
contact time (5 min), high efficiency concerning the DOM adsorption. However, the topic of

phosphorus recovery from SAnMBR effluent appears to be relatively underexplored.
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1.3 Phosphorus in waste streams

Waste streams that exhibit high levels of phosphate content are numerous, and include
agricultural runoff, food and food-processing wastes, animal manures, municipal wastewater,
and sewage sludge (Mayer et al., 2016). These waste streams contain several forms of
phosphorus, such as polyphosphate, organic phosphorus compounds, and orthophosphate.
Fertilizers also implemented to farms end up in nearby aquatic environments such as lakes,
rivers, and streams (Salkunic et al., 2022), causing elevated levels of such compounds
endangering potable water sources. Thus, the high waste streams' phosphorus content has a
significant impact on the environment, especially in aquatic ecosystems and leads to high
demand on costly treatment operations to mitigate (Koul et al., 2022). Human waste and
phosphorus-containing detergents are other main sources of phosphate in domestic
wastewater, which comprises home and sanitary waste and can further increase the
phosphorus content in the municipal wastewater (Fig. 1-6). Typically, the influent
wastewater ranges from a few milligrams per liter (mg L) to many tens of milligrams per
liter phosphate concentrations entering the UWTPs through the primary inlet stream
(Salkunic et al., 2022). However, specific restrict regulations regarding the treatment of such
wastewaters impose limits on the allowable phosphate concentrations in the effluent
wastewater, which may influence the design and operation of UWTPs (Witek-Krowiak et al.,
2022). Enterprises that produce fertilizer or prepare food, for example, have wastewater
effluents with higher phosphate contents; hence, the amount of phosphates in discharged
industrial wastewater varies depending on the industrial operations implemented (Nobaharan
etal., 2021). Inadequate management of waste streams with high phosphate content can result
in eutrophication and other types of environmental problems. As such, research has been
conducted on phosphorus recovery from these waste streams, with the aid of solid sorbents,
biochar, and natural adsorbents. The recovery and reuse of phosphorus from waste streams
iIs a crucial research area due to the depletion of non-renewable resources and the

environmental impact of phosphorus pollution.
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the phosphorus and nitrogen content (adapted from Witek-Krowiak, 2022).

According to the study of Vardanyan et al., (2018), phosphorus removal is most
significant during the secondary biological treatment phase. This is due to the accumulation
of phosphorus by microorganisms and precipitation in highly aerated conditions. Only a
small amount of phosphorus is removed during the primary treatment stage. As also stated
in Vardanyan et al., (2018) study, during the process of UWTP, it is evident that the rejected
wastewater has the highest phosphate content, with a concentration range that usually falls
between 50 to 70 mg L. Furthermore, DWAS contains the highest concentration of
accumulated phosphorus in solid waste streams (Fig. 1-7), making it a valuable source for
recovery. The mass balance analysis of the same study emphasizes that DWAS accounts for
94% of incoming phosphorus, underscoring the importance of considering it for phosphorus
recovery. Thus, the assessment of DWAS and rejected wastewater as potential sources for
the recovery of phosphate may result in the development of more efficient and effective
approaches to nutrient recovery and resource management within wastewater treatment

facilities.
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1.3.1 Domestic wastewater

Domestic or primary wastewater refers to the wastewater generated from residential
sources, including households and contains significant volumes of organic materials and
nutrients (Koul et al., 2022). In recent years, there has been a growing interest in the recovery
of resources from wastewater. The utilization of domestic wastewater consists of one of the
most promising methodologies, which has the potential to reduce the pressure on water
resources. Numerous studies in the last decade have focused on the recovery of resources
from wastewater along with domestic wastewater treatment, which is believed to become a
central goal in newly designed UWTPs (Kehrein et al., 2020; Renfrew et al., 2022). These
studies have highlighted the high level of biological oxygen demand (BOD), chemical
oxygen demand (COD), suspended solids, and nutrient content found in wastewater. In
particular, domestic wastewater contains a significant amount of nutrients, such as
phosphorus, nitrogen, and potassium. These nutrients mainly come from human waste, as
well as from phosphorus-based detergents and cleaning products. As a result, domestic
wastewater contributes significantly to the overall phosphate levels in wastewater. Proper
management and treatment of domestic wastewater is crucial due to its potential

environmental impact.

Effective treatment processes utilized by UWTPs aim to decrease the nutrient content,
the suspended solids, BOD, and COD found in domestic wastewater (Rout et al., 2021). This
is essential to ensure compliance with water quality standards and ultimately safeguard public
health and the environment. Therefore, the recovery of resources from wastewater and the
treatment of domestic wastewater have become crucial areas of focus for researchers and
policymakers alike. Treated domestic wastewater can be reclaimed and repurposed for a
multitude of purposes, contributing to the sustainability of water resources and the

environment.
1.3.2 Reject wastewater

The presence of nitrogen, phosphorus and carbon compounds in effluent streams

causes serious pollution problems and affects human health (Jung et al., 2006). As a result,
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the wastewater discharge law has become stricter, requiring technologies with high standards
in wastewater effluent discharge and capable of removing the high content of COD,
ammonium, phosphate and suspended solids. Phosphorus content in the inlet of the UWTPs
is much lower compared to the concentration in the liquid removed from the sludge during
the dewatering process (termed reject water) (Kim et al., 2020; Vardanyan et al., 2018). As
more phosphorus is released during digester treatment, higher phosphate concentrations are
obtained in the rejected wastewater that could be subsequently recovered (50-70 mg L1). For
this reason, this study also tested the rejected wastewater from the anaerobic sludge

dewatering process as a source rich in phosphate ions.

Rejected wastewater is a concentrated form of wastewater produced after the primary
and secondary treatment processes treatment process at UWTPs or other treatment facilities.
Although various techniques are implemented for the removal or decrease of pollutants
present in the wastewater, certain pollutants are still present in the treated effluent. This
residual wastewater is the fraction that contains a higher concentration of these remaining
contaminants (Gokyay and Alshami, 2017). The composition of reject wastewater can vary
depending on several factors, including the initial quality of the influent wastewater, the
treatment methods employed, and the efficiency of the treatment processes (Mucha and
Mikosz, 2021). Typically, it contains high levels of suspended solids, organic matter,
nutrients (such as nitrogen and phosphorus), heavy metals, pathogens, and other pollutants
that were not entirely removed during the treatment (Mucha and Mikosz, 2021). As such, the
treatment strategy aims to further reduce the concentrations of remaining contaminants
before disposal or reuse in order to ensure compliance with environmental regulations and
minimize the potential environmental impacts (Meyer and Wildere, 2004). To achieve this,
additional treatment processes that include the use of advanced filtration, chemical
precipitation, adsorption, disinfection, or biological treatment methods should be considered
(Baldisserotto et al., 2023).

1.3.3 DWAS

Dewatered sludge (DWAYS) is one of the outlet streams of the physical, chemical and

biological operations employed in UWTP systems (Biswas et al., 2009). The use of DWAS
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as fertilizer is minimal due to the increasing concerns about contamination with pathogens,
heavy metals and toxic organic compounds (Vardanyan et al., 2018). Mass balance from
UWTP pointed out that the DWAS contained 94% of the incoming phosphorus from the
UWTP (Vardanyan et al., 2018). Recovery of phosphorus from the dewatered anaerobic
digestate can be a good option as it contains the highest concentration of phosphorus per kg
of sludge (Fig. 1-7) (Vardanyan et al., 2018). Phosphate can be leached from DWAS using
inorganic acids (H2SO4, HCI, and HNOgz) or organic acids at low pH; however inorganic
leaching is one of the most effective methods for phosphorus extraction (Acelas et al., 2014;
Vardanyan et al., 2018; Quist-Jensen et al., 2020, 2018). After phosphorus dissolution from
DWAS, its selective recovery is critical for the sustainability of the process.

1.4 Technological options for phosphate removal from waste streams

Excessive phosphorus concentration in water bodies is known to stimulate algal growth
by reducing the dissolved oxygen in aqueous environment, which in turn, imposes a harmful
effect on the aquatic life (Biswas et al., 2007). In addition, intensive phosphorus mineral
exploitation results in significant reduction of phosphorus reserves in both quality and
quantity. The literature on phosphorus exhibits a variety of approaches applicable for the
removal of phosphorus from wastewater (Reddy and Nair, 2022; Saleh et al., 2020; Tambat
et al., 2023). Nutrient recovery technologies have the potential to reduce the environmental
impact of wastewater treatment and create new revenue streams. The developed technologies
for phosphate removal from aqueous solutions consist of a wide range of processes such as
precipitation, anion exchange, crystallization, adsorption, reverse osmosis, microfiltration,
magnetic separation, and electrodialysis (Karunanithi et al., 2015; Chowdhury et al., 2017;
Cieslik and Konieczka, 2017). Those technologies have positive impact on the environmental
contamination but also facilitate the extraction and recovery of phosphorus, enabling the
production of high value-added products (Panagiotou et al., 2018).

1.4.1 Chemical precipitation and crystallization

Chemical precipitation has been extensively studied and consists of a common and

easy-to-use technique for removing phosphorus from water and wastewater. The procedure
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entails adding chemicals to water, such as salts of Calcium (Ca), Aluminum (Al), Iron (Fe)
and Magnesium (Mg) to cause the phosphates to precipitate out as insoluble solids, which
can subsequently be removed using sedimentation or filtration (Chen et al., 2021). Metal
cations often remove phosphate from wastewater through a combination of electrostatic
interaction, adsorption by an Al or Fe oxide floc, and direct precipitation of Al or Fe
phosphate (Adelagun et al., 2016). The type and amount of the chemical used, and the
presence of competing ions or complexing agents are some of the variables that affect the
efficiency of chemical precipitation (Dengand Dhar, 2023). Huang et al., (2015) also
observed the high effect of pH in chemical precipitation of orthophosphate compounds from
anaerobic digestion supernatant.

Several studies have been highlighting the efficiency of chemical precipitation in
phosphate recovery, particularly in the form of struvite (magnesium ammonium phosphate
(MAP)) (Lorick et al., 2020; Siciliano et al., 2020), and especially in the context of resource
recovery or the generation of fertilizer products. Struvite is a white crystalline mineral
compound that forms in wastewater treatment plants and other systems with a characteristic
shape and structure. Mavinic et al., (2007) successfully removed over 90% of phosphate ions
from wastewater solution using struvite crystallization at pilot-scale. However, although
laboratory and pilot-scale studies have demonstrated the potential of struvite precipitation,
significant obstacles remain in the upscaling of this technology for large-scale
implementation, including the need for process optimization, cost-effectiveness, and
successful integration with existing wastewater treatment systems (Siciliano et al., 2020).
This is due to the struvite crystals that tend to adhere to surfaces and accumulate on
equipment such as pipes, pumps, and valves causing clogging issues which reduce the
efficiency of the treatment. In addition, a current limitation in this respect is the separation
of phosphate and the insufficient effectiveness observed in relation to low phosphate
concentration wastewater. Thus, a variety of process modifications to further improve the
effectiveness of chemical precipitation have been evaluated, including the use of coagulants
or adsorbents in conjunction with chemical precipitation, as well as the use of alternative

chemicals or methods of chemical dosing (Fang et al., 2019; Lu et al., 2020).
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1.4.2 Biological treatment

The biological elimination of phosphorus is a process that is based on the uptake of
phosphorus that exceeds the metabolic needs of bacteria and is being recommended as a
potential alternative for the chemical approach (Yeoman et al., 1988). The fundamental
concept behind biological phosphorus removal entails subjecting bacteria to alternating
anaerobic and aerobic conditions, which stimulates the process of “luxury uptake” of
phosphorus (Witek-Krowiak et al., 2022). This technique incorporates the phosphorus into
the sludge, making it easier to remove through WAS or filtration and lessening sludge
production in comparison to chemical addition. During biological phosphorus removal, the
phosphorus present in the influent wastewater is assimilated into cell biomass, which is
subsequently extracted from the system through sludge wasting. The reactor configuration
confers a competitive edge to the phosphorus-accumulating organisms (PAO) over other
types of bacteria (Metcalf and Eddy, 2003). Recently, there has been a great deal of research
focused on the Enhanced Biological Phosphorus Removal (EBPR) method that employs
activated sludge systems, which has been identified as a viable and economical substitute for
chemical treatment (Bunce et al., 2018). In Poland, UWTPs have successfully removed a
minimum of 1470 mg of phosphorus by solely utilizing biological treatment methods
(Preisner and Smol, 2022).

However, the Minnesota Pollution Control Agency has stated that the efficiency of
phosphorus elimination by biological treatment might be lower than the chemical
precipitation method. Thus, it appears that the most effective approach to treat wastewater
sludge and recover phosphorus is through a combination of biological, chemical, physical
methods along with thermal treatment to achieve optimal efficiency. The utilization of
biological treatment in wastewater treatment, while a common method, requires a longer
retention period and may pose challenges in limited space situations, as noted by Yeoman et
al., (1988). Moreover, variations in environmental factors such as temperature and pH can
hinder the effectiveness of the process (Bunce et al., 2018), while proper disposal of the

resulting sludge is also critical to prevent environmental contamination (Liu et al., 2021).
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1.4.3 lon exchange

lon exchange has emerged as a promising approach for the removal of phosphates from
wastewater, which involves the use of a resin to exchange phosphate ions with other ions in
the water, allowing the phosphate to be removed from the resin (Fig. 1-8). Anion exchange
resins with a positive charge are widely employed for this purpose (Guida et al., 2021). The
effectiveness of adsorbents in removing phosphate from wastewater is frequently
compromised by the multitude of anions present in the solution, causing practical limitations
(Martin et al., 2009; Guida et al., 2021; Nobaharan et al., 2021). To overcome this limitation,
a novel type of ion exchange media that exhibits remarkable selectivity for phosphate and is
easily regenerable has been developed. This media comprises hydrated ferric oxide
nanoparticles that are dispersed within the pore structures of polymeric anion exchanger
beads. It combines the mechanical robustness and durability of ion exchange resins with the
high sorption capacity of ferric oxide for phosphate. The efficacy of this approach has been
evaluated in fixed bed mini column experiments using real final effluent from two sewage
treatment facilities in the UK, and the results demonstrate its high capacity for removing
phosphate (Muhammad et al., 2019). The comparison of the water constituents on the
individual components (hybrid resin, base resin, nanoparticles) revealed the importance of
the nanoparticle that effectively transform the ion exchange media into a mono component
absorber for phosphorus that enables sustained removal even in complex wastewaters
(Muhammad et al., 2019). Hybrid ion exchange nanotechnology (HIX-Nano) is a technique
that is utilized for the purpose of selective removing and retrieving phosphorus from
wastewater (Ownby et al., 2021).
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Figure 1-8. Schematic representation of a hybrid anion exchanger (HAIX) demonstration
plant (adapted from Guida et al., 2021).

However, ion exchange technologies, although capable of selectively removing
phosphate from solutions, pose operational challenges due to their high cost (Usman et
al.,2022) and the production of significant amounts of difficult to dispose wastes (Martin et
al., 2009). Moreover, the technology was implemented in conditions of reduced phosphate
ion concentrations in wastewater, but unfortunately failed to produce the desired outcome
(Bunce et al., 2018). This was due to the relatively diminished levels of phosphate ions
present in wastewater and the fact that the efficacy of conventional ion exchange systems is
contingent upon the charge and mass of the particular ion in question. Therefore, while ion
exchange remains a promising method for phosphorus removal, it is crucial to consider its
limitations and compare it with other methods to determine the most appropriate approach

for a specific situation.
1.4.4 Membrane treatment

Membrane filtration is a highly effective technique for the selectively elimination of
phosphates from wastewater (Ali, 2015). It encompasses different methods such as reverse

osmosis and nanofiltration, which have been successfully employed to treat effluents
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containing both suspended and dissolved forms of phosphates (Obotey Ezugbe and Rathilal,
2020). The efficiency of phosphate removal from wastewater is significantly impacted by the
selection of membrane material. Various factors, such as membrane pore size, material
composition, surface charge, and filtering capacity, influence the membrane material used
for phosphorus removal from wastewater (Xia et al., 2021). Main membrane types consist of
the microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO)
membranes, which are created using commonly employed membrane materials such as
polyacrylonitrile (PAN), polyethersulfone (PES), polyvinylidene fluoride (PVDF),
polyamide, and ceramic (Gao et al., 2019). Due to their high efficiency in phosphate removal,
membrane nanofiltration processes have emerged as a promising alternative to traditional
methods (Visvanathan and Roy, 1997). Additionally, membrane filtration can be applied for
the treatment of both industrial and domestic wastewater due to the negative response
observed in the presence of competitive compounds during phosphate removal. Therefore, it
is evident that membrane filtration processes hold great potential as a method for the removal
of phosphates from wastewater and can be supplemented with other methods to achieve

superior results (Koh et al., 2020).

However, the task of removing phosphates from wastewater effluents through
membrane filtration is considered challenging due to the low concentration of phosphate ions
as compared to other competing species (Bunce et al., 2018). In addition, reports indicate that
the reuse and regeneration of the membrane are often inadequate, leading to additional
expenses but also consumes a large amount of energy (Koh et al., 2020). As such, these
technologies are designed to treat wastewaters in larger wastewater treatment plants, making
them less suitable for small-scale domestic wastewater treatment systems (Bunce et al.,
2018).

1.4.5 Coagulation and flocculation

Coagulation-flocculation has been established as a commonly utilized approach for the
treatment of wastewater containing phosphorus (Owoduni et al., 2023). The coagulation
process consists of three sequential steps: (1) coagulant formation, (2) colloid/particle

destabilisation, and (3) particle aggregation. Natural coagulants have emerged as a viable
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alternative for the treatment of phosphorus-containing wastewater, offering a comparable
level of effectiveness in comparison to chemical coagulants (Owoduni et al., 2023). The most
commonly used inorganic coagulants are calcium, magnesium, aluminium sulphate
(Al2(SOa4)3), ferric sulphate (Fe2(SOs)3) and ferric chloride (FeCls). When added to water,
Al/Fe(111) ions hydrolyse to form soluble monomeric and polymeric species and solid
precipitates. Although these chemical coagulants are frequently used for coagulation, organic
polymers have been increasingly adopted in coagulation/flocculation processes for water
purification (Ozacar and Sengil, 2003). The selection of coagulant and flocculant in such
procedures is based on the type of wastewater being treated, the concentration of phosphates,
and the desired efficiency level of removal (Owoduni et al., 2023). According to the study of
Ozacar and Sengil (2003), the utilization of clay and polyelectrolytes as coagulant has been
found to increase phosphate removal efficiency while reducing the necessary alum dosage.
The combination of coagulation and flocculation has high efficiency towards removing
phosphate ions from water, while it can attain the destabilization of particles in water

solutions containing high suspended solids content.

Nevertheless, to achieve low phosphorus effluent levels, vast amounts of metal
coagulants are required, surpassing stoichiometric quantities. Moreover, the combination of
coagulants and flocculants with an additional coagulant aid may result in increased toxicity
(Kurniawan et al., 2020). Chemical coagulation, besides being expensive, has the potential
to produce excessive and harmful sludge (Alazaiza et al., 2022). As such, the use of metal-
based coagulants raises environmental concerns due to their toxic nature (Owoduni et al.,
2023; Bahrodin et al., 2021; Kurniawan et al., 2020). Thus, the integration of coagulation
and flocculation with complementary methods, such as adsorption and membrane filtration,
could enhance the efficiency of removal and reduce the negative environmental impact from

the use of metal-based coagulants (Ali, 2015).
1.4.6 Adsorption

Adsorption, a widely studied phenomenon in various fields of science, refers to the
process whereby a substance is transferred from one phase to another, ultimately leading to

its accumulation or concentration at the surface of the latter (Nageeb, 2013). This intricate
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process has been extensively researched and has been documented in numerous scientific
literature; specifically, as a promising approach for sustainable resource management,
efficiently removing nutrients and compounds from domestic wastewater permeate
(Asimakopoulos et al., 2021; Han et al., 2020; Singh et al., 2018).

According to literature (Fig. 1-9), the recovery of phosphates using adsorption method
has been thoroughly researched in recent years. In addition, employing biowaste as an
adsorbent, represents a groundbreaking innovation, which significantly reduces the reliance
on conventional chemical precipitation methods, which are less eco-friendly and entail high
operational costs. The importance of phosphate recovery from genuine wastewater solutions
is also highlighted in Fig. 1-9, which will lead to a more sustainable future in which waste
becomes a valuable resource and environmental protection integrates smoothly with resource

recovery.
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Adsorption is a technique that has been employed successfully in eliminating
phosphates from the liquid phase (Humayro et al., 2021; Robalds et al., 2016; Wang et al.,
2015). This technique involves the transfer of the impurities to a solid phase, which is
commonly referred to as the adsorbent (Gizaw et al., 2021). The adsorbent used in this
process may be of natural and synthetic origin and typically has a high surface area-to-
volume ratio, which makes it highly effective in removing impurities from the wastewater.
The activated alumina, silica gel, PAC, molecular sieve carbon or zeolites, and polymeric
adsorbents are among the primary and extensively used adsorbents (Pourhakkak et al., 2021).
These methods can help reduce the levels of phosphorus in water bodies, thus reducing the

negative impacts of excess phosphorus in aquatic ecosystems.

Various parameters significantly impact the chemical transfer kinetics between the
liquid and solid phases, such as the adsorbent's characteristics and surface area, the rate of
adsorption (Nageeb, 2013), the substance's characteristics being absorbed, the temperature,
the pressure (De Gisi et al., 2016), the pH and the substance concentration being absorbed
(Usman et al., 2022). The greater the surface area, the more adsorbate volume can be
adsorbed, making the surface area of the adsorbent critical (Sukmana et al., 2021).
Phosphorus also exhibits tripartite valences, ranging from -1 to -3, in concordance with the
pH of the solution, as depicted in Fig. 1-10. Moreover, polar molecules tend to readily adsorb
to polar surfaces, whereas nonpolar molecules tend to readily adsorb to nonpolar surfaces.
Thus, it is crucial to comprehend this process to optimize its potential in wastewater

treatment.
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2004).

Adsorption is an advantageous process due to its lack of harmful byproducts and eco-
friendly nature (Metcalf and Eddy, 2003). Moreover, adsorption is also a straightforward and
cost-effective process that can be scaled easily to meet industrial demands (Usman et al.,
2022; Rathod et al., 2014). Recent advancements in adsorption have focused on producing
advanced, sustainable, and highly effective adsorbent materials (Nageeb, 2013). For instance,
Fe-based MOFs of MIL-101 (Metal-Organic Frameworks) have demonstrated effectiveness
in removing phosphates from aqueous solutions and eutrophic water (Xie et al., 2017; Kumar

et al., 2019). Porous biochar loaded with La-Fe(hydr)oxides/montmorillonite has also been
developed to efficiently remove phosphorus in wastewater (Sun et al., 2022). As depicted in
Fig. 1-11, various interactions might be involved in phosphorus adsorption onto biochar-
based adsorbents such as electrostatic attraction, complexation, ligand exchange, anion
exchange, precipitation, and physical adsorption. Furthermore, the use of natural and
modified clinoptilolite has been explored for the purpose of eliminating ammonium ions and
phosphates from wastewater (Stepova et al., 2023). However, adsorption has certain
limitations, the most significant of which is the requirement for a substantial surface area to

achieve optimal results. A high surface area-to-volume ratio with porosity is essential for the
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adsorbent material. Additionally, the adsorbent needs to undergo periodic regeneration to
maintain its efficacy, which can be both costly and time-consuming (Wu et al., 2020). The
aforementioned challenges can be effectively addressed by employing biowaste-derived
materials as adsorbents in the process of the recovery of high-value nutrients, such as

phosphates, from wastewater streams (see section 1.5).
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Figure 1-11. Adsorption mechanisms of biochar-based phosphorus adsorbent. The
adsorption mechanisms involve electrostatic attraction, complexation, ligand exchange,
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1.5 Waste-based biosorbents

Aligned with the concept of circular economy, the conversion of waste biomaterial to
an adsorbent for phosphorus from wastewater can be exploited as an approach to eliminate
the disposal cost of biowaste and to significantly decrease the adsorbent cost. Several studies
demonstrated that use of waste biomaterials constitute the method of phosphate adsorption
more attractive and environmental friendly due to the fact that wastes become valuable
resources (Krika et al., 2015). Various adsorbents such as thermally treated waste eggshells
(Kose and Kivanc, 2011; Panagiotou et al., 2018), mussel shells (Paradelo et al., 2016),
gastropod shells (Oladoja et al., 2015), land snail shells (Oladoja et al., 2012), orange waste
gel (Biswas et al., 2008), digested and sugar beet tailing biochar (Yao et al., 2011), dewatered
alum sludge (Yang et al., 2006), metal loaded orange waste (La(l11), Ce(l1l), Fe(l11)) (Biswas
etal., 2007), rice husk ash (Mor et al. 2016), waste-derived fungal biomass (Jack et al., 2019)
as well as raw and calcinated dolomite (Karaca et al., 2006) have been widely investigated
for phosphate exploitation. A key limitation of most of these studies is the sole use of
synthetic solutions which exclude the application of real wastes containing valuable
nutrients, such as wastewater or leached solution from anaerobic sludge, failing to fully
exploit their content and produce high-value commodities. Table 3-6 shows studies that used
biowaste as a phosphate adsorbent from both synthetic and real wastewater. Most of these
studies have applied pre-treatment steps for the activation of each material and these biowaste

pointed out relatively high phosphate adsorption capacity from wastewater (Table 3-6).

Apart from the aforementioned waste-based biosorbents, this study focused on
exploiting a new biowaste that has been scarcely studied for the valorization of phosphate
from synthetic and real wastewater solutions. Herein, several biowastes such as orange peels,
spent coffee residues, fish scales, seagrass residues of P. oceanica, olive kernels biochar and
vineyard prunings biochar were examined for their capacity to adsorb phosphate from
synthetic wastewater. Based on experimental data (Section 3.1) it was concluded that
thermally treated seagrass residues demonstrate the highest potential to adsorb phosphate.
Therefore, the aim of this study was to evaluate the potential of seagrass residues of P.
oceanica as a phosphate adsorbent from real wastewater applications. Additionally, the study
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aimed in characterizing the compounds formed following phosphate adsorption at seagrass
residues of P. oceanica, to determine the structure of seagrass residues before and after
phosphate adsorption and to identify the mechanisms of phosphate binding. Apart from this,
very few studies were focused on the use of biowastes as phosphate adsorbents and their
direct application to agriculture. More research studies were devoted to the adsorption as a
two-step process; adsorption and desorption (Aslam et al., 2022; He et al., 2022).
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Table 1-2. Biowaste used for the removal of phosphate from synthetic and real wastewater.

Source of phosphate Biowaste IF\>/|heot? Or?a?; analysis Pre-treatment method Adsorbent c:\d:(?i:be(?r: Adsorption Reference
and concentration P y dose (g L) P g_f)/ g yield (%)
. . ICP/AES OW and Ca(OH); rinsed
Synthetic solution (20 Orange waste gel oo oter and dried in oven for 48 h 17 57.0 99 Biswas et al., (2008)
mgLy W) at 70°C
Synthetic solution Calcined Waste Ascorbic acid Thermally treated at 800°C
(100 mg L) Eggshells method for2h 100 230 %2 Kose etal., (2011)
Land snail shell N I o
V\_/lastewater (300 mg (SS), source of Ascorbic acid Dried in the oven at 90°C 20 999 9 92 Oladoja et al., (2012)
L) method for4h
gastropod shell
. Vanado-molybdo- .
Swine wastewater Ground corn loaded L7 Pyrolysed at 300°C in 10.0
(27.4 mg L) with Mg phosphoric acid nitrogen gas for 3 h 2.7 90 Fang et al., (2014)
method
Aquaculture . . o
wastewater (2.5-30 Gastropod shell Ascorbic acid Thermally treated at 750°C 10.0 3.0 60 Oladoja et al., (2015)
1 method for2h
mg L)
Wastewater (350 mg  Calcined mussel Vanado-molyt_)do- Thermally treated at 550°C
Y phosphoric acid . 13.3 - 80 Paradelo et al., (2016)
L) shells for 15 min
method
Swine anaerobic . . o
digestate effluent \é\g;?]gc)(gg ?(?(%B) Qz(t:ﬁ(r)t()jlc acid ﬂ)or\:v pyrolysis 600°C for 12.5 22.6 90 Kizito et al., (2017)
(227-283 mg L)
. Poplar tree, Wood Colorimetric o
Swine wastewater ot Natural  method not Pyrolysed at 900°C in 1.9 13.2 99 Kizito et al., (2017)
(25mg L) - e nitrogen gas for 1 h
dolomite specified
Wastewater Calcined Waste Ascorbic acid Thermally treated at 900°C .
(30mg LY Eggshells method for 30 min 40.0 0.7 89 Panagiotou et al., (2018)
Leached Solution . . . o
form DWAS Calcined Waste Ascorbic acid Thermall_y treated at 900°C 400 105 98 Panagiotou et al., (2018)
1 Eggshells method for 30 min
(4185 mg L™
Wastewater (1.56 mg Ascorbic acid Thermally treated at 800
LY Mussel shells method oC for 4 h 3.3 25 98.5 Lee et al., (2022)
Synthetic solution Modified bamboo-  Ascorbic acid Thermally treated at 800
(150 mg L) eggshell method oCfor2 h 0.25 % i Sarker et al., (2023)
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1.5.1 Seagrass P. oceanica

Posidonia oceanica is an endemic species in the Mediterranean Sea, and its dead
leaves are accumulated in enormous quantities along sandy coasts, especially in autumn
(Dural et al., 2011). The dead leaves of P. oceanica are very promising biomass waste that
has no implementation applied and has high treatment cost (collection and transportation)
(Photiou et al., 2021) while the excess amount is causing aesthetic problems on the beach
(Cengiz and Cavas, 2010). The applicability of thermally treated P. oceanica residues in the
adsorption process has been reported in several studies in the literature for the removal of
orthophosphates (Wahab et al., 2011), textile dyes (Guezguez and Mhenni, 2008), methylene
blue (Dural et al., 2011; Elmorsi et al., 2019; Han et al., 2020), anionic and non-ionic
surfactants (Ncibi, 2008), phenol (Ncibi et al., 2014) and heavy metals (Asimakopoulos et
al., 2021; Aydin et al., 2012). Seagrasses that have been dried at 100°C, and then thermally
treated at 500°C for 1 hr are displayed in Fig. 1-13. It is obvious that as the temperature rises,
the powder produced has finer-grained particles. Thus, the thermally treated seagrass consists
of a great and low-cost adsorbent for the recovery of phosphates from both synthetic and real

wastewater solutions.

500 °C

Figure 1-12. Seagrass dried at 100°C (left) and thermally treated (right) at 500 °C for 1 hr.
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1.5.2 Chicken eggshells

The production volume of eggs worldwide exceeded 82.17 million metric tonnes in
2019, and since 1990, the global egg production volume has increased by over 100 percent
(Statista, 2021). The worldwide egg production rate results from its high global consumption
rate (Waheed et al., 2020). More than 250,000 tonnes of eggshells are annually disposed of
worldwide (Faridi and Arabhosseini, 2018; Lee et al., 2022) in landfills with minimal or no
pre-treatment (Gao and Xu, 2012; Oliveira et al., 2013). Therefore, eggshell becomes a
source of pollution, which leads to environmental issues such as the odour production and
microbial growth. According to the European Union (EU) Regulation (EC) N° 1069/20009,
the level of risk that arises from animal by-products ABP can fall into three categories from
1 (highest risk) to 3 (lowest risk). Eggshells are considered a low-risk material (Category 3),
and options for its use and disposal are much broader than higher risk ABP. In addition,
eggshells waste can be used under certain conditions without pre-treatment (Quina et al.
2017). Turning eggshell waste into added-value products can lead to an economic benefit
besides the high environmental benefit (Oliveira et al., 2013). Research studies concerning
the utilization of eggshells provide numerous applications, such as their use in medicinal
supplements, bone graft substitute and denture base (Waheed et al., 2020). Eggshell wastes
can also be employed in constructing floor tiles and in cement to enhance compressive
strength or may be included in animal feed, plant fertilizer, batteries, and removal of heavy
metals and other components from soil and water (Vandeginste, 2021; Waheed et al., 2020).
Eggshells are composed of inner shell membranes and an outer calcium carbonate layer
known as calcite (Oliveira et al., 2013). More specifically, eggshell constitutes 94% calcium
carbonate, 4% organic substances, 1% calcium phosphate, and 1% magnesium carbonate
(Aditya et al., 2021; Murakami et al., 2007). Thermogravimetric analysis by Murakami et al.,
(2007) and Santos et al., (2019) suggested that the conversion of eggshell (mainly calcium
carbonate) to calcium oxide is attained by thermal treatment as follow:

CaCOs3() 2 CaOg) + COz(g) (1)
The calcination process reduces the mass of the material due to the release of CO., as

presented in the reaction (1). Specifically, Santos et al., (2019) found that slight mass
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variance of eggshells until nearly 700 °C. However, at 784 °C the loss was more than 40%
which indicates the thermal conversion of CaCOs into CO2 and CaO. After 800 °C, the mass
remains constant, and it is likely to conclude that the thermal decomposition of CaCO3 was
complete. Panagiotou et al., (2018) found that the increase in calcination temperature
increased specific surface area. Fig. 1-13 shows a collection of eggshells that have been
calcinated at various temperatures and durations after being rinsed with deionized water and
dried at 100 °C. It is evident that with increasing calcination temperature the resulting powder
exhibits a more refined particle size. The solubility of CaO in water is higher than the
solubility of CaCOs (1.19 and 0.019 g L, respectively) (Santos et al. 2019); therefore, the
phosphorus removal takes place due to calcium precipitation and adsorption. In addition,
calcinated eggshell adsorption demonstrated high capacity of phosphorus removal and fast
Kinetics in a wide pH range of 2-10 (Kose and Kivanc, 2011), increasing its potential

applications in agricultural field.

100 °C 600 °C 900 °C

Figure 1-13. Eggshells rinsed with deionized water and dried at 100 °C, (b) calcinated at 600
°C for 3 h and (c) calcinated at 900 °C for 30 min (adapted from Panagiotou et al., 2018).

1.5.2.1 Thermally treated eggshells in AD

During anaerobic digestion (AD) of easily biodegradable substrates, a complex series
of microbial processes takes place in the absence of oxygen. These processes break down
organic matter in the substrate, releasing various compounds, including phosphorus in the
form of orthophosphate. Orthophosphate is a dissolved form of phosphorus that is
particularly favourable for recovery through adsorption methods (Hafuka and Kimura, 2022).
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Furthermore, during AD process, the rapid generation of volatile fatty acids (VFASs) could
significantly decrease pH. This inhibits methanogenesis and causes difficulties in
maintaining a stable operation of an anaerobic digester (Charalambous et al., 2020). A
common strategy to counteract the pH drops due to VFAs is adding a considerable amount
of NaOH. Yang et al., (2015) found that the addition of NaOH in a thermophilic AD system
using high organic substrates, such as food waste increased the feasibility of controlling the
pH and avoided the acidification due to the background production of lactic acid and VFAs.
Besides the increase of the AD operational cost due to the addition of chemicals, the presence
of NaOH demands considerable safety precautions. Similar results attained by the addition
of bicarbonates as a conventional pH control strategy (Ye et al., 2018). Even so, the high
concentrations of the required neutralizer or buffer chemicals could inhibit the

methanogenesis (Charalambous et al., 2020).

Different waste by-products were introduced as novel additives to AD systems, which
could restore excessive acidification and alleviate low pH. Kong et al., (2016) investigated
two types of zero-valent iron (ZV1) (powder (PZVI1) and scrap metal (SZVI)) and both
restrained excessive acidification. Banks and Lo, (2003), assessed the effect of municipal
solid waste incinerator (MSWI) bottom ash on the AD process. According to the results, the
addition of ash appeared to have beneficial effects on the degradation process, as there was
an increase in gas production, alkalinity, and pH as compared to the corresponding control
reactor without MSWI ash addition. Nevertheless, this is the first study (Chapter 5) using
biowaste such as eggshells as a strategy to control pH reduction due to the high VFAs
production that occurs during the anaerobic fermentation process, as well as to recover

orthophosphates from real wastewater solutions.
1.6 Objectives and Scope

Phosphorus is an essential nutrient for plant growth and plays a critical role in various
biological processes. Phosphorus deficiency can limit agricultural productivity, making
efficient management and recycling of phosphorus crucial for sustainable food production
and environmental stewardship. Phosphate-rich wastes, such as wastewater, anaerobic

digester effluents and DWAS, contain phosphorus that can be recovered for reuse (see section
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1.3.3). These wastes serve as suitable sources for phosphorus recovery due to their high
phosphate concentrations and the potential environmental benefits of their treatment and
resource recovery. Adsorption is an effective method for phosphate recovery from
phosphate-rich wastes. Thus, among a wide range of biowastes tested in this study, thermally
treated seagrass and eggshells residues were chosen as bio-based materials for adsorption
due to their abundance, low-cost, and favourable adsorption properties. Seagrass residues
have shown potential for phosphate adsorption due to their high surface area and inherent
affinity for phosphate ions. Similarly, thermally treated eggshells have demonstrated
adsorption capacity and can act as a sustainable and renewable resource for phosphate
recovery. The combination of adsorption using bio-based materials from waste streams
address several problems. They offer a sustainable and cost-effective approach for
phosphorus recovery, reducing the dependence on scarce phosphate rock resources. By
recovering phosphorus from phosphate-rich wastes, we have developed an efficient approach
which helps mitigate environmental pollution and eutrophication caused by the discharge of
nutrient-rich effluents into water bodies. Additionally, we contribute to the circular economy
by transforming waste materials into valuable products. Finally, the recovered phosphate
solid fraction obtained through adsorption with seagrass residues or eggshells can be utilized
as a soil conditioner or fertilizer. The phosphate-rich solid can provide essential nutrients to
plants, enhance soil fertility, and support sustainable agriculture. Many researchers have also
extensively studied the high phosphate loaded end product after adsorption through its direct
application as a soil supplement (Humayro et al., 2021; Santos et al., 2019; Sun et al., 2018;
Yao et al., 2013). However, to the author's best knowledge, very few publications are
available in the literature that addresses (Li et al., 2018; Robalds et al., 2016) the issue of
using real wastewater as a phosphate source and then the examination of the end product
after adsorption as a fertilizer or soil conditioner (Table 1). Most studies apply desorption
methods or evaluate the end product composed using synthetic phosphate solutions; however,
this far from actual conditions that can lead to false conclusions (Humayro et al., 2021; Santos
et al., 2019). The implementation of the recovered phosphate as a soil amendment promotes
efficient nutrient management, reduces the need for chemical fertilizers, and contributes to

the long-term sustainability of agricultural practices.
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Aligned with the concept of circular economy, this study proposes a novel approach

(Fig. 1-14) aiming at a sustainable recovery of phosphates from real wastewater and DWAS

using thermally treated biowaste-based materials and the evaluation of end products in the

agricultural industry as soil conditioners. Thus, the present study established a set of

objectives in order to attain the aforementioned goal:

Exploitation of new biowastes that have been scarcely studied for the
valorisation of phosphate from synthetic and real wastewater solutions was
mandatory. Herein, several biowastes such as orange peels, spent coffee
residues, fish scales, seagrass residues of P. oceanica, olive kernels biochar and
vineyard prunings biochar were examined for their capacity to adsorb
phosphate from synthetic wastewater.

Determination of the performance of thermally treated eggshell and seagrass
residues towards phosphate ions from synthetic and real wastewater solutions
and estimate the effect of other ions in the adsorption process. Calculation of
the Langmuir and the Freundlich constants based on the linear form of the
isotherms to examine the relationship between sorbed and aqueous
concentration.

Characterisation of the raw materials to identify their content and structural
changes before and after thermal pretreatment, as well as after the adsorption
procedure to identify the mechanisms of phosphate binding.

Evaluation of the most efficient extraction process to investigate the potential
phosphate recovery from DWAS as well as determination of biowastes’
selectivity towards phosphate ions from synthetic and real wastewater solutions
(extracted solution from DWAS and effluent from anaerobic digester).
Implementation of final products after adsorption process (from synthetic
solutions, anaerobic wastewater effluent and DWAS) as soil conditioners and
estimation of their impact on different types of seeds (Solanum
lycopersicum, Lepidium sativum, and Sinapis alba) through seed germination
and root elongation. The implementation of fractionation analysis also assisted

in the practical determination of distinct phosphorus forms in each end product.
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Evaluation of thermally treated eggshell in AD systems as a strategy to
counteract the pH drop due to the high concentrations of VFAs and increase
methane production. This approach was considered as a second potential
application of thermally treated eggshells after phosphate adsorption in the
anaerobic digester and the anaerobic effluents (AD effluent and wastewater
leached from DWAS).

Evaluation of a SAnNMBR treating rejected and domestic wastewater as well as
determination of thermally treated biowastes’ efficiency on the recovery of
phosphate from the SAnNMBR effluent (particle-free effluent with low COD
concentrations) both in columns and in reactors, aiming to optimise the entire
process.

Assessment of PAC as a follow-up adsorbent for further COD removal from
biowaste-treated wastewater. A vast array of crucial parameters was measured
throughout SAnMBR and followed adsorption reactors operations to evaluate

the overall system performance.
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Figure 1-14. Sustainable recovery of phosphates from real wastewater and DWAS using thermally treated biowaste-based materials.
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2 Research Methodology

2.1 Common Research Methodology for Chapters 3-7

From the preliminary experiments of this study (see Section 2.2), two biowastes
(eggshell, seagrass) were selected due to their high adsorption efficiency of phosphates
exhibited after being evaluated under different conditions. The pre-treatment of these
biowaste and the common research methodology followed for the forthcoming experiments
are presented below:

2.1.1 Pre-treatment of seagrass residues and eggshells

Chicken eggshells were collected from local food restaurants, washed with tap, and
distilled water to remove impurities and pollutants. Once cleaned, the eggshells were
naturally dried and crushed at room temperature for 24 h. Subsequently, the eggshells were
calcinated (thermally treated) in the furnace at 900°C for 30 min to obtain the thermally
treated eggshell specimens, prior to each application. The thermal treatment generates
nanometer scale porous, which provide a significant amount of surface area for the
interaction of phosphate ions. According to the literature, the surface area of the thermally
treated eggshell ranged from 1.82to 6.74 m? g™t (Ahmad et al., 2021; Awogbemi et al., 2020;
Santos et al., 2019). The obtained calcined samples were denoted as EGSL-TT.

Spent leaves of seagrass were collected from Limassol’s coasts in Cyprus and were
dried at ambient temperature for 24 h. Subsequently, the seagrass residues were thermally
processed at 500 °C for 1 h. The obtained thermally treated seagrass samples were denoted
SG-TT. Both wastes were thermally treated to obtain higher surface area, prior to their
application. Before experiments, both materials were stored in a desiccator to prevent

adsorption of water vapor.
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2.1.2 Adsorption isotherm kinetics

The controlling mechanisms of the adsorption process were evaluated by batch
experiments, which were performed using 20 g L™ seagrass with various concentrations of
phosphate (10-500 mg L) for 24 h at neutral pH. The conical flasks were placed in the
incubator at 33°C and 100 rpm. Phosphate concentration was measured for six different
contact times (0, 15, 30, 60, 120, 1440 min). At the end of each contact time, the suspension
was immediately filtered through a 0.45 um filter paper and the filtrate was analyzed within
2 h. To simulate the adsorption isotherm, two commonly used models, the Langmuir (Eq.
(1)) and Freundlich (Eg. (2)) isotherms, were selected to explicate in their linear form the

adsorption isotherms of phosphate. These equations are expressed as follows:

Eq. (1):
QbC

— e

%= | +bC,

Where e is the amount of adsorbed phosphate (mg g2), Ce is the concentration of phosphate
in solution at equilibrium (mg L™), b is a constant related to the energy of adsorption (L mg-

1, and Q is the maximum adsorption capacity of the sample (mg g1).

The Freundlich isotherm applicable to non-ideal adsorption on heterogeneous surfaces with
multi-layer adsorption is expressed as:

Eq. (2):
g, = KC.'"

Where K is related to the adsorption capacity of the adsorbent ((mg g (L mg™2)*"), n is the
Freundlich constant related to adsorptive capacity (mg g*) and intensity of adsorption (L mg"
1y favourability (Kése and Kivanc, 2011).
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2.1.3 Kinetic studies

Pseudo-first and pseudo-second order models were applied to interpret the
experimental data and the controlling mechanisms of phosphate adsorption from wastewater

solutions. A simple pseudo-first order equation is given by Lagergreen equation:

Eq. (3):

Kyt

log(q, -q, )=log q.-3357

Where ge and q; are the amounts of phosphate adsorbed (mg g*) at equilibrium time and any

time t (min), respectively, and ki is the rate constant of adsorption (min1).

A pseudo-second order equation based on adsorption equilibrium capacity may be expressed

in the form:

Eq. (4):

t 1 t
—_ 2+_
Qt kZQC Qe

Where k; is the pseudo-second order rate constant (g mg™* min™). The equilibrium adsorption
capacity (Qe), and the second order constants (k2) can be determined experimentally from the

slope and intercept of plot t/Q: versus t.
2.1.4 Analytical techniques

A colorimetric measurement technique was carried out using a HACH UV/VIS
scanning spectrophotometer (JENWAY 7315, Staffordshire, UK). The combined reagent
used constituted: a) H.SO4, b) potassium antimonyl tartrate, ¢) ammonium molybdate and d)
ascorbic acid. When added to a sample containing phosphates, a blue colour is rapidly formed
due to the antimony-phospho-molybdate complex shaped which can be reduced by ascorbic
acid, indicating the presence of phosphate ions into the samples. The phosphate concentration
was determined by absorbance at 880 nm and the chemicals used were of analytical grade
(obtained from Sigma-Aldrich Company Ltd). The selectivity of seagrass residues was also
evaluated testing different parameters such as the chemical oxygen demand (COD), nitrites
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(NO2), nitrates (NO3’), and ammonium (NH4") present in the waste solution. The COD
analysis was measured according to APHA colorimetric method, where 2.0 mL of the sample
was added into glass tubes, followed by the addition of 1.2 mL digestion solution and 2.8 Ml
sulphuric acid reagent. The glass tubes were then closed tightly, mixed properly, and refluxed
in a Hach COD reflux reactor at 150°C for 2 h. Following cooling to room temperature, the
COD was determined by a Shimadzu UV/Vis scanning spectrophotometer at 600 nm. The
NO2, NOz" and NH4" ions were determined using spectroquant cell test kits (Merck
Millipore), which allows the accurate quantification of these ions into water samples. Total
solids (TS) and volatile solids (VS) were measured according to Standard Methods from
(APHA, 2012). The molybdenum blue method (APHA 4500-PE) was selected for the
determination of phosphates concentration by a HACH UV/VIS scanning spectrophotometer
(JENWAY 7315, Staffordshire, UK) during the adsorption process. The biogas volumes were
regularly measured using a wetted 50 mL glass syringe and reported at atmospheric pressure
and a temperature of 33 °C. The gas composition in the headspace was determined by
withdrawing 1 mL from the headspace and analyzed using a gas chromatograph (Agilent
Technologies, 78200A, Santa Clara, CA, USA) equipped with a ShinCarbon ST 50/80 (2 m
length, 2.2 mm ID) mesh column (Restek Corporation, Bellefonte, PA, USA) and thermal
conductivity detector, as previously described by Vyrides et al., (2018). To equilibrate the
headspace with the atmospheric pressure, the volume after each measurement was
discharged. The coefficient of variation for 10 samples was +2%. The cumulative methane
yield was calculated, as previously reported (Charalambous et al., 2020). VFASs concentration
during the anaerobic digestion were evaluated using High-Performance Liquid
Chromatography-UV detector (LC20AD, Shimadzu, Japan) (Vyrides and Stuckey, 2009).
Finally, the pH and conductivity values were monitored using a portable meter after each gas

and liquid sampling (Photiou and Vyrides, 2021).
2.1.5 Statistical analysis

Significant differences in the mean content values of the root, shoot and total length of
the germinated seeds involved in the phytotoxicity trials were determined. The data obtained

from the experiments were compared with each control through one-way analysis of variance
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(ANOVA) to assess significant differences. The level of significance used was p < 0.05. The

error bars presented on figures correspond to standard deviation.
2.2 Research Methodology of Chapter 3

2.2.1 Biowaste selection

The following biowaste were tested for their capacity to adsorb phosphate: (a) orange
peels (obtained from KEAN Ltd, Limassol, Cyprus), (b) spent coffee residues (obtained from
coffee shop “Gloria Jean’s Ltd”, Nicosia, Cyprus), (c) fish scales (obtained from Blue Island
Ltd, Limassol) (d) seagrass residues of P. oceanica leaves of seagrass P. oceanica were
collected from different coasts in Limassol, Cyprus). In addition, several types of biochar
were examined for their capacity to adsorb phosphate: (e) biochar produced from olive
kernels (obtained from Pettemerides Olive Oil Mill Ltd, Limassol, Cyprus), (f) biochar
generated from vineyard prunings (obtained from Dafermou Winery, Larnaca, Cyprus) and
(9) eggshells. The aforementioned wastes prior to test their potential to adsorb phosphate
were rinsed several times with deionized water, in order to get rid of impurities and
pollutants, and subsequently dried in an oven. Specifically, orange peels, spent coffee
residues and fish scales were dried at 105°C and subsequently thermally treated at 550°C for
2 h. The same procedure was followed for eggshells, however the conditions selected for
their pre-treatment were selected from the study of Panagiotou et al., (2018) where eggshells
were thermally treated at 900°C for 30 min. Slightly different process was followed for
seagrass residues, which were first dried at room temperature for 48 h. Then, the seagrass
residues were ground, and the resulting powder was screened through a sieve lower than 1
mm, due to the higher surface area of the adsorbent. Then, the seagrass samples collected
were processed: a) using conventional pyrolysis method under nitrogen stream or b) by
thermal treatment method (550 °C for 15 min). The majority of the experiments were
conducted using the thermal treatment method (550°C for 15 min) since the produced

seagrass had the same adsorption capacity as the seagrass generated by pyrolysis.
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2.2.2 Phosphate sources

Both synthetic and real phosphate sources were employed in this study:

a) Stock solutions were prepared by dissolving anhydrous potassium dihydrogen phosphate
(KH2PO4) with deionized water. Different phosphate concentration solutions were also
prepared, for use in batch experiments. The concentrations of the synthetic aqueous solutions
were selected based on the range of phosphate-contents found in the waste streams used in
this study.

b) Wastewater from anaerobic digester effluent and dewatered sludge were also obtained
from the UWTP at Moni, Limassol. Anaerobic effluent wastewater was used due to relatively
high concentration of phosphate (Vardanyan et al., 2018). The wastewater was filtered using
90 mm Whatman cellulose filter paper. The value of total phosphorus (TP) concentrations
from real UWTP at Moni, Limassol from rejected water is 50 + 2.1 mg L™ (communication
with Chemical laboratory at Moni, UWTP). Based on the average total phosphorus in rejected
water from Moni UWTP (50 + 2.1 mg L) (Vardanyan et al., 2018) and the experimental
concentration of phosphate (100.18 mg L) it was calculated that the phosphate consisted of

61% of the total phosphorus.

c) Dewatered anaerobic sludge containing the highest phosphate concentration from all the
solid fractions of the UWTP at Moni, Limassol (Vardanyan et al., 2018). The samples
containing 20 g of dewatered anaerobic sludge were first acidified using 150 mL of 2 M,
H2SO4 for 2 days. The pH of the solution was around 3.0. The leach solution was filtered
using 90 mm Whatman cellulose filter paper and subsequently the filtrate was neutralized
using 2 M NaOH. The final concentration of the leached solution was 274 mg L™* phosphate.
Based on the average total phosphorus in dewater anaerobic sludge from Moni UWTP (6926
mg kg?) (Vardanyan et al., 2018) and the extracted concentration of phosphate using aqua
regia (967 mg L%, for 5 g in 100 mL) it was calculated that the phosphate consisted of 89.3%
of the total phosphorus. This is in line with the findings of the study of Vardanyan et al.,
(2018) which pointed out that the major fraction of P in dewatered anaerobic sludge is

inorganically bound (93.5%) and little portion is organically bound.
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2.2.3 Batch experiments

Batch laboratory-scale experiments were conducted in 250 mL conical flasks. The
working volumes of synthetic solutions, wastewater and leachate from dewatered anaerobic
sludge were 100 mL, 150 mL and 50 mL respectively. The conical flasks were subsequently
capped, sealed and stirred inside a shaking incubator operating at 100 rpm at 33°C, given that
temperatures higher than 35°C affected the physical adsorption process (Afroze and Sen,
2018). Samples were taken at pre-determined time points (0, 15, 30, 60, 120 and 1440 min)
to monitor the phosphate adsorption process. Afterwards, samples were filtered, and the
liquid phase was analyzed for phosphate residues. All the experiments were conducted in
triplicate (and the average and standard deviation were calculated for these), except of the
experiment testing the phosphate concentration removal on seagrass P. oceanica from
synthetic solutions in different heating time points (only the average was calculated). The

dried samples were ground resulting in particles with diameters less than 1 mm.

At batch laboratory-scale experiments the effect of the following parameters were
examined: (1) highest phosphate concentration adsorbed after 24 h over a wide range of
materials, (2) treatment temperature on the selected sorbent (150-800°C), (3) thermal
treatment time (15, 60 and 120 min), (4) submerged of seagrass for 24 h to water prior
adsorption; at batch tests (2-4) the initial synthetic phosphate concentration was 100 mg L.
In addition, (5) real wastewaters (anaerobic wastewater effluent and liquid extracted from
dewatered anaerobic sludge) as sources of phosphate were also used. Moreover, (6) the effect

of pH to the adsorption process in real wastewater was also tested.
2.2.4 Morphological, elemental, and crystallographic characterization

A Scanning Electron Microscope (SEM) from FEI (Quanta 200) has been used to
acquire images of the surface topography of seagrass samples before and after thermal
treatment, but also seagrass samples after the phosphate adsorption process. All samples were
coated, prior to examination, with a thin (<10 nm) silver layer in order to increase surface
conductivity and reduce electron charging from the microscope. Images were collected at 20

kV accelerating voltage in various magnifications. Energy-dispersive X-Ray spectroscopy
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(EDS) was also conducted along with imaging, to acquire information about the elemental
composition of the samples. Elemental maps were also obtained to reveal spatial information

about the phosphate adsorption sites.

The existence of any crystalline phases within the specimens was detected by X-Ray
powder diffraction (XRD) measurements. A Rigaku Ultima IV diffractometer was used to
collect the diffraction patterns of samples, which were recorded in the 10-70° 2theta angular
range. The diffractometer was equipped with a Cu tube, operated at 40kV and 40mA and the
X-ray beam was conditioned from convergent to parallel by a parabolic multilayer mirror,

which also partially monochromatized it (Cu Ka, A=0.154nm).
2.2.5 Calculation of specific heat capacity of dry seagrass residue

The amount of heat energy (Q) that seagrass residues gain in order to increase its
temperature from 25°C to 550°C is equal to the mass of the seagrass (m) multiplied by its

specific heat capacity (Cp) multiplied by the change in temperature (T):
Q(kJ) = Cp (kJ kg. K1) xm (kg)*xdT(K)

The specific energy of seagrass Cp is unknown so was calculated using Kopp’s rule based on

their elemental composition and the heat capacities of each element:

Cp, solids= > xixCp,i, where X is the mass fraction of each element i, and C,; is the specific
heat capacity of each element i at 25°C (Anastasakis and Ross 2015, Lide 2004)

The wt% of seagrass was calculated based on our findings in Table 2 using energy dispersive
X-ray spectroscopy. The heat capacities of these elements at 25°C are: 0.709 J gK™* for C,
0.918 J gK for O2,0.228 J gK* for Na, 1.023 J gK* for Mg, 0.897 J gK* for Al, 0.705 J gK-
for Si, 0.71J gK* for S, 0.479 J gK™ for Cl, 0.757 J gK™* for K, 0.647 J gK* for Ca, and
0.769 J gK'! for P.
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2.3 Research Methodology of Chapter 4

2.3.1 Characterisation of raw seagrass leaves

Spent leaves of seagrass P. oceanica were collected from different coasts in Limassol,
Cyprus. The seagrasses were subsequently left to dry at room temperature for 48 h prior
analysis for determination of biochemical composition. A FibreBag System (Gerhardt,
Konigswinter, Germany) was employed to measure the cellulose, hemicellulose and lignin
content. The aforementioned constituents were determined in the form of acid detergent fiber
(ADF), neutral detergent fiber (NDF) and acid detergent lignin (ADL) fractions using the
analytical protocols provided by Gerhardt. The elemental analysis was performed in our
previous study (Photiou et al., 2021). Photiou et al. (2021) found that tubular structure with
100s of nm in wall thicknesses and pore openings of 10-100 um is the most pronounced
microstructural feature of seagrass. This morphological arrangement provides a significant
amount of surface area for the phosphate ions to interact, which becomes more enhanced
following thermal processing of the material that also generates porous at the nanometer

scale.
2.3.2 Adsorption capacity assessment

The adsorption capacity of seagrass residues was estimated in fed-batch experiments.
The concentration of the adsorbent was stable at 20 g L™, and the synthetic phosphate
solutions were prepared at 2347.2 and 1110.8 mg POs* LY. The SG-TT residues were in
contact with each solution for several days until no further reduction on the phosphate
concentration was observed. From the data obtained, the adsorption capacity was expressed
as the amount of adsorbate taken up by the adsorbent per unit mass of the adsorbent. More
specifically, to calculate the sorption capacity of phosphate onto seagrass residues (mg g2),
the following equation was used:

_(GCp V
" 7000 m
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where ge is the sorption capacity (mg g?), V is the volume of phosphate solution (L), m is
the mass of adsorbent used (g), and Ci and Cs are the initial and final concentrations (mg L

1)_
2.3.3 Sources of phosphate

Sludge used in this study was collected from the sewage sludge treatment tank of
UWTP at Moni, Limassol, after the dewatering process which aims to reduce the volume of
waste before its final disposal. The main characteristics of the DWAS used were TS 20.9%,
Zn 422 mg kg sludge, Pb <2.7 mg kg™ sludge, Cd 2.1 mg kg™ sludge, Hg <0.2 mg kg™
sludge, Cr 41 mg kg sludge, Cu 194 mg kg sludge, Ni 25 mg kg sludge (SBLA Monthly
report, 2022). Wastewater from anaerobic digester effluent were also obtained from UWTP
at Moni, Limassol. Anaerobic effluent wastewater was used due to relatively high
concentration of phosphate (Vardanyan et al., 2018), with an average concentration of 70.78

mg L%, The wastewater was filtered using 90 mm Whatman cellulose filter paper before use.
2.3.4 Leaching process

Among other solid fractions produced in the UWTP, DWAS was selected due to the high
phosphate content as inorganically bound phosphate. Aqua regia was used in order to extract
the maximum phosphate concentration contained in DWAS. Different extraction methods
were applied and compared for their ability to extract phosphate from DWAS. The methods
examined were as follows:

(@) Sonication method (5 g of DWAS were placed in 100 mL of deionized water and
sonicated at 30 Hz for 1 hr).

(b) Nitric acid method (5 g of DWAS were acidified using 100 mL of 1 M HNOs for 1 d).

(c) Sulfuric acid method (5 g of DWAS were acidified using 100 mL of 1 M H2SO4 for 1 d).

(d) Thermal-Sulfuric acid method (5 g of DWAS were acidified using 100 mL of 1 M H2SO4
at 50 °C for 1 hr).

The leach solutions were filtered using 90 mm Whatman cellulose filter paper and

subsequently the filtrate was neutralized using 1 M NaOH.
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2.3.5 Adsorption of phosphate from different type of solutions

Lab-scale experiments were conducted using a) synthetic solution, b) anaerobic
effluent wastewater and c) the leachate from DWAS as phosphate sources. Synthetic stock
solutions were prepared by dissolving anhydrous potassium dihydrogen phosphate (KH2PO4)
with deionized water (DI). The method performed for the adsorption experiments was as
previously described (Photiou et al., 2021). Briefly, during the adsorption process, 20 g L
of SG-TT (500 °C, 1 h) was in contact with both wastewaters and synthetic solutions for 24
h. The conical flasks were capped, sealed and stirred inside a shaking incubator operating at
100 rpm at 33 °C. Samples were subsequently withdrawn at regular intervals to monitor the
adsorption process and phosphate was determined by the ascorbic acid method on a UV/VIS
spectrophotometer JENWAY 7315, Staffordshire, UK) at 880 nm.

2.3.6 Phytotoxicity assay

2.3.6.1 Compost characterization

The solid fraction (SG-TT P. oceanica) remaining after adsorption were amended with
compost, which was obtained from a mix of digestate (D), gardening and park trimming
residues (GR) and then tested as a soil conditioner in seeds. For each test, an amount of DI
water, compost and seagrass was mixed to obtained seagrass concentrations of 0, 1, 2.5, 5,
10%. For the characterization of compost used in the phytotoxicity trials, an analytical
protocol was developed, which comprises the determination of carbon (C) and nitrogen (N)
content, pH, temperature, TS, VSS, conductivity and moisture content (%).The estimation of
%Corg Was made based on the difference between the weight of sample at 105 °C and the
weight of sample at 550°C. Total N was determined on 0.5 g of each compost sample
withdrawn at the end of the composting process, to which, 2.5 g of potassium sulphate
catalyst and 10 mL sulfuric acid in a glass tube were added. The mixture was heated at 420°C
for 1 h. The tube was then left to cool, and 50 mL of water were added slowly under shaking.
Subsequently, 30 mL of boric acid were added to the suspension and distillation was
performed using a Kjeldahl apparatus (UDK 129, VELP Scientifica, Italy). The distillation

process was completed upon collection of 100 mL condensate. Titration was performed using
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0.01 M sulfuric acid and bromocresol green-methyl mixed indicator, which was added
dropwise to the distillate until the solution was turned into a violet at endpoint. The pH was
measured with a pH meter in a 1:5 (w/v) aqueous extract of fresh collected sample, after 15
minutes of mechanical stirring and 30 min of sedimentation. The moisture content, expressed
as percentage of samples as received, was calculated from the difference between the weight
of the wet sample and that of the dry sample (24 h at 105°C). The characterisation parameters

of compost are shown in Table 2-1.

Table 2-1. Compost characterisation

Parameter Value Std
pH 7.50 0.00
T (°C) 17.00  0.00
Humidity (%) 50.00  0.00
Conductivity (uScm?)  860.50 0.00
TS (% wiw) 4467  1.64
VS (% wiw) 3998 7.05
C (%) 17.80  2.49
TN (%) 268 027
C:N ratio 6.65 0.66
P (% wiw) 239 031

2.3.6.2 Testing with adsorbed phosphate from synthetic solution

Phytotoxicity is a toxic effect imposed by a compound on plant growth. The solid fraction
composite/end product remained after the phosphate adsorption process from synthetic
solution was kept for evaluating its potential as a soil supplement. This experiment aimed to
find the optimum concentration of end product, which, when applied as a fertilizer, could
enhance plant growth. Thus, different concentrations of this end product were amended with
compost (0, 1, 2.5, 5, 10% wi/w (g of SG-TT residues per g of compost)), which 0% was the
control experiment, and tested in tomato seeds. The samples were shaken with DI water and
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the whole portion was transferred to petri dishes. Two layers of absorbent paper and 10
tomato seeds were placed in each petri dish. The petri dishes were sealed with parafilm and
placed in a dark spot for 8 d at room temperature. Finally, the number of germinated seeds
as well as the length of their roots were counted. The phytotoxicity was expressed by using

the followed formulas:

(% Seed germination)* (% Root growth)
100

Germination Index (GI)=

Where,

No. of germinated seeds in compost
*100

Seed germination (%)= i i
ced germination (%) No. of germinated seeds in control

Mean root length in compost
*100

R h (%)=
oot growth (%) Mean root length in control
Following this, the phytotoxicity was expressed by using the germination index (Gl)

formula and the length (cm) of shoot and root of each seed.

2.3.6.3 Testing with adsorbed phosphate from wastewater solutions

Based on the results of the pre-trials using synthetic solution as a source of phosphate, the
most favourable conditions were selected for the evaluation of solid fraction composite as a
soil conditioner. After the adsorption process using anaerobic effluent (58.5 mg L) and
leachate phosphate (862.0 mg L), the end product of adsorption was evaluated by using the
5% concentration on Sinapis alba and Lepidium sativum seeds. The Gl was calculated to

characterize the phytotoxicity of each sample.
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2.4 Research Methodology of Chapter 5

2.4.1 Coupling EGSL-TT with AD systems
2.4.1.1 Substrate and Inoculum Preparation

Glucose (G), food waste (FW) and cellulose (CEL) were used as substrates for the
AD. G and CEL powder of analytical grade were purchased from Sigma-Aldrich Company
Ltd (Darmstadt, Germany) and FW was provided by different hotels in the area of Limassol
(Cyprus). Upon collection, FWs were immediately transferred to the laboratory for further
treatment (blending and mixing) to produce a homogeneous mixture, which was
subsequently stored at —20°C before use. The average characteristics of FW were Total
Sugars (%) 41.07+2.45, Proteins (%) 7.96+0.04, Total Lipids (%) 10.42+2.22, Lignin (%)
4.50£0.68, Hemicellulose (%) 45.83+3.08, Cellulose (%) 10.58+2.28. Fermentation
inoculum comprised the anaerobic granular sludge (GS), which was withdrawn from a full-
scale dairy wastewater treatment bioreactor (Internal Circulation (IC)) at pH 7.0-7.5
(Charalambides Christis Ltd, Cyprus). The TS and VSS of GS was 11.2 and 65.1% (w/w),
respectively. Anaerobic GS was sieved (1 mm) and rinsed with distilled (DI) water and then
was subsequently capped, sealed and stirred inside a shaking incubator operating at 100 rpm

at 33°C, for 1 week for activation prior to application.

2.4.1.2 Anaerobic Fermentation Plan

G, FW and CEL were fermented in batch scale mode in 250 mL glass shake flasks
with an effective working volume of 150 mL at mesophilic conditions (33°C). To each shake
flask, 5 g of GS was placed as inoculum. In the fermentations (AD-G, AD-FW, AD-CEL),
different concentrations of substrate were added (4, 6, 8 g L™ G substrate, 3gof FW and 1 g
L of CEL), respectively. Two different concentrations of EGSL-TT were used for AD-G
fermentation (5 and 10 g L), while the same concentration of 20 g L EGSL-TT was used
for AD-FW and AD-CEL fermentations. The medium selected for AD-G was the medium
reported at Angelidaki et al., (2009), and tap water was used concerning the AD-FW and
AD-CEL fermentations. The pH was measured at the beginning and ending of each
experiment by withdrawing 1 mL from each flask. The serum bottles were sealed with rubber
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septa and a screw cup. All fermentation bottles were flushed with N2 for 2 min. Control
experiments were prepared in duplicates for the fermentations.

2.4.1.3 Influence of soluble carbonates (CO; flushing)

Laboratory-scale experiments were conducted using shake flasks as reactors with a
working volume of 150 mL, which were operated under anaerobic conditions for the
adsorption capability of the absorber regarding the CO> gas stream. FW were submerged in
DI water for 24 h and the supernatant liquid was added in shake flasks. Five treatments were
tested: (1) the supernatant liquid as the control experiment, (2) the shake flasks containing
the supernatant liquid flushed with CO-, (3) the shake flasks containing the supernatant liquid
flushed with N, (4) the shake flasks containing the supernatant liquid with 20 g L™* EGSL-
TT flushed with CO, (5) the shake flasks containing the supernatant liquid with 20 g L
EGSL-TT flushed with N.. The initial average phosphate and COD concentration in the
supernatant liquid were 29.0 and 7489.0 mg L™, respectively. Each experiment was
conducted in duplicate at 33°C.

2.4.2 Adsorption of phosphate ions and evaluation of end products as soil

supplements

Adsorption experiments using a) anaerobic effluent wastewater b) the leachate from
DWAS as phosphate sources, were initially performed using lab-scale reactors. The sludge
and wastewater used in this study were provided from the wastewater treatment plant of
Sewerage Board of Limassol-Amathus (SBLA) in Moni (Cyprus). The sludge was obtained
after the dewatering process and the effluent wastewater from the anaerobic digester. Both
wastes were chosen due to their relatively high P content as inorganically bound P
(Vardanyan et al., 2018). The average concentration of phosphates in dewatered sludge and
effluent wastewater were 114.35 and 70.78 mg L™, respectively. For 5 g of sludge, 100 mL
of 1 M nitric and sulfuric acid were applied as extraction media to compare their ability to
extract P from DWAS. The leachates of pH 2—-2.5 were used after pH adjustment to neutral
using NaOH.
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The method applied for the adsorption experiments was as previously described
(Photiou and Vyrides, 2021). The solid fraction composite remained after the phosphate
adsorption process from a) anaerobic effluent wastewater and, b) the leachate from DWAS
were kept for evaluating their potential as soil supplements. The end products were evaluated
by using the 5% w/w (g of EGSL-TT/P per g of compost) on Sinapis alba and Lepidium
sativum seeds, after being amended with compost (CVD) obtained from a mix of D, GR as
specified in our previous experimental work (Photiou et al., 2021b). In brief, the end products
were shaken with DI water and the whole portion was transferred to petri dishes. Two layers
of absorbent paper and 10 seeds of each plant were placed in petri dishes. The petri dishes
were sealed with parafilm and placed in a dark spot for 3 d at room temperature.

2.5 Research Methodology of Chapter 6
2.5.1 Feed Wastewater

The wastewater utilized in this study was obtained from SBLA wastewater treatment
plant in Cyprus. The wastewater stream used was termed reject water, which was a mixture
of the aqueous phase from the process of dewatering before and after the anaerobic digester
(Vardanyan et al., 2018). Reject water was chosen as feeding water in the SAnMBR due to
its relatively high phosphate concentration (29.68 mg L™). The characteristics of the reject
wastewater are given in APPENDIX Il (Table S6-1).

2.5.2 Experimental setup and operation conditions of SANMBR

The SAnMBR process was consisted of a biological reactor (20 L cylindrical)
combined with a submerged membrane unit. In this study, a Kubota membrane module
(polyethylene) with total surface area of 0.1 m? and 0.4 um pore size was used. The whole
system was flushed with nitrogen gas to establish an anaerobic environment. The
fermentation inoculum was a GS, which was withdrawn from a full-scale bioreactor treating
dairy wastewater at neutral pH (Charalambides Christis Ltd, Cyprus). Anaerobic GS was
activated prior to application as mentioned in the work of Photiou and Vyrides (2022). The

20 L SAnMBR system was fed with the reject water using a feeding pump at a flow rate of
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10 L d*. The effective volume of the reject water was 15 L and the hydraulic retention time
(HRT) of the reactor was maintained at 36 h until the end of the fermentation. The SAnNMBR
system was operating for 50 d at 33°C. Simultaneously, while the membrane was severely
fouled as a consequence of the continuously SAnMBR operation, a physical cleaning
procedure including backwashing in high flow velocities was conducted to recover the

membrane permeation flux and ensure the membrane module's condition and performance.
2.5.3 Column mode adsorption operation

Two adsorption columns were connected to the SAnNMBR effluent tank. The columns
had dimensions of 20 cm in height and 2.5 cm in diameter with an effective packing height
of 13.5 cm. The biowaste materials were EGSL-TT and SG-TT residues. To evaluate the
performance of each column, phosphate concentration was monitored through the process.
The eggshell and seagrass effluents were designated as EGSL and SG after passing through
the column system. The concentrations of COD, ammonium and other parameters were
measured for both effluents. The operation of the columns ended when the initial
concentration of phosphates was equal to the concentration of phosphates in the column
effluents. The experimental set-up of the SAnMBR followed by the two adsorption columns,

Is presented in Fig. 2-1.
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Figure 2-1. Schematic diagram of the submerged membrane anaerobic bioreactor
(SAnMBR) followed by the EGSL-TT and SG-TT adsorption columns.

2.5.4 Phytotoxicity assessment

The EGSL and SG solid fractions that remained at the end of phosphate adsorption
from the SAnMBR effluent were stored to evaluate the potential of each material to be used
as soil supplements. Both P-riched adsorbents after the process were dried at 105°C at the
oven for 24 h. The method and formulas applied for the assessment of the end products on S.
alba and L. sativum seeds was as mentioned on the study of Photiou and Vyrides (2022). The
Gl comprise a measure for evaluating the number and speed of seed germination. Higher

values of Gl indicate a greater rate of germination.
2.5.5 Fractionation of phosphorus in the products

The Standards Measurements and Testing (SMT) protocol is a well-known method
for the determination of sediment phosphorus fractions. The SMT protocol determines five
different phosphorus fractions according to their extractability: (1) the TP, (2) the OP, (3) the
IP, (4) the NAIP mostly bound to Fe, Al, Mn oxyhydrates and finally, (5) the AP, which is
compound based to Ca. UV-Vis spectrophotometry technique in combination with the
molybdenum blue method was used to measure phosphate content. Thus, the extraction
protocols are a useful approach for studying phosphorus formation in different sediments
(Pardo et al., 2004). In this work, the SMT protocol was followed for greater understanding
the phosphorus fractions in the EGSL and SG end products after the adsorption of phosphates
from SAnMBR effluent, as well as the GS from the anaerobic reactor.

2.6 Research Methodology of Chapter 7

2.6.1 Wastewater characteristics

The SAnMBR was initially fed with synthetic wastewater to maintain a uniform

composition until day 44. Then, domestic wastewater was fed into the system for the last 17
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days of the experiment. Domestic wastewater was obtained from the SBLA wastewater
treatment plant in Cyprus after removing floatable objects and other materials by gravity
(Vardanyan et al., 2018). Table 2-2 provides the characteristics of both synthetic and

domestic wastewater.

Table 2-2. Synthetic and domestic wastewater characterisation

Parameter Unit Synthetic  Domestic
Temperature °C 25.0 26.0
pH 8.0 7.9
Conductivity uS cm? 3,736.0 1,832.1
Total COD (TCOD) mg L? n.m.* 624.8
Soluble COD (SCOD) mg L 945.8 238.3
Suspended solids (SS) mg L? n.m. 282.0
NOsz-N mg L? 0.8 1.0
NO-N mg L 1.2 1.7
NH4-N mg L? 41.4 45.5
PO4-P mg L? 23.9 26.1

n.m.*= not measured

2.6.2 Experimental setup

A 20 L cylindrical biological reactor and a polyethylene Kubota membrane module
with a total surface area of 0.1 m? and a pore size of 0.4 um constitute the SANMBR. The
SANMBR was initially fed with synthetic wastewater for 44 d and then was pumped
continuously with actual domestic wastewater from a full-scale facility for 17 d at 33°C.
Anaerobic granular sludge was used as the fermentation inoculum and was activated as
previously reported in the work of Photiou and Vyrides, (2022), prior to the application. The
HRT was stable at 36 h for the first two phases (Phase | and II), while at the final phase
(Phase I11) the HRT was 24 and 36 h to evaluate the effect of HRT on the organic compound
removal. Samples were taken on regular time intervals to monitor the process. The SAnMBR

effluent was also connected through a pump with two reactors of 600 mL working volume,
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which were consisted of thermally treated EGSL and SG. Different flow rates were also
examined to find the optimum operational conditions of the adsorption system (0.1 — 0.8 mL
min't) for both wastewaters tested. EGSL and SG of 25 g each was added in the reactors for
the Phase I and Il every 15 d, while an addition of 25 g was performed for the SANMBR
effluent treating domestic wastewater in phase I11. The effluents were denoted as EGSL and
SG after passing through the adsorption reactors. Following these reactors, the effluent of
each biowaste was connected to two identical reactors with PAC, which was previously dried
overnight at 105°C in an oven. PAC (Honeywell, Fluka, CAS-No: 7440-44-0) of 8 g was
added in the reactors for the Phase | and Il, while an increased to 16 g was performed for
Phase I1l. The PAC characteristics are presented in the APPENDIX I1l (Table S7-2). The
PAC addition after EGSL and SG were denoted as PACa and PACsg, respectively. The
experimental set-up of the SAnMBR followed by the four-adsorption reactors is depicted in
Fig. 2-2. Five locations were sampled (Fig. 2-2): (1) synthetic/domestic influent feed, (2)
synthetic/domestic effluent (3) eggshell effluent, (4) seagrass effluent and (5) effluent after
PACA, and (6) effluent after PACg. The permeates were collected, filtered (0.2 um filter) and
placed in a 2 mL centrifuge tube. To examine the performance of each reactor, the permeates
were analyzed for the determination of COD, phosphates (PO4*), NH4*, conductivity, pH
value, and VFAs.

BIOGAS o (5 |
\ Solid residue Final effluent
1 Feeding 2 SAnMBR
tank effluent
A 6
[Liqua A pac,
SAnMBR
Solid residue Final effluent

Figure 2-2. Schematic diagram of the SAnNMBR followed by the EGSL-TT, SG-TT, and

PAC adsorption reactors.
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2.6.3 Phytotoxicity assessment

The utilization of the liquid fraction remained after the phosphate adsorption process
from the SANMBR effluent was assessed through phytotoxicity trials on Sinapis alba and
Lepidium sativum seeds. The SAnMBR inlet and outlet, and the effluent after PAC treatment
for both biowastes were mixed and then diluted (20% v/v) prior to the application. The final
effluents of the process were filter through a 0.22 pum filter and kept for evaluating their effect
on plant growth. The methodology applied for the assessment of the final effluents on seeds

were previously used by Photiou and Vyrides (2021).
2.6.4 Fractionation of phosphorus in the products

The SMT protocol was applied for the determination of the phosphorus fractions in
the EGSL and SG solid residues after the phosphate’s adsorption from both SAnMBR
effluents (synthetic and domestic wastewater), as well as the GS from the anaerobic reactor.
The method used is reported in the work of Pardo et al., (2004), which determined five
phosphorus fractions (TP, OP, IP, NAIP and AP).

2.6.5 Wastewater VOCs analysis

To extract volatile organic compounds (VOCs) from wastewater samples, 5 mL of
the sample was placed in a 20 mL headspace glass vial and allowed to reach equilibrium at
25°C for 24 hr. The vials were then closed with a HiSorb septum, and the analytes were
adsorbed onto a polydimethylsiloxane/carbon wide range HiSorb probe. Beforehand, the
sample was mixed with 2 g of sodium chloride and stirred continuously at 700 rpm.
Chlorobenzene-d5 was spiked in the sample as an internal standard. The probes were pre-
conditioned at 260°C for 25 min under a helium flow rate of 75 mL min™. The VOCs were
desorbed using a Unity-xr thermal desorption (TD) system connected to an Agilent GC-
7890B gas chromatography and MSD-5977B mass spectrometry (TD-GC-MS). The
desorption was performed at 250°C for 10 min and the analytes were focused on a graphitized
carbon cold trap at -10°C. The cold trap was then rapidly heated to 320°C for 3 min with a
split flow of 1:10. A SPB™-624 capillary column was used as the stationary phase. The
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initial temperature was 35°C, which was maintained for 5 min before being raised to 180°C
at a rate of 4°C min* and remaining at that temperature for 20 min. The analysis was
performed in full scan mode and the recorded masses were set from 35 to 350 m/z. The total
analysis time was 61.25 min. The integration of the total ion chromatogram (TIC) peaks was
performed using the ChemStation software (Agilent, USA). Finally, NIST 20 library was

used to identify the emitted compounds.
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3 Phosphate removal from synthetic and real wastewater using thermally

treated seagrass residues of Posidonia oceanica

The objective of this work is to provide an insight into new low-cost adsorbent
materials, for optimum recovery of phosphate from real wastewater. Herein, several
biowastes were tested for their capacity to adsorb phosphate: (a) orange peels, (b) spent
coffee residues, (c) fish scales, (d) seagrass residues of P. oceanica, (e) biochar produced
from olive kernels, (f) biochar generated from vineyard prunings. SG-TT residues exhibited
the highest phosphate adsorption capacity among the aforementioned biowastes at 100 mg
L initial phosphate concentration. Based on experimental data (Section 3.1) it was
concluded that thermally treated seagrass and eggshell residues demonstrate the highest
potential to adsorb phosphate. Therefore, the aim of this study was to evaluate the potential
of seagrass residues of P. oceanica as a phosphate adsorbent from real wastewater
applications. Additionally, the study aimed in characterizing the compounds formed
following phosphate adsorption at seagrass residues of P. oceanica, to determine the structure
of seagrass residues before and after phosphate adsorption and to identify the mechanisms of

phosphate binding.
3.1 Biowastes’ performance

The adsorbent dosage for all the thermally treated biowastes used (orange peels, spent
coffee residues, fish scales, eggshells, seagrass residues of P. oceanica, biochar produced
from olive kernels and biochar produced from vineyard prunings) ranged between 20-30 ¢
L1 and the synthetic solution used was prepared containing 100 mg L™ phosphate. The
experiments carried out were running for 24 h and the results obtained are shown in Table 3-
1. Shortly after starting out the maximum phosphate removal (99.0 %) was recorded using
SG-TT residues of P. oceanica at 30 minutes incubation while the lowest removal was
observed using non-treated spent coffee residues (Table 3-1). Up to date there are no
information regarding the adsorption of phosphate on thermally treated residues of P.
oceanica and few studies have examined phosphate adsorption from real wastewater in

biowaste. Therefore, the research in this Thesis focused on the phosphate adsorption using
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seagrass residues of P. oceanica from synthetic solution and from real wastewater. In

addition, the mechanisms and the optimum conditions were examined.

Table 3-1. Percentage removal of phosphate from synthetic aqueous solutions using different biowastes.
Initial phosphate concentration in all samples was 100 mg L

Biowaste Pre-treatment method c'IA dsorber_11t Phosphate
ose [g L] removal [%]
Fish scales Thermally treated at 550°C for 2 h 30 51+£0.3
Spent Coffee residues - 30 0.0£0.0
Spent Coffee residues  Thermally treated at 550°C for 2 h 20 38.9+37
Orange peels Thermally treated at 550°C for 2 h 30 13.2+ 2.0
Olive kernels Pyrolysis at 550°C for 3 min 20 154+1.1
Vineyard prunings Pyrolysis at 550°C for 3 min 20 154+3.9
Eggshells Thermally treated at 900 for 30 min 20 99.0+£15
P. oceanica Pyrolysis at 550°C for 3 min 20 97.7+04
P. oceanica Thermally treated at 500°C for 1 h 20 99.1+0.8

P. oceanica constitutes a naturally available low-cost biomaterial that can be used for
the removal of phosphate from aqueous solutions (Wahab et al., 2011). The valorisation of
this unexploited renewable lignocellulosic seagrass residue can be considered as a cheap
alternative for the removal of phosphate from aqueous media (Krika et al., 2015). So far, it
has been confirmed that P. oceanica residue can adsorb uranium (VI) (Aydin et al., 2012),
chromium (V1), lead (I1) (Allouche et al., 2011), methylene blue dye (Guezguez and Mhenni,
2008) and anionic species from synthetic solutions (Khiari and Belgacem, 2017). So far, few
studies examined P. oceanica residue for Phosphate removal and this is the first study that

has examined the use of P. oceanica residue for Phosphate removal from real wastewater.
3.2 Effect of pre-treatment temperatures

It is known that the adsorption properties of a material can be improved by chemical
or physical activation treatments and in particular, thermal treatment of materials, such as
seagrass, present great adsorptive capacity as opposed to un-treated specimens (Cataldo et
al., 2018). Based on these findings, batch experiments were conducted to assess the optimum

conditions required to produce a low-cost adsorbent with high potential in the fields of
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agriculture and industry. Different experimental parameters were studied including a wide
range of seagrass treatment temperatures ranging between 150-800°C for 15 min (Fig. 3-1).
Seagrass exposed to temperatures between 500-700°C exhibited the highest phosphate
removal (95-99%). Interestingly the activation of seagrass was achieved in lower temperature
compared to other studies and without applying pyrolysis or nitrogen and can be more
economically viable to implement this process at a larger scale. More specifically, when the
temperature was lower than 500°C or higher than 700°C, the removal percentage of
phosphate decreased from 99 to 46%, while the adsorption time increased from 30 to 120
min. This can be explained due to the changes in the material’s structure after the treatment

through activation of the functional surface groups and pore volume.

Apart from the thermal treatment, pyrolysis was used as a treatment step using
seagrass. The sample was pyrolysed at 500°C for 3 min, and subsequently tested for its ability
to adsorb phosphate in aqueous solutions. Both thermally treated and pyrolysed seagrass
exhibited almost the same yield concerning the removal and adsorption of phosphate in water.
The difference in the yield of these two samples was less than 2%, and so the next
experiments were performed using SG-TT at 500°C, which constitutes the most cost-efficient

option.

According to Afroze and Sen, (2018), high treatment temperatures usually enhance
the adsorptive removal of water pollutants, due to increased surface activity of the adsorbent.
Nevertheless, high temperatures could also damage the physical structure of the adsorbent
by decreasing the oxygen surface functional groups of the material. Direct application of
untreated agricultural biowastes as adsorbents can cause difficulties in the adsorption process
resulting in lower adsorption capacities, as well as release soluble organic compounds
contained in the raw materials creating another problem related to secondary pollution (Zhao
et al., 2014). Hence, physical and chemical activation of these materials are necessary to get

the desired characteristics, which in turn enhance the adsorption process.
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Figure 3-1. Adsorption of phosphate on seagrass P. oceanica from synthetic solution (100

mg L) in different pre-treatment temperatures.
3.3 Effect of thermal treatment time at 500°C

As mentioned earlier, this experiment was performed using SG-TT residue at 500°C,
due to the higher phosphate adsorption (findings from Section 3.2). Seagrass was exposed to
500°C for different heating durations (15, 60 and 120 min) to assess the optimum time in
which seagrass yields maximum phosphate removal. The results demonstrate that the lowest
phosphate removal was achieved at 500°C for the period of 15 min, while in the period of
120 min seagrass residues exhibited the highest adsorptive capacity (Fig. 3-2). The difference
in the yield of these two samples was less than 2%, and so additional experiments were
performed using SG-TT at 500°C for 60 min.
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Figure 3-2. Phosphate concentration removal on seagrass P. oceanica from synthetic

solutions in different heating time points (15, 60 and 120 min).
3.4 Effect of seagrass washing with water in the adsorption process

Seagrass surface incorporates a significant concentration of salts due to the high salt
content existing in sea water. Sen et al., (2011) stressed that in general, adsorption decreases
in the presence of salts due to the co-adsorption effect, but also the increase of salts further
reduces the adsorption efficiency. In addition, it was suggested that apart from phosphate
removal, phosphate precipitation with salt ions could also occur. Thus, the effect of seagrass
washing with water in the adsorption procedure was evaluated through batch experiments
repeated in two different phosphate concentrations, 100 and 200 mg L. These two
concentrations 100 and 200 mg L were selected to simulate the content of phosphate in the
reject water and leach solution from dewater sludge respectively and to test the performance
of the adsorption in two different concentrations. The conditions for these trials for seagrass
residues were selected based on previous experiments (Section 3.2. and 3.3). The results
obtained (Fig. 3-3) do not demonstrate significant difference in the performance of washed
with water seagrass and not washed seagrass. Thus, washing with water prior to the

adsorption method has no effect on the procedure's performance.
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Figure 3-3. Phosphate concentration removal using seagrass P. oceanica previously washed

with water and un-washed in synthetic solutions.

Black dashed line: - - -, separates the two concentrations tested.
3.5 Seagrass microstructure and chemistry

Seagrass samples were investigated using SEM, EDS and XRD in an attempt to get
a better understanding of the mechanisms involved in the phosphate removal process. Figure
3-4 presents SEM images of seagrass ((a)-(c)) and seagrass after it has been heat treated at
500°C for 1 h ((d)-(f)). The most pronounced microstructural feature of seagrass relates to
its tubular structure with 100s of nm in wall thicknesses and pore openings of 10-100 um in
size. This morphological arrangement provides a significant amount of surface area for the
phosphate ions to interact, which becomes more enhanced following thermal processing of
the material. In fact, after heat treatment of seagrass residues, part of their lining is
decomposed exposing higher surface area and the internal structure of biomass, which has
also generated porous at the nanometer scale (Figure 4(d)-(f)). This is in line with the findings

of Section 3.2 where an increase in treatment temperature resulted in higher phosphate
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adsorption. Some cubic structures pertaining to salt crystals are also visible both on untreated
and heat-treated seagrass. The salt appears to reside primarily within the tubular structures

and gets exposed following heat treatment.

pL T

Figure 3-4. Scanning electron microscopy images of untreated (a-c) and SG-TT (d-f).

Table 3-2 presents the stoichiometric composition (in atomic percent) of all elements
present in seagrass specimens before and after thermal treatment as well as after interaction
with the synthetic phosphate solution. In untreated seagrass specimens carbon and oxygen
comprised the dominant elements which relate to the organic matrix composed of cellulose
((CsH100s)n) and lignin (CoH1002,C10H1203,C11H1404), as reported in the literature by Fouzi
et al., (2019). Khiari et al., (2010) demonstrated that approximately 30% of P. oceanica dry
weight is composed by lignin. The presence of sodium and chloride relate to salt whereas
silicon composes the skeleton of diatom algae. Following thermal-treatment, carbon is
reduced which probably relates to the partial decomposition of the organic matter;
subsequently all unaffected quantities are increased in relative proportions. While EDS is not
the most accurate technique for quantifying elemental composition of specimens,
nevertheless it provides sufficiently accurate results for samples with similar consistency and
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concentration range and for comparative studies, as we did within this study; the conclusions
drawn above are therefore considered reliable.

Table 3-2. Percentage elemental composition of seagrass specimens obtained through energy dispersive X-
ray spectroscopy. SG: Seagrass; SG-TT: Thermally treated seagrass; SG-TT/P: Thermally treated seagrass
after phosphate adsorption.

C 0 Na Mg Al Si S Cl K Ca P Fe
SG 55.64 28.68 279 287 046 082 052 672 035 115 0.00 0.00
SG-TT | 2245 3441 823 1186 031 046 106 1495 116 501 0.17 0.00
SG- 20.48 43.06 522 599 038 269 026 201 336 564 1092 0.32
TT/P

Figure 3-5 shows the XRD patterns of untreated (SG) and heat-treated seagrass (SG-
TT). The crystalline phases of sodium chloride (NaCl) and gypsum (CaS04.2H,0) can be
identified in the untreated seagrass sample. A broad peak in the region of 20-25° is usually
attributed to the organic matter of seagrass, cellulose and lignin. In the thermally treated
sample, the signal from the organic matter becomes weaker due its partial decomposition,
while several other crystalline phases get dehydrated or transformed. For example, gypsum
is converted to anhydrite (CaSO4) and the appearance of periclase (MgO) is detected. While
the dehydration/rehydration of calcium sulphate (gypsum) is still the subject of research
investigations, there is a general consensus on the temperature that the main dehydration
event occurs which is in the 95-170°C range (Tang et al., 2019, Strydom et al., 1995). This
is consistent with our XRD results, given that the treatment temperature used herein (500°C),
well exceeds this critical range. The salt crystals (NaCl) remain unaffected and peaks relevant

to potassium chloride (KCI) appear (non-detectable prior to heat treatment).
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Figure 3-5. X-ray diffraction data of untreated seagrass, SG-TT and heat-treated seagrass

after phosphate adsorption from synthetic media

The significant increase of the atomic percentage of phosphorus, as evidenced in

Table 3-2 (SG-TT/P sample), confirms the ability of SG-TT to remove phosphate from
phosphate-rich solutions. Towards understanding the mechanism of phosphate removal,
XRD, SEM, and EDS measurements of the SG-TT specimens after they have been in contact
with the synthetic phosphate solution have been undertaken. The elemental maps presented
in Figure 3-6 show a spatial distribution of elements and suggest that phosphates are more or
less homogeneously distributed within the majority of the specimen’s surface. This can be in
the form of physical or chemical adsorption on the surface or within the seagrass residue.
The spatial distribution of P is in very good correlation with Mg and O suggesting a chemical
structure that combines all three elements. In fact, XRD data (Fig. 3-5) suggest the existence
of the baricite crystal (Mg, Fe™)3(PO4)..8(H20) with peaks in the corresponding regions
experimentally obtained in this study. Beyond baricite other crystalline phases appear to exist
within  the resulting solids, these being magnesite (MgCOs3), pargasite
(NaCaz(MgsAl)(SisAl2)O22(0H)2), periclase (MgO) and potassium chlorite (KCI). The
elemental spatial distribution of Na and ClI also correlates which suggest the existence of
remaining sea salt crystals. Results at Section 3.4 pointed out that seagrass previously
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exposed to water prior to phosphate adsorption maintained their high adsorption capacity. It
is possible several cations such as Mg?* to be strongly attached to the surface (and not to be
removed by previous exposure to water) or to be in the inner surface of seagrass and therefore

to contribute also to phosphate removal through phosphate precipitation (e.g., baricite).
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Figure 3-6. Elemental mapping for a SG-TT material after it has interacted with a synthetic

phosphate solution.
3.6 Adsorption isotherms

The equilibrium isotherm analysis of the adsorption process was evaluated by
contacting 20 g L™ of seagrass residue thermally treated (at 500°C for 1 h) with
concentrations of phosphate (10-500 mg L) for 24 h at pH 7.
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Figure 3-7. Langmuir isotherm plots for phosphate removal by seagrass residues P.

oceanica.
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Figure 3-8. Freundlich isotherm plots for phosphate removal by seagrass P. oceanica

residues.

The experimental data obtained for the use of seagrass residue were applied to the
linear Langmuir and Freundlich isotherm equations and the findings are shown at Figs. 3-7
and 3-8. The Langmuir isotherm model assumes a completely homogeneous surface and the
adsorption onto the surface has the same activation energy, whereas the Freundlich isotherm
model is suitable for highly heterogeneous surfaces. Adsorption results derived using
different phosphate concentrations demonstrated that the Freundlich isotherm provided the
best fit predicting closely the process (Fig. 3-8). The constant parameters of the two isotherm
equations and the linear regression coefficients R? (0<R?<1) of measured and modelled
adsorption results are summarized in Table 3-3. The Langmuir and the Freundlich constants
were determined based on the linear form of the isotherms that were characterized by the best
fit to the experimental data. The experimental data fitted very well the Freundlich equation
since the R2 values calculated were very close to 1, indicating a linear regression coefficient
(R?) of 0.9871. In addition, as shown in Fig. 3-4 the surface of seagrass residue seems

heterogeneous and this is in line with the findings regarding Freundlich isotherm.
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Table 3-3. Langmuir and Freundlich isotherm constants.

Isotherm Constant
. Qo (mg g*) b (L mg*) R?
Langmuir
30.2115 0.0023 0.9664
K (mg g? n R?
Freundlich (Mg g7)
7.9457 1.5647 0.9871

All the constants and the linear regression coefficient values of the models are given
in Table 3-3. Based on the initial phosphate concentration the adsorption of phosphate by
SG-TT increased with time until an equilibrium was reached. This suggests that increase in
adsorption during the initial stage could be due to presence of abundant active sites available
on the surface of SG-TT. The non-significant change in phosphate adsorption after reaching
equilibrium suggests that all the active adsorption sites on SG-TT were saturated. As shown
in Table 3-4 the pseudo first-order model provided a better fit to the data compared to the
pseudo second-order model and this is an indication physical adsorption between phosphate

and SG-TT whereas the pseudo-second-order model defines a chemisorption processes.

Table 3-4. Kinetic parameters for the adsorption of phosphate onto seagrass P. oceanica

Phosphate concentration (mg L) 50 200 300
First Order ki (min?) 0.0263 0.0150 0.0078
Qe (mgg?) 0.4836 1.8174 4.5960
R? 0.9723 1.0000 0.9282
Second Order k2 (g mg?* min?) 0.0028 0.0032 0.0012
Qe (mgg?) 2.4115 3.3010 7.9697
R? 0.8251 0.8271 0.8465

(Shabnam et al., 2019 ; Jung et al., 2015).

3.7 Other components in real wastewater

The capacity of seagrass residues to adsorb other components (apart from phosphate)
from real wastewater such as NH4*, NO3", NO2™ and COD was assessed in batch experiments
using wastewater effluent from anaerobic digesters from an UWTP. Table 3-5 shows the
results for the aforementioned compounds following 24 h in contact with SG-TT residues.
Following 24 h phosphate was almost completely adsorbed whereas NH4* concentration was
slightly reduced. COD was reduced from 280 mg L™ to 200 mg L™ and NO3™ decreased
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substantially from 0.86 to 0.36 mg L. In addition, the UV/VIS spectra (Fig. 3-9) of
anaerobic effluent wastewater demonstrated that the compounds detected around 330 nm as
well as in the range of 600-800 nm can be substantially removed following 24 h in contact
with seagrass residues. According to the study of Komatsu et al., (2020), the peaks detected
around 320-390 nm could be humic-like or fulvic-like compounds. The spectroscopic
characterization of these compounds has demonstrated to be an advisable methodology for

the study of domestic and industrial solid wastes (Vieyra et al., 2009).

These results exhibit that SG-TT residues incorporate high adsorption capacity first
towards phosphate, then to nitrate and then to COD demonstrating lower adsorption
efficiency towards ammonium anions. These results indicate that the high selectivity of
seagrass residues towards phosphate and the relatively high selectivity towards nitrate could
potentially result in an end product that contains all the necessary nutrients for use as low-
cost fertilizer. However, further research should be conducted for either the removal of

adsorbed organics or the exclusive selectivity towards phosphate and nitrate.

Table 3-5. Adsorption of different components (mg L) from wastewater solution

following 24 h using seagrass residues

Time (h) NHs* NOs CoD PO,
0 3.94+0.19 0.86 + 0.00 281.3+0.00  46.4 +1.34
24 3.44 % 0.22 036+0.12  200.7+22.84 0.67+0.10
2.5 -
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Figure 3-9. UV/Vis spectrum using real wastewater as phosphate source before and after the
adsorption process.

3.8 Use of real wastes in the adsorption process

Studies show that in UWTPs, wastewater effluent from anaerobic digesters and
dewatered sludge, contain 94% of incoming phosphate (Vardanyan et al., 2018). Moreover,
considering the influence of the water matrix on the capacity of any material, laboratory
experiments were subsequently implemented by using the effluent from an anaerobic
digestion bioreactor and leached wastewater from anaerobic bioreactors, aiming to acquire
certain information for the use of real waste in the adsorption process of seagrass P. oceanica.
As shown in Fig. 3-10, five anaerobic wastewater streams from anaerobic digester in UWTP
taken at different time points were examined, containing the same phosphate concentration
(=100 mg L), which is the 85.6% of phosphates contained in the sample. The results
demonstrate that the highest phosphate removal was obtained within the first 15 min, while

the removal reached 81% after 2 h.
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Figure 3-10. Phosphate concentration removal on seagrass P. oceanica residues from

wastewater solutions (WW1-5).
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In addition, dewatered anaerobic sludge was exposed in 2 M H>SO4 and after 2 days
the leached solution contained 274 mg L of phosphate, incorporating 89.3% of total
phosphorus. The leaches were separated into samples with low pH (approximately ~3) and
samples where the pH was maintained to 7-8, using 1 M NaOH prior exposure to 30 g L™* of
seagrass residues. The results show that at low pH phosphate adsorption on seagrass residues
following 2 h was only 15.7%. However, at the same phosphate concentration at neutral pH,
the overall removal of phosphate reached 86% and the majority of phosphate present in the
solution was removed in the first 15 min of the experiment (Fig. 3-11). At low pH phosphate
Is mostly formed as phosphoric acid (HsPO4) and there are no anions that can be potentially
adsorbed on seagrass residues. However, as the pH increased phosphate formed dihydrogen
phosphate ion, [H2PO4]~ and monohydrogen phosphate ion, [HPO4]*" and at more alkaline
conditions phosphate constituted POs>. Hence, it is likely the anions to be adsorbed at a
higher capacity from seagrass residues compared to cations and this is in line with the
experiments from Section 3.7 where NH4* were slightly removed from seagrass residues as
compared to anions (nitrate and phosphate). From the results, it can be stated that seagrass
residues after adsorption have the potential to be used as a low-cost fertilizer due to its

relatively high selectivity towards phosphate and nitrate.

To our knowledge, this is the first study that points out that seagrass residues of P.
oceanica have the capacity to adsorb phosphate from real wastewater and even at a high
concentration of phosphate (almost 300 mg L™). Previous studies by Aydin et al., (2012),
Guezguez and Mhenni, (2008) and Allouche et al., (2011) demonstrated that seagrass can be
used as adsorbent for uranium, methylene blue dye, and lead from synthetic solutions
containing low pollutant concentration, respectively. In addition, Cataldo et al., (2018) used
pyrolysed dead P. oceanica leafs as adsorbent material for Cd?*, Pb?* and Cu?* ions and the
results showed that the sorption ability of seagrass residues is as good as activated algal

biomass.
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Figure 3-11. Phosphate adsorption concentration on seagrass P. oceanica from leached water
from dewatered anaerobic sludge at neutral pH (SLUDGE A-D).

3.9 Economic analysis for collecting and processing seagrass residues.

According to Balata and Tola (2018), the presence of large quantities of P. oceanica
residues on beaches cause odour (due to natural decomposition), reduced usability and
untidy appearance. Herein, we proposed a sustainable approach for reuse of P. oceanica
residues. Therefore, the problematic seagrass waste can be transformed through thermal
treatment to an efficient adsorber for phosphate from wastewater offering a potential
application as low-cost land fertilizer; this process can serve as a successful paradigm of the

circular economy concept.

Adsorbent cost is consider one of the major cost parameters of the adsorption process
(Banerjee et al., 2018). Thus, a brief cost estimation was conducted based on the current
situation in Cyprus regarding seagrass residues (Table 3-6) not considering the capital cost.
The cost for municipalities for collection and disposal of seagrass residues is approximately

70-80 € per tonne. So, a company that may invest in transformation of seagrass residues to

78



adsorber could have a profit for the collection of seagrass from municipalities. However, it

should consider the cost for collection and transportation and as well as the cost for

converting seagrass residues to adsorbing material. The specific heat capacity C, of dry

seagrass residue was calculated (according to section 2.2.5) 0.82 KJ/kg/K and the required
heat energy was 433182.8 KJ or 120.3 KWh. The net profit was calculated to be around 5-

20 € per tonne of seagrass residue. Noteworthy, at this analysis the capital cost of sieving,

drying and heating was not considered neither the potential profit for selling this product as

an adsorber for phosphorus. A more detailed economic analysis can be made based on pilot

scale study.

Table 3-6. Estimation for cost and profit for collection of 1 tonne of seagrass residue and conversion

to adsorber.

Energy per Method used for cost
Category Cost per ton (€) ) ]
tonne of seagrass estimation
Profit for Collection Communication with
+70 to 80 € several municipalities
in Cyprus
Cost of collection and o
. -10to 15 € Municipality’s data
transportation
Sieving 62.5 kWh! -12.50 € Mani et al. (2004)
Drying 69.3 kWh' -13.8€ Wright et al. (2010)
Heating? 120.3 kwh! -24.06 €
Overall cost per tonne of
. - -60 to 65 € -
seagrass residue
Overall profit per tonne of
5to20€

seagrass residue

!According to Eurostat data for Cyprus 0.20 € per kWh.

2 Based on calculation in research methodology section 1.
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Chapter’s conclusions

In this study, different biomaterials (orange peels, coffee residues, fish scales,
seagrass residues of P. oceanica, biochar produced from olive kernels, and biochar generated
from vineyard prunings) have been examined for phosphate adsorption. The results
demonstrated that among these materials, thermally treated P. oceanica residues could be
used as potential low-cost biowaste for the adsorption of phosphate, not only from aqueous
synthetic solutions (99%), but also from real wastewater (anaerobic effluent wastewater 81%,
extracted liquid from dewatered anaerobic sludge, 86%). Therefore, this study points out that
seagrass residues, which cause odors and an aesthetic problem, can be converted through
thermal treatment to an excellent adsorber for phosphate from wastewater. Batch experiments
showed that the best yield, regarding the utilization of phosphate, could be achieved at 500°C
for 1 h at neutral pH. The comparison of Langmuir and Freundlich isotherm models indicated
that the Freundlich equation predicts the adsorption data efficiently. In addition, it was found
that adsorption of phosphate followed pseudo-first kinetic and is an indication of physical
adsorption as the main dominant mechanisms. The results from EDS maps also confirmed
the presence of phosphate after adsorption and suggested that it is distributed homogeneously
over the majority of the specimen’s surface. Chemical adsorption of phosphate could
simultaneously take place with physical adsorption as indicated by the presence of
phosphate-based crystal (Mg, Fe**)3(P0a).2.8(H20) in thermally treated P. oceanica residues
after contact with phosphate synthetic solution. In addition, the adsorption of phosphate in
the presence of other components in real wastewater, such as salt, COD, NH4", NO3™ and
NO-" was found not to be influenced by other components except nitrates. In conclusion, it
is evident that from these results (high nutrition content) and the considerably high adsorption
capacity of seagrass residues, the end product can be potentially used as a low-cost fertilizer
or soil conditioner, but also as a promising material for treating real wastewater contaminated

with inorganic phosphate.
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4 Recovery of phosphate from dewatered anaerobic sludge and
wastewater by thermally treated Posidonia oceanica residues and its

potential application as a fertilizer

The scope of this chapter was to examine the selective phosphate recovery from real
wastewater (extracted solution from DWAS and effluent from anaerobic digester) using SG-
TT residue and then to evaluate the recovered phosphate solid fraction as a soil conditioner
or fertilizer. Firstly, laboratory data regarding the most efficient extraction process to
investigate the potential for phosphate recovery from DWAS was obtained. At the same time,
the maximum adsorption capacity of SG-TT was determined, while the raw biowaste was
characterized. The adsorption using thermally treated P. oceanica residues loaded with
phosphate from other wastes (synthetic solutions, anaerobic wastewater effluent and DWAS)
were evaluated. Following this, the impact of recovered phosphate solid fraction was
estimated through the seed germination and root elongation of different types of seeds (S.
lycopersicum, L. sativum, and S. alba). Thus, the process for the valorization of seagrass
residues was developed to investigate its potential as a phosphate adsorbent and the

production of added-value products, which can be assessed in agricultural applications.
4.1 Characterization of adsorbent

4.1.1 Elemental analysis and biochemical content of P. oceanica

In the present work, the elemental and biochemical composition of P. oceanica
residues were determined (Table 4-1). The analysis of raw seagrass residues resulted in high
cellulose and lignin values that reached 34.5 and 22.6%, respectively. Moreover, the
elemental analysis of raw seagrass specimens has been evaluated, demonstrating that carbon
and oxygen comprised the dominant elements traced in P. oceanica residues. These data are
in agreement with the literature reports, which showed that the major constituents of the
seagrass cell wall are cellulose ((CsH100s)n) and lignin forms (CoH1002,C10H1203,C11H1404)
(Fouzi et al., 2019; Khiari and Belgacem, 2017; Torbatinejad et al., 2007). Following this
and according to our previous study (Photiou et al., 2021), the carbon exist in raw P. oceanica

seagrass is reduced after the thermal treatment, which probably relates to the partial
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decomposition of the organic matter; subsequently all unaffected quantities are increased in

relative proportions.

Table 4-1. Elemental analysis and biochemical content of raw P. oceanica seagrass (wt.%, dry basis).

P. oceanica seagrass Content (% dry basis)

Biochemical composition

Lignin 22.60
Hemicellulose 6.64
Cellulose 34.54

Elemental analysis

Cc 55.64
o 28.68
Na 2.79
Mg 2.87
Cl 6.72
Ca 1.15
Al 0.46
Si 0.82
S 0.52
K 0.35

4.1.2 Saturation capacity assessment of thermally treated P. oceanica

Adsorption capacity is the amount of adsorbate taken up by the adsorbent per unit
mass of the adsorbent (Deng et al., 2011), and is largely influenced by other components
present in wastewater. Synthetic phosphate solutions (2347.2 and 1110.8 mg L) were
prepared to determine the saturation capacity of SG-TT residues. Therefore, a fed-batch
experiment was performed with the addition of synthetic phosphate solutions at regular time
intervals. The phosphate concentration adsorbed was monitored through time, and the results
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are depicted in Fig. 4-1. At the beginning of the experiment, the first solution fed into the
reactor was in contact with the SG-TT residues for 3 days, exhibiting low phosphate
adsorption performance. Thus, the next fed batches were in contact with the adsorbent for a
longer period of time. After day 13, the adsorption rate of phosphate ions was significantly
reduced. From the results obtained, the saturation capacity of seagrass residues reached
179.13 mg g, which confirms the suitability of the material for phosphate adsorption. In the
literature, other compounds such as Cr (VI) and methylene blue were studied for their
adsorption capacity into thermally treated P. oceanica from synthetic solutions exhibiting
similar saturation capacities as compared to the current study (Asimakopoulos et al. 2021,
Dural et al., 2011). More studies can be done towards using thermally treated P. oceanica

as an adsorbent of other compounds not examined so far.
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Figure 4-1. Adsorption of phosphate in mg L™ from synthetic solution at regular time
intervals.
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4.2 Phosphate Leaching from DWAS

The scientific community has shown increased attention to the investigation of DWAS
as a renewable and rich source of nutrients. In this experiment, phosphate recovery efficiency
was assessed using different extraction procedures for leaching phosphate from DWAS. Fig.
4-2 depicts the four extraction processes tested compared to the maximum concentration
eluted using the aqua regia solution. From the results obtained, the use of SA and the
combination of TSA process exhibited the higher phosphate extraction from DWAS (821.9
and 902.2 mg Lt respectively), while using the sonication as an extraction method much

lower phosphate concentration was eluted (44.6 mg L™).
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Figure 4-2. Phosphate concentration in mg L™ using different extraction methods
(Sonication, Sulfuric acid; SA, Nitric acid; NA, Thermal-Sulfuric acid; TSA, Aqua Regia).
Values are given as mean and std (error bars) calculated over triplicates. Values with no

letters in common differ significantly (P < 0.05).

Sulfuric acid can efficiently solubilize phosphate from sludge compared to nitric and
hydrochloric acids (Shiba and Ntuli, 2017; Vardanyan et al., 2018), and thus, it constitutes a
standard inorganic acid choice for many phosphate solubilization processes, such as artificial
fertilizer production (Acelas et al., 2014). The extraction efficiency (%) of each method
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tested demonstrates that the most suitable acid medium to leach out phosphate from DWAS
was the one used in SA and TSA process with 84.9 and 93.2% removal efficiency,
respectively. Similar results were obtained in the work of Zimmermann and Dott, (2009),
where sulfuric acid was used as an acid medium and exhibited 51 % removal efficiency of
phosphate from incinerated sewage sludge ash. Thus, the two optimum leaching conditions
obtained above (1M H2SOg4, and 1M H2SO; at 50°C), were then used to adsorbed phosphate

from the leachate produced after the application of SA and TSA extraction methods.

According to the literature, other inorganic or organic acids were examined for leaching
phosphate from different sludge types such as hydrochloric (HCI), phosphoric (H3POs), citric
(CsHsO») or oxalic (C2H204) acid. H3PO4 constitutes the most expensive extraction method
compared to other acids (Cieslik and Konieczka, 2017). The least expensive process is
considered to be the SA method. Moreover, leaching using HCI or organic acids results in
high metal contamination contrasted with other acids since it can form soluble complexes
with heavy metals (Acelas et al., 2014; Cieslik and Konieczka, 2017), while an extraction
using sulfuric acid results in less complexation reactions and thus, leaching of minor amounts

of heavy metals in the solution produced (Cieslik and Konieczka, 2017).
4.3 Adsorption experiments

4.3.1 Recovery of phosphate from different type of solutions

The findings of our previous research indicated that eggshell (Photiou and Vyrides,
2022) and seagrass (Photiou et al., 2021b), were promising materials for advanced phosphate
recovery from real wastewater solutions, due to their excellent characteristics such as the
high surface area, non-toxicity, and the worldwide abundance. More specifically, the results
exhibited that thermally processed eggshell and seagrass residues have remarkable
adsorption efficiency and selectivity towards phosphates, allowing the reformed of waste
biomaterials into adsorbents for phosphate recovery and their further utilization in
agricultural industries. In this study, thermally treated P. oceanica residues (20 g L) were
employed to adsorb phosphate a) from synthetic solution, b) anaerobic effluent wastewater

and c) acid leachate (SA and TSA). The initial phosphate concentration of the solutions was
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4694.3 mg L™ for the synthetic solution, 70.7 mg L™ for the anaerobic effluent and for acid
leachates (SA and TSA) were 821.9 and 902.2 mg L™, respectively. The leachates of pH 1.2—
2.5 were used after pH adjustment to neutral using NaOH. Each experiment conducted
exhibited high phosphate adsorption efficiency with recovery percentages above 76%
(synthetic solution). Fig. 4-3 depicts the reduction of phosphate concentration in the
anaerobic effluent wastewater after 1 h in contact with P. oceanica residues. The results
indicate that 93.9% of the initial phosphate concentration was adsorbed by the end of the

adsorption process.
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Figure 4-3. Adsorption of phosphate in mg L™ from anaerobic effluent wastewater at
different time points.

Similar results were obtained for phosphate removal using SA and TSA leachate as
phosphate sources. Figure 4-4 shows the concentration of phosphate adsorbed for both
leachate types. As can be seen from Figure 4-4, thermally treated P. oceanica adsorbed 98.0
and 98.3% of the phosphate contained in SA and TSA leachate and the majority of phosphate
present in the solutions was removed in the first 15 min of the experiments. Moreover, these

findings align with our previous work, where thermally treated P. oceanica residues
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demonstrated high adsorption efficiency towards phosphate, that exceeded 86 and 99% from
leach and synthetic solutions in the first 15 min, respectively (Photiou et al., 2021).
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Figure 4-4. Adsorption of phosphate in mg L™ from Sulfuric acid (SA) and Thermal-sulfuric
acid (TSA) leachates at different time points.

4.3.2 Influence of co-existing ions

Adsorption capacity of an adsorbent for nutrient removal depends on water
constraints such as anionic and cationic ions (Mu and Wang, 2016). Thus, the presence of
anionic or cationic ions in leachate compete with phosphate molecules to get adsorbed onto
the adsorbent through active surface binding centres (Darmograi et al., 2016). The capacity
of thermally treated P. oceanica to adsorb other components from real wastewater such as
NH4*, COD and NO3 was assessed in batch experiments using SA and TSA leachate. Fig.
4-5 shows the results for the aforementioned compounds following 24 h in contact with the
adsorbent. The concentration of NH4™ and NOs™ was reduced for both leachates, while no

significant adsorption efficiency was observed towards COD.

87



88

24 h
[ ]

24 h
24 h

TSA
TSA

24 h

24 h
24 h

SA
SA

120

TT T T T MM T
"_"_ _"_ _" _"_"_ "_
R =) o N o
hh 1 ! 1
R R R A M A A M A R B A R M A N Sy

T T T T T T T T T T T T T T T T T T rrrrTrTTT T T T T LIRS B I B B B R B B DN B B B N E BN B R |

o o o o S = = = = = = o o) o o) o

o o o o o o - -

@ © » S S © © < I3 ~ o
w) dod

— - (=}
(377 Bw) winiuowwy (371 Pw) sereUUN

TSA

SA



Figure 4-5. Adsorption of Ammonium (NH4"), Chemical Oxygen Demand (COD) and
Nitrates (NO3") in mg L from Sulfuric acid (SA) and Thermal-sulfuric acid (TSA) leachates
after 24 h time period.

Table 4-2 presents the influence of co-existing ions (mg L™) in anaerobic effluent
wastewater. The concentration of ions in this solution after the adsorption process were
analogous to the previous results for SA and TSA leachates. Moreover, these data are
consistent with the results obtained in our previous work (Photiou et al., 2021) where the
concentration of NOs™ and NH4" decreased through the adsorption process. The NHs™-N
reduction was 56.1 and 52.7% (45.5 and 35.7 mg L) for SA and TSA leachate and 41.3%
(2 mg L) for the anaerobic effluent wastewater, respectively. The main pollution issue
associated with UWTP sludge treatment is the composition of the leachate, which is
characterized by high levels of NH4*-N as well as high organic load (Liu et al., 2015).
However, the concentration of NH4*, COD and NOs" extracted was very low in compared to
the concentration of these components contained in commercial fertilizers (Romero et al.,
2013). Thus, these results indicate that spent seagrass has high selectivity towards phosphate

and lower adsorption efficiency towards other ions.

Table 4-2. Influence of co-existing ions (mg L) in anaerobic effluent wastewater.

Time (h) NOs- NHa* CcCoD
0 0.53 4.09 161.3
24 0.35 2.40 136.8

4.4 Adsorption isotherm and kinetic studies

The equilibrium isotherm analysis of the adsorption process was evaluated by
contacting different concentrations of seagrass residue (5 — 50 g L) with real wastewater
solution (anaerobic effluent) contained 62.62 mg L™ phosphate for 24 h at neutral pH. The
experimental data were applied to the linear Langmuir and Freundlich isotherm equations
and the findings are demonstrated at Figs. 4-6 and 4-7. Adsorption results derived using
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different concentrations of seagrass residue demonstrated that both Langmuir and Freundlich
isotherm exhibited similar fit predicting the process closely, with the first to be slightly better
(Fig. 4-7). The constant parameters of both isotherm equations and the linear regression
coefficients R? (0 < R? < 1) of measured and modelled adsorption results are summarized in
Table 4-3. The experimental data fitted very well the Langmuir equation since the R? values
calculated were very close to 1, indicating a linear regression coefficient (R?) of 0.9957. More
also shown in Table 4-3 the pseudo-second-order model better fits better the data than the
pseudo-first-order model. This indicates a chemisorption process between phosphate and SG-
TT. These results are not consistent with our previous work since the adsorption isotherm
and kinetic studies were estimated in synthetic solutions (Photiou et al., 2021) compared to
the current work that phosphate adsorption from real wastewater was tested. Organic
compounds, colloids and other ions likely influence the mechanism of adsorption; most
adsorption isotherm and kinetic studies has taken place using synthetic solution (Table 4-2).
Therefore, this study's primary objectives were to examine phosphate adsorption on seagrass

residues using real wastewater and then to test solid residues after adsorption as a fertilizer.
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Figure 4-6. Langmuir isotherm plot for wastewater phosphate removal by the application of

different concentrations of seagrass P. oceanica residues.
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Figure 4-7. Freundlich isotherm plot for wastewater phosphate removal by the application

of different concentrations of seagrass P. oceanica residues.

Table 4-3. Langmuir and Freundlich isotherms constants and Kinetics.
Isotherm constants

: Qo (mgg™) b (L mg™) R?
Langmuir 0.4598 0.043 0.9957

. K (mgg?) n R?
Freundlich 8.0946e7 0.1989 0.9913

Kinetic parameters

First Order - k1 R?2
; 0.0016 0.9957

Second Order Qe ko R?
2.4525 0.0928 1.0000

4.5 Assessing the applicability of end-product as soil conditioner
45.1 Testing with adsorbed phosphate from synthetic solution

Solid fraction remaining from the current procedure was tested in an agricultural
application as soil conditioner, aiming to substantially reduce the waste emitted by the
adsorption process. Different concentrations of the end product (0, 1, 2.5, 5, 10%) were
amended with compost and tested in Solanum lycopersicum (tomato) seeds. Fig. 4-8 depicts

the number of germinated tomato seeds, the root and shoot length for the concentrations
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examined. The data suggest that from the concentrations examined, the ratio 1:20 exhibited
slightly better performance than control concerning the root (12.0%) and shoot (9.0%) length
of the germinated tomato seeds. In addition, the total length of tomato seeds germinated using
the 5% concentration was statistically significant different in compared to the control. Thus,
the results confirmed that using a synthetic solution as a phosphate source could justify
applying the end product in the agriculture field as a soil conditioner.
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Figure 4-8. Effect of different concentrations of the end product (0, 1, 2.5, 5, 10%) from
adsorption using synthetic phosphate on root and shoot length of germinated tomato seeds.

Gl (%) consists of a parameter often used to characterize the phytotoxicity of a
sample, so Gl values above 100% evident the beneficial effect of the material examined in
plants. Gl was calculated to evaluate the possibility of using thermally treated P. oceanica
loaded with phosphate as a soil conditioner. Fig. 4-9 illustrates the Gl results for different
end product concentrations (0, 1, 2.5, 5, and 10%) after an 8 d period. As follows from the
figure shown below, Gl is always equal or superior to 78% when synthetic phosphate was
used as phosphate source, and thus the inhibition of seeds germination and growth was not
an issue in this work. Specifically, the samples contained 2.5 and 5% of the end product
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exhibited superiors Gl values (104.2 and 108.7%, respectively) comparing to the others,
indicating that the application of the end product at these concentrations can enhance the
germination of seeds. However, only the sample containing 5% of the end product showed

significant statistically different results than the control.
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Figure 4-9. Germination index (Gl (%)) of different concentrations of the end product (0, 1,
2.5, 5, 10%) after 7 d time period. The (% GI) of each test was calculated in compared to the

seeds and root growth of the control samples.
4.5.2 Testing with adsorbed phosphate from anaerobic effluent

The end product of adsorption using anaerobic wastewater effluent as phosphate
source, was evaluated by using the 5% concentration on Sinapis alba and Lepidium sativum
seeds. These test species' selection was based on their rapid germination and growth of roots
and shoots, which allow observations and scoring after 3 days. Fig. 4-10 demonstrates the
root and shoot length of germinated Sinapis alba and Lepidium sativum seeds after the 3 days
cultivation. From the data obtained, the root length of germinated Sinapis alba was increased

by 6.8% compared to the control when the end product applied at the concentration of 5%,
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indicating the positive effect of seagrass addition in the roots of the plant. The increase of the
Sinapis alba root length was statistically proved. The shoot length increased for both seeds,
exhibiting 3.4 and 12.5% higher germination than the controls. However, for shoot length,

no statistical difference was observed when compared to the control.
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Figure 4-10. Effect of the end product from adsorption using phosphate from real wastewater

on root and shoot length of germinated Sinapis alba and Lepidium sativum seeds.

Fig. 4-11 demonstrates the Gl calculated after applying the phosphate adsorbed end
product from real wastewater on germinated Sinapis alba and Lepidium sativum seeds. The
Gl was 96.7% when the end product was tested on Lepidium sativum seeds and 111.1% when
tested on Sinapis alba seeds. These values indicate that no inhibition of seeds germination
and growth occurred when the phosphate adsorbed end product from real wastewater was
applied, and thus the exhibited GI values superior to 100% confirmed that the application of

the phosphate adsorbed end product can enhance the germination of seeds.
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Figure 4-11. Germination index (Gl (%)) of the end product from adsorption using phosphate
from real wastewater of germinated Sinapis alba and Lepidium sativum seeds after 3 d time

period.
4.5.3 Testing with adsorbed phosphate from leachate

The phosphate-adsorbed end product from leachates was evaluated using the 5%
concentration on Sinapis alba and Lepidium sativum seeds. In comparison with the controls,
the seed germination was decreased, exhibiting low germination for all plants when the end
product applied at the concentration of 5% (Fig. 4-12), indicating phytotoxicity. Similar
effects were observed for the shoot and root length in vitro, where seeds appeared affected
following the addition of the end product. The leachate solution from DWAS contains
organic compounds (soluble microbial products), heavy metals and a high concentration of
iron (Vardanyan et al., 2018; Wu et al., 2020). Despite the relative low COD adsorption to
thermally seagrass residue, the main organic compounds that are bound are detected around
330 nm, likely to be humic-like or fulvic-like compounds (Photiou et al. 2021). In addition,
Vardanyan et al. (2018) found DWAS (from the same UWTP as the current study) contained
8685 mg total Iron per kg of DWAS. Therefore, the inhibition to the plant growth (Fig. 4-12)
caused by SG-TT residue after exposure to DWAS leachate could be due to those
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compounds. Moreover, Solaiman et al. (2012) reported that biochar after the leachate
phosphate adsorption process might not be suitable as soil amendments due to the binding of

harmful compounds in biochar (Solaiman et al., 2012).
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Figure 4-12. Effect of the end product from adsorption using leachate phosphate on root and
shoot length of germinated Sinapis alba and Lepidium sativum seeds.

4.6 Techno-economical study and Challenges

Short cost estimation was conducted based on the valorisation of seagrass residues as
adsorbent and the application of the end product as fertilizer. According to the Municipality’s
data in Cyprus, the collection and disposal of seagrass residues is approximately 70-80 € per
tonne. Thus, these expenses could be considered a profit for the investing company.
However, the cost for collection and transportation and the cost for converting seagrass
residues to adsorbing material should be considered. The treatment process includes sieving,
drying and heating of seagrass residues after transportation. As mentioned in our previous
study (Photiou et al., 2021), the transportation and the treatment of 1 tonne of seagrass residue
costs € 10-15 and € 50.36, respectively, without the estimation of the capital cost of seagrass
treatment. According to these calculations, the net profit was estimated to be around 5 to 20

€ per tonne of seagrass residue. Moreover, the application of the end product as a potential
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soil amendment could increase the estimated net profit considering that a commercial

fertilizer costs 607.78 € per tonne on average (National Agricultural Statistics Services).

The phosphate concentration in DWAS is substantially high, and it can potentially be
extracted using SA (Vardanyan et al., 2018). However, the cost for the extraction process
needs to be calculated and can contribute significantly to the operational and capital cost of
the phosphate recovery process. According to the United States Statista 2020, the price of 1
tonne SA is 33.13 €. In this work, 1 M H2SO4 was used for the chemical leaching of
phosphate from DWAS. Based on the volume of 1 M H>SO4 used for the extraction process,
it was found that 0.465 kg H2SO4 is required per kg of DWAS. Egle et al., (2015) reported
that 0.50 kg H2SO4 per kg sewage sludge (TS) is required for 75-90% phosphate dissolution

at pH 2, which is in line with the findings of the present work.

Furthermore, the current results showed that 0.045 kg phosphate is extracted per kg
H2SOs, and thus, the extraction of 20.77 kg phosphate / t HoSO4 costs 33.13 €. The UWTPs
in Cyprus are currently producing 901 tonnes of DWAS per month, which required disposal.
The average disposal for 1 tonne of DWAS costs on average 128 €, much more than the
chemical leaching applied in this study. However, in order for this process to be considered
economically feasible, the value of the final product, the removal cost of other components
present in the leachate such as metals and ions, the cost for the treatment of the residual

sludge or liquid residues from the adsorption process need to be considered.

Recently Li et al. (2020) used proportional acidification to extract phosphate and
organics from sludge. Then it has recovered struvite, produce short-chain fatty acids, and
acidulated biological activated carbon as three cleaner products (Li et al., 2020). Based on
the results of this study, more research can take place to recover short-chain fatty acids from
the leached of DWAS after phosphate adsorption. Another alternative for the leached from
DWAS is to be inserted into the activated sludge process since its relatively low volume will

not influence the activated sludge process.

Regarding the residual sludge from leachate there are several options: Chen et al.,
(2001), found that acidification improves the dewaterability of activated sludge due to

extracellular polymer released from sludge surface, which makes it easier to pack the sludge
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and reduces the water content of the sludge. It can also anaerobically co-digested with waste
sludge or other type of waste with alkaline pH (Vardanyan et al. 2018). It can neutralized
with lime and used as a solid stabilizer or mixed with alkaline soils. According to Quist-
Jensen et al., (2018), incineration after acidification is the best option, which simultaneously
produces energy as many European countries have banned the use of sludge in agriculture
(Quist-Jensen et al., 2018). Following this, a more detailed economic analysis can be made

based on a pilot-scale study to valid these estimations.
Chapter’s conclusions

A zero-waste process based on P. oceanica residues has been applied to recover
phosphate from wastewater and the production of a fertilizer substitute. Assessment of the
saturation capacity of thermally treated P. oceanica confirmed the high capacity and
selectivity towards phosphate. Different extraction methods of phosphate from DWAS were
evaluated, indicating that sulfuric acid can efficiently solubilize phosphate from sludge.
Adsorption experiments showed that SG-TT could be applied as adsorbents for Phosphate
from synthetic and real wastewater solutions, with 76.0 and 98.3% adsorption efficiency,
respectively. The concentration of NH4" and NO3s was reduced for both leachates at around
50.0%, while no significant adsorption efficiency was identified towards COD. The
remaining process solid residues were mixed with compost and were explored as fertilizer
substitutes; the end material generated from anaerobic effluent or synthetic solutions imposed
a beneficial effect on plant growth with germination index (Gl) values 96.7 — 111.1%, for all
types of seeds tested (Solanum lycopersicum, Lepidium sativum, and Sinapis alba). More
specifically, when the end material generated from anaerobic effluent was used, the root
length of germinated Sinapis alba was statistically increased by 6.8%, in compared to the
control, indicating a positive effect on the root of plants. Nevertheless, when the final product
(thermally treated P. oceanica exposed to phosphate leached from DWAS solution) used as
a potential fertilizer this negatively affects the plant growth. Therefore, further research needs
to be undertaken towards exploring the use of end product in the cultivation of plants with a
tolerance to substances of high concentrations DWAS. In conclusion, it is evident that due to
the considerably high adsorption capacity of seagrass residues and the end product generated
from anaerobic effluent, P. oceanica biomass after adsorption can be used as a low-cost soil
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conditioner, but also as a promising material for treating real wastewater contaminated with
inorganic phosphate. Furthermore, the use of modified biowastes as adsorbents could
possibly be the key to solve two problems; phosphate recovery from wastewater and biowaste

management, creating a phosphorus-based product that can potentially use as a biofertilizer.
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5 Thermally treated eggshells in anaerobic digestion: testing in-situ

phosphate recovery and buffering acidification in AD

Batch experiments were conducted to evaluate the recovery of phosphates from three
different solutions as follows: (a) DWAS leachate using nitric acid, (b) DWAS leachate using
sulfuric acid and (c) anaerobic effluent wastewater as well as the in-situ recovery of
phosphates using EGSL-TT from the AD and the anaerobic effluents (AD effluent and
wastewater leached from DWAS). This chapter also proposed the use of EGSL-TT in AD
systems as a strategy to counteract the pH drop due to the high concentrations of VFAs and
increase methane production. The innovation presented in this chapter is based on a new
perspective regarding the use of final process products as soil conditioners after the
adsorption process and on EGSL-TT, which can be effectively counteract excessive

acidification and alleviate low pH in AD systems.

5.1 Adsorption of phosphate ions from anaerobic effluents and evaluation

of end products as soil supplements

EGSL-TT were employed to adsorb phosphate from a) anaerobic effluent wastewater
and b) acid leachates (NA and SA). Batch experiments were performed with the addition of
20 g L't EGSL-TT in both wastewater solutions and the initial phosphate concentration of
the anaerobic effluent was 70.8 mg L™t and 124.2 mg L™, 103.9 mg L for acid leachates (SA
and NA), respectively (see APPENDIX I). Except from NA leachate, the results from SA
leachate and anaerobic effluent wastewater demonstrate that the highest phosphate removal
was obtained within the first 20 min. Overall, the results highlighted that the EGSL-TT
constitutes a great biomaterial for removing phosphate ions from real wastewater solutions,
since each experiment conducted indicates that 78.4, 85.0, 97.2% (anaerobic effluent
wastewater, NA leachate, and SA leachate) of the initial phosphate concentration was
adsorbed by the end of the adsorption process.
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Figure 5-1. Wastewater solutions tested for phosphate recovery; (a) DWAS leachate using

nitric acid, (b) DWAS leachate using sulfuric acid and (c) anaerobic effluent wastewater.

Given that the presence of coexisting anions might compete with phosphate for active
adsorption sites and significantly reduce the phosphate removal performance by the
adsorbents (Lee et al., 2022), the capacity of EGSL-TT to adsorb other components such as
NH4*, NOs™ and COD from real wastewater was assessed in batch experiments using
wastewater effluent from anaerobic digesters. From the results obtained, EGSL-TT exhibited
higher adsorption efficiency towards NOs™ and NH4*, which were decreased substantially
from 0.37 to 0.14 mg L and 16.13 to 8.98 mg L, respectively (see APPENDIX I). Lee et
al., (2022), reported that the higher the molar concentration of a compound, the greater the
effect of coexisting anions on phosphate adsorption, which follows the order CO3> > SO4*
> NOs> CI. Similarly, Wei et al., (2020) indicated that divalent anions, such as CO3>~ and
SO4>" highly influence the phosphate adsorption as opposed to monovalent anions, such as
NOgz or ClI™. Thus, NOs and CI™ are considered to have no significant effect on the adsorption
of phosphate, since the mechanisms of adsorption are unalike (phosphate adsorption forms
the inner sphere complex, whereas NOs™ and CI~ adsorption is non-specific via an outer
sphere complex) (Lee et al., 2022). However, due to the low COD compound removal from
EGSL-TT (5.5%), these results indicate that the high selectivity of EGSL-TT towards
phosphate and the relatively high selectivity towards NOs™ and NH4", could potentially result

in an end product that contains the necessary nutrients for its application as low-cost fertilizer.
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Despite the high phosphate adsorption capacity of EGSL-TT, desorption of
phosphates is not completely reversible, and thus an alternative is to utilize the resulting
material as a fertilizer. The end products of adsorption using anaerobic effluent wastewater
and acid leachates as phosphate sources, were evaluated by using the 5% w/w (g of EGSL-
TT/P per g of compost) on Sinapis alba and Lepidium sativum seeds. Fig. 5-2(a-b)
demonstrates the Gl calculated and the root and shoot length of germinated Sinapis alba and
Lepidium sativum seeds after applying the phosphate adsorbed end product from anaerobic
effluent wastewater. The Gl reached 97.1% when the end product was tested on Lepidium
sativum seeds and 122.7% when tested on Sinapis alba seeds (Fig. 5-6(a)). These values
highlight that no inhibition of seeds germination and growth occurred when the solid product
from anaerobic effluent wastewater was applied, and thus under these conditions, the
exhibited GI values confirmed the possibility of the end product to be applied as a soil
conditioner. Moreover, the shoot length of germinated Sinapis alba and Lepidium sativum
seeds, exhibited 5.34 and 23.6% increase compared to the controls, indicating the positive
effect of EGSL-TT addition in the shoots of the plant. The increase of the Sinapis alba shoot
length was statistically proved. However, for root length, no statistical difference was
observed when compared to the control (Fig. 5-2(b)). The studies of Radha and Karthikeyan,
(2019) and Wazir et al., (2018) evaluated eggshell powder as fertilizer on potato and pea
seeds. As reported, eggshell benefits the growth of potato and pea seeds. Both studies found
a positive correlation between the growth of the plant and the concentration of eggshell used,
which suggests an overall improvement of the mean plant height, the number of nodes,
leaves, leaf area, branches and the tuber size of the plant.

Equally important were the results depicted in Fig. 5-2(c), which present the root and
shoot length of germinated Sinapis alba and Lepidium sativum seeds after the application of
the adsorption end-product from acid leachates (EGSL-TT/DL). The seed germination was
decreased, exhibiting low Gl for both plants (16.44 and 6.73% for Sinapis alba and Lepidium
sativum, respectively). Similar effects were observed for the shoot and root length in vitro,
where seeds appeared affected following the addition of the end product. In our previous
work (Photiou and Vyrides, 2021), SG-TT P. oceanica after phosphate adsorption from acid

leachates was tested as fertilizer substitutes on plant growth. The results attained were in line
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with the present study's findings, indicating that the leachate solution from DWAS imposed
a negative effect on the germination of seeds and despite the relative low COD adsorption of
EGSL-TT, other organic compounds such as humic or fulvic-like substances (Photiou and
Vyrides, 2021), can cause the inhibition to the plant growth shown in Fig. 5-2(c).
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Figure 5-2. Phytotoxicity trials on Sinapis alba and Lepidium sativum seeds after 3 d time
period; (a) Germination index (Gl (%)) and (b) shoot and root length of the end product from
adsorption using phosphate from anaerobic effluent wastewater (c) shoot and root length of

the end product from adsorption using phosphate from acid leachates.
5.2 Coupling EGSL-TT with anaerobic digestion (AD) systems

5.2.1 Influence of soluble carbonates (CO: flushing)

The adsorption capability of the adsorber depends on the equilibrium concentrations
between the liquid and gaseous phase (Al Mamun and Torii, 2017). EGSL-TT was used as
an adsorbent to demonstrate the effect of CO2or N2 from the gas stream on the sorption
capacity of phosphates and organic compounds. Fig. 5-3(a) shows the effect of CO2 or N2 on
the sorption capacity of humic-like or fulvic-like compounds that are detected around 330
nm as well as in the range of 600-800 nm (Komatsu et al., 2020) and can be substantially
removed following 24 h in contact with EGSL-TT. The exposure to N2 contributed to the
removal of higher humic-like compounds than the exposure with CO2, and this can
potentially alleviate inhibition of those compounds to anaerobic microorganisms. Fig. 5-3(b)
depicts the effect of CO2 or N2 on the COD and phosphate removal after 24 h time period in
contact with 20 g L™ EGSL-TT. The initial average phosphate and COD concentration in
liquid phase were 29.0 and 7489.0 mg L™, respectively. From the results obtained, the shake
bottles containing the supernatant (anaerobic) liquid in contact with EGSL-TT and flushed
with CO», highly influence the adsorption of phosphate ions, exhibiting low phosphate
removal (20.6%). On the other hand, the phosphate removal was 95.7% at similar conditions
but flushed with N instead of CO2. Similar results were observed in a 2023-study, where the
dissolution of CaCOs and removal of HCOs™ enabled CaP granulation from cow manure
(Schott et al., 2023). In addition, both gases (N2 and CO2) do not seem to affect the adsorption
of COD compounds from EGSL-TT (Fig. 5-3(b)).

The following chemical reactions describe the continuous chain of CO: in contact
with EGSL-TT (CaO) running along in the flasks:

CO2(g) + H20() = H2CO3(aq) (2)
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CaOgs) + H2CO3(aq) = CaCOss) + H20) (3)
CaOgs) + H20() = Ca(OH)2(aq), (4)
Ca(OH)2(aq) + H2CO3(aq) 2 CaCOs(s) + H20q), (5)

According to Lee etal., (2021), the high thermal treatment of the Ca-based adsorbents
enhances the elution of Ca ions from the adsorbent, resulting in the presence of carbonates
in the precipitates. During the experimentation phase, the pH was high due to the release of
high concentration of OH™, which provides the conditions for the formation of Ca(OH)..
(equation 4) then H2CO3 can compete with phosphates for binding sites (equation 5). Thus,
the decrease of adsorption capacity by 70.1% in the presence of H>COs was caused by the
specific adsorption of bicarbonate forming inner-sphere complexes with Ca?* hindering the
formation of Ca-P precipitates. The main findings of this experiment are that in the presence
of EGSL-TT (EGSL-TT), the bicarbonate had a higher trend to be adsorbed than phosphate
anions, and the final pH significantly increased.
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Figure 5-3. (a) UV/Vis spectrum and (b) Percentage removal of Phosphate and COD
compounds (29.0 and 7489.0 mg L™, respectively) from food waste (FW) anaerobic liquid
(control) and FW anaerobic liquid after 24 h time period in contact with 20 g L™* EGSL-TT

and flushed with two different gas streams (CO2, N2).
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5.2.2 Anaerobic digestion (AD) performance

A series of three experiments was performed to assess the effect of EGSL-TT
addition in the anaerobic fermentation systems. GS was initially adapted to mesophilic
culture conditions (33°C) for 1 week prior to addition in the reactors. At the beginning of the
experiments, flasks were flushed with N2, and the pH value was adjusted to 7.8. No other
adjustments were made through out the experiments and the pH was measured again at the
end of each fermentation. The results obtained for the AD-FW and AD-CEL fermentations
suggested that the volume of CH4 formed was higher by 14.7 and 55.9%, respectively in
fermentations inoculated with the addition of 20 g L™* EGSL-TT, as compared to the
production achieved in experiments inoculated only with FW and CEL (Fig. 5-4(a-b)).
However, as shown in Fig. 5-4b, the sample EGSL-TT/DL- P produced after adsorption using
leachate from DWAS exhibited lower methane yield compared to the corresponding control
experiments, indicating that the leachate solution from DWAS contains organic compounds,
heavy metals and other components (Wu et al., 2020), which negatively affect the AD

systems.
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Figure 5-4. Anaerobic fermentations of (a) food waste (FW) and (b) cellulose (CEL)
substrate with the addition of 20 g L' EGSL-TT in compared to each control (GS
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CONTROL; without the addition of substrate and EGSL-TT, GS FW and GS CEL; without
the addition of EGSL-TT).

In the following experiment, GS was exposed to relatively high concentrations of G
substrate (4, 6, 8 g L), and EGSL-TT at concentrations of 5 and 10 g L™ were added as a
strategy to counteract pH reduction due to VFAS production. The results exhibited in Fig. 5-
5 showed that EGSL-TT amendment to AD reactors flushed with N, influenced the pH by
contributing alkalinity and influencing the production and consumption of VFAs. The COD
measurement results showed that high COD values (953.3 mg L) correspond to reactors
where the remained concentration of the organic matter was also high, and reduction of COD
was achieved only in the reactors where EGSL-TT residues were present (261.2 -291.8 mg
LY. As depicted in Fig. 5-5, at the end of the fermentation, the control bottle for 8 g L G
substrate generated around 2000 mg L VFAs whereas the VFAs for the EGSL-TT assisted
fermentations were less than 620 mg L. Moreover, the pH value at the control was lower
(5.63) than the reactors with EGSL-TT addition (7.09 - 7.13). Therefore, the low pH due to
high concentrations of VFAs inhibited the anaerobic bottle at 8 g L (control). In contrast,
in the bottle that EGST-TT were added, this inhibition was not found, and the anaerobic
bottles' performance was substantially higher. Moreover, the phosphate adsorption in EGSL-
TT was evaluated in the anaerobic digester and the results showed that the initial
concentration of phosphates in each flask where close to zero by the end of fermentation

indicating that EGSL-TT has great adsorption properties.
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Figure 5-5. Volatile fatty acids (VFAs) and pH measurements during the anaerobic
fermentations (AD-G) of glucose (G) substrate (4, 6, 8 g L) with the addition of 5and 10 ¢
Lt EGSL-TT in compared to each control (without EGSL-TT).

The results regarding the methane production during the final experiment are depicted
in Fig. 5-6. EGSL-TT assisted fermentations at concentration of 10 g L™ demonstrated the
highest CH4 production and the shortest lag phase in all G substrate concentrations in
compared to 5 g L' ESGL-TT and each control. The difference was more profound in the
bottles with the higher G concentration (8 g L™*). Correspondingly, the control with 8 g L
was not retrieved until the end of the experiment, and the CH4 composition was only 22.4%.
In contrast, the addition of EGSL-TT exhibited substantially higher performance. Our
findings pointed out the benefits of adding EGSL-TT in AD as a strategy to alleviate pH
drops and increase AD's performance. Additionally, using EGSL-TT amendments in waste
streams can contribute to a more local circular economy concept (Hart, 2021). Leininger and
Ren, (2021), investigated the amendment of different FW biochar materials with AD reactors
and reported high biogas yields, significant production rates, and short lag phases. However,
the conversion process of biowaste to biochar is the most expensive component of the
pyrolysis operation. Thus, thermally treated biowaste is a more economically feasible

approach, which can obtain a similar outcome.
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Chapter’s conclusions

The results highlighted that thermally treated eggshell addition in AD reactors (tested
substrates were food waste, cellulose, and glucose) prevented the pH reduction due to high
VFAs generation and resulted in substantially higher performance compared to the control.
Soluble CO2 had a higher adsorption affinity towards EGSL-TT than phosphates. If N2 was
used instead of CO,, EGSL-TT showed high phosphate removal. Moreover, thermally treated
eggshell constitutes an excellent biomaterial for phosphate recovery from anaerobic
effluents. The high selectivity of EGSL-TT towards phosphate resulted in solid residue
containing the necessary nutrients for agricultural applications. Phytotoxicity trials showed
that the solid residue after phosphate recovery from anaerobic effluent positively affected

plant growth.
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6 Phosphate recovery from the effluent of a submerged anaerobic

membrane bioreactor using columns of eggshell and seagrass residues

The combination of a submerged anaerobic membrane bioreactor (SAnMBR) and two
biowaste adsorption columns (EGSL-TT and SG-TT) was investigated for the first time to
assess the recovery of phosphates from wastewater. Low-strength wastewater relatively high
in phosphate ion (reject wastewater from anaerobic sludge dewatering process) was fed into
the SAnMBR and the COD results are presented below. Then, the effluent from anaerobic
SANMBR was continuously fed independently in two columns consisted of SG-TT and
EGSL-TT residues. After adsorption, the solid end products were evaluated as soil
conditioners. A fractionation analysis was also performed in order to practically define the
different forms of phosphorus in each end product. The originality of this study resides in the
recovery of phosphates from real wastewater using biowastes and in the creation of
phosphorus-based products that can be directly applied as soil conditioners. Overall, this
work aims to the development of new zero-waste technology for the treatment of wastewater
after anaerobic process.

6.1 SANMBR performance

Rejected wastewater from dewatering process was used as a feeding stream with an
average COD and phosphates of 195.2 + 15.6 and 23.5 + 1.9 mg L™, respectively. Fig. 6-1
(A-D) depicts the inlet and outlet variation of COD, phosphates, pH and conductivity during
the operational time of the SANMBR. The pH value was relatively constant in the feed and
effluent of the SANMBR within a range of 7.2-8.3. The conductivity was close to 5 mS cm™
for both influent and effluent wastewater. The soluble COD value was decreased gradually
to relatively stable value of 97 mg L. The anaerobic reactor coupled with a membrane
system exhibited an instant decrease as indicated by a COD reduction of 50%, showing that
SANMBRs can also treat low strength wastewaters. The significantly lower final dissolved
COD in the outlet stream of the AnMBR was attained due to the biodegradation of the
wastewater’s organic load, which was considered the main removal mechanism. Contrary to

the high removal of organics in anaerobic reactors, from the results obtained, phosphate and
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ammonium were hardly removed, exhibiting low percentage efficiencies, 7 and 16%,
respectively. This indicates that further treatment was needed to remove the phosphates if the
effluent was to be reclaimed. As such, a two-column system was connected to the SANMBR

for the recovery of phosphates from the effluent.
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Figure 6-1. Variations of (A) COD, (B) pH, (C) phosphates and (D) conductivity in influent

and effluent wastewater during the operational time of SANMBR.

A series of processes are applied in an anaerobic reactor to produce biogas and the
methane content varies depending on the composition of wastewater, the other constituents’
concentration, as well as on the system’s operating conditions. Reject wastewater had low
organic load, which led to comparatively low production of methane (40%) compared to
wastewater with higher organic loading rate (OLR) in shorter HRT. These conditions induced

additional biomass multiplication and conversion of carbon to methane gas. Even so, the
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SANMBR biogas composition exhibited relatively stable performance under different HRTS,
and this was evidence that the methanogenic activity was relatively consistent.

6.2 Column system performance

Following the operation of the SAnNMBR system, the effluent wastewater was stored
in a tank for the adsorption process. One-litre containers were filled with the SAnMBR
effluent and then passed into both columns (EGSL and SG) using a feeding pump. The
operational behaviour of the column system was finely explained by the phosphate
concentration in both effluents. Fig. 6-2(A-D) depicts the EGSL and SG removal efficiency
and concentration of phosphates in the EGSL and SG effluent at different flow rates (0.3-0.5
L d%). The removal efficiencies of EGSL and SG were above 94 - 99% and 74 - 95% for all
the flow rates tested, respectively. It was observed that with the flow rate increasing to 0.5 L
d?, both EGSL and SG phosphate removal was decreased and eventually the concentration
of phosphates in both effluents was increased. High flow rates result to low residence time
and high turbulence, which causes weak interactions between the adsorbate and the
adsorbent. Contrastingly, low flow rates, ensure higher contact time and thus stronger
adsorbate-adsorbent interaction. Ramirez et al., (2018) evaluated the hybrid adsorbent for
phosphate recovery from a liquid solution with the use of a fixed bed column. In this study,
different flow rates (1- 2.5 mL min~') were examined, and the best adsorption capacity was
found at 1.0 mL min flow rate. These results showed that high flow rates do not affect the
adsorption capacity. In general, the increase in the flow rate loads more phosphate ions in
the adsorbent in a shorter period. However, insufficient contact time of phosphate ions with
the adsorbent can lead to faster withdrawal of these ions from the column system before

establishing the adsorption stability.
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Figure 6-2. (A) SG removal efficiency (B) phosphate concentration in the SG effluent (C)
EGSL removal efficiency (D) phosphate concentration in the EGS effluent at different flow
rates (0.3-0.5 L d!) during the adsorption process.
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The EGSL and SG effluents were also analyzed for COD, while the pH and
conductivity were monitored during the process. Fig. 6-3(A) shows the COD content in the
feeding and both effluents. The data obtained are similar for the two effluents indicating that
EGSL and SG have low adsorption efficiency towards organic compounds. This can be
confirmed from the UV-Vis spectrum illustrated in Fig. 6-3(C), where the absorbance of
humic and fulvic-like compounds (at 330 nm) cannot be reduced after 24 h in-contact with
the adsorption materials. Furthermore, Fig. 6-3(B, D) shows the pH and conductivity values
through the adsorption process. As may be seen, the EGSL outlet has a higher pH value and
lower conductivity levels in contrast to the feeding, probably due to its high content in alkali

cations such as calcium.
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The overall measurement results regarding the ammonium and phosphate
concentration during the SAnNMBR and column adsorption process of influents and effluents
are summarized in Table S6-2 (see APPENDIX II). The data obtained indicate no significant
reduction of the ammonium and phosphate concentration during the rejected wastewater
treatment in SANMBR. It is widely known that SAnNMBRs can provide a low level of nutrient
removal (Salazar-Peléez et al., 2011). Thus, an important implication of these findings is the
need to incorporate more advanced processes to attain a degree of nutrients in the effluents
in line with the legislation. As such, the column system was employed to treat SAnMBR
effluent and more than 94% of phosphates could be removed through adsorption from both
materials, with an effluent phosphate concentration of 0.1 - 1.3 mg L. The removal of
ammonium was lower, with an average of 16 — 25% for both adsorbents. Therefore, these
results indicate that EGSL and SG residues have high selectivity regarding the phosphate

ions and low efficiencies in adsorbing organic compounds and other ions.
6.3 Phytotoxicity assessment

The EGSL and SG end solid products after adsorption from SAnMBR anaerobic
effluent were assessed by using the 5% w/w (g of EGSL or SG end product per g of compost)
on S. alba and L. sativum seeds. Fig. 6-4(A-B) illustrates the root and shoot length (cm) and
germination (%) as well as the calculated G1 of germinated S. alba and L. sativum seeds after
applying each end product. The results obtained, showed that the root and shoot length of the
germinated S. alba and L. sativum seeds was increased in comparison to the control after the
SG end product application. According to the diagram below, the root length was increased
35.7 and 6.4% for S. alba and L. sativum seeds, respectively. The shoot length was
significantly improved with the addition of SG end product as soil conditioner, exhibiting
50.2 and 41.8% for S. alba and L. sativum seeds. Although the total length of both species
was increased, the statistically significant difference in compared to the control was found in
the L. sativum shoot and the S. alba root length. These findings match with the calculated Gl
(%) for the SG end product, which reached 138.5% when tested on L. sativum seeds and
182.9% on S. alba seeds. These data highlight the positive effect of SG end product on the
plant as previously stated in the work of Photiou and Vyrides (2021).
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The observations concerning the application of EGSL end product on S. alba and L.
sativum seeds were of equal import as the aforementioned results. The seed germination and
total length of the seeds were decreased compared to the controls, demonstrating low Gl for
both plants. Eggshells comprise mostly of calcium carbonate (94%). AP compounds (mainly
Cas(POs4)2) are used in fertilizer manufacture as their main raw materials (Tan and Lagerkvist,
2011). However, Ca-associated AP phosphorus fertilizers consist slow-release phosphorus
fertilizers in a long term due to their low solubility (Li et al., 2015). Assuming that, only a
fragment of the presented apatite minerals in the parent material dissolves, resulting in low
content of secondary phosphorus fractions. Hence, this could explain the poor germination
of seeds in a 3-d period when EGSL end product was tested. More details regarding the

fractionation of phosphorus in the end products can be found in Section 6.4.
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Figure 6-4. Phytotoxicity trials on S. alba and L. sativum seeds after 3 d time period; (A)
Shoot and root length (cm), shoot and root germination (%) in compared to the control and
(B) Germination index (Gl (%)) of SG and EGSL end products after adsorption using
phosphate from SAnNMBR effluent wastewater.

Among numerous nutrients, nitrogen and phosphorus are the most crucial nutrients
for living organisms (Nidheesh et al., 2022). Wastewater consists of a valuable source of
nutrients due to its high concentration and production rates. Hence, the nutrient recovery
using biowastes and the creation of new products, contribute to a sustainable solution which
combines the recovery of solid waste and the adequate purification of wastewater
(Marcinczyk et al., 2022). Table 6-1 summarized the latest studies on nutrient removal
(nitrates and phosphates) from both synthetic and wastewater solutions with the use of
different biowaste. Interestingly, the removal efficiency of each material varies (25-98%)
depending on the nutrient source. These findings highlight the need of using real wastewater
as a nutrient source instead of synthetic solutions, which can provide data near the actual
conditions that exist in industries. Furthermore, the main limitation of these studies is the
conversion of nutrients into high-value products, which could be applied in agriculture. More
specifically the majority of these studies (62.5%) have implemented desorption steps after
the removal of phosphates or nitrates from the different solutions. Nevertheless, the studies
focusing on the product's application found that depending on the adsorption material the end
products can impose a positive effect on plant growth, resulting in the development of a zero-

waste technology.
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Table 6-1. Comparison between adsorption studies with the use of biowaste and final products ¢

Adsorbent ) Nutrient
. Nutrient . . Removal End products
Adsorbent System  concentration Nutrient concentration o Result Ref.
) source . (%) applications
(gL (mg L)

Waste corn cobs Batch 0.5 KNO:3 NOs’ 20 49 Desorption - Kalaruban et al., (2016)
Fresh coconuts Batch 0.5 KNO:3 NOs’ 20 45 Desorption - Kalaruban et al., (2016)
Onion peel dust . .

Batch 2 KNO3 NO3 100 79 Rice plant Positive Mondal et al., (2019)
(OPD)
Seagrass (SG) Anaerobic Lepidium sativum o Photiou and Vyrides,

_ Batch 20 PO 70.78 94 o Positive
residues wastewater Sinapis alba (2021)
Leachate from o ) . ]
Seagrass (SG) Lepidium sativum . Photiou and Vyrides,
] Batch 20 dewatered PO 821.9 98 o Negative
residues Sinapis alba (2021)
sludge
Blue mussel
(MSB) Oyster Batch 0.2 KH2PO4 PO 20 >97 Desorption - Pap et al., (2022)
(OSB) shell
Blue mussel
Secondary )
(MSB) Oyster Batch 0.2 PO 20 35-65 Desorption - Pap et al., (2022)
wastewater

(OSB) shell
Hazelnut shells . Stjepanovi¢ et al.,

Batch 10 KNO; NOs 30 93 Desorption -
(HS) (2022)
Hazelnut shells . Stjepanovi¢ et al.,

Batch 10 KNO; NOs 30 54 Desorption -
(HS) (2022)
Hazelnut shells Wastewater ) Stjepanovic et al.,

Batch 10 NOz 30 25 Desorption -
(HS) from the (2022)
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Hazelnut shells
(HS)

Calcined
eggshell (CES)
Fir wood waste
- seawater
(SBC) powder
Fir wood waste
- seawater
(SBC) granule
Eggshell
(EGSL) residues
Seagrass (SG)
residues

Batch 10

Batch 1

Batch 1
Column 3.06
Column 68
Column 34

confectionery
industry
Wastewater
from the dairy
industry
Aquaculture

wastewater

Aquaculture

wastewater

Agquaculture

wastewater

Reject
wastewater
Reject

wastewater

NO3

PO

PO43'

PO43'

PO

PO43'

30

4.5

1.82

1.82

29.68

29.68

27

97

95

73

>094

>74

Desorption

Desorption

Desorption

Lepidium sativum
Sinapis alba
Lepidium sativum

Sinapis alba

Negative

Positive

Stjepanovi¢ et al.,

(2022)

Tan et al., (2022)

Zhang et al., (2022)

Zhang et al., (2022)

This study

This study
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6.4 Phosphorus fractions in end products

The SMT protocol was applied to the end products after adsorption and the GS of the
SANMBR to determine the phosphorus species (TP, IP, OP, NAIP and AP) in the extracts.
In theory, among the five phosphorus fractions, the following relationships exist: TP=OP+IP
and IP=NAIP+AP. From the results obtained, it was obvious that IP was the major
phosphorus fraction in EGSL and SG end products, accounting for 92.6 and 95.7% of TP,
respectively. The percentage of the OP bound was relatively low (4.3-7.4%) for both samples
in compared to the TP. The inorganically bound phosphorus consisted of 68.5% AP and
31.5% NAIP for SG end product. The same trend but with higher concentration of AP
(87.4%) was found in the EGSL end product, while NAIP fraction accounted for 12.6%. AP
dissolution depends on the pH and is considered a proton-consuming procedure (Brucker and
Spohn, 2019) that can be applied as a slow-release P fertilizer (Li et al., 2015). Slow-release
fertilizers contain nutrients in a form that is not immediately available to plants. Although
the high proportions of AP in both end products can have many long-term benefits (uniform
rate of plant growth, stronger root systems, less stress experience, better handling of disease
and pest pressures), the high AP fraction (87.4%) in EGSL end product seems to require
further time for the dissolution process, leading to low concentrations of potentially
releasable and bioavailable phosphorus fractions. The remaining inorganic phosphorus was
as NAIP fraction (mainly AIPO4 and FePOs), which consist of the most labile phosphorus
formation. This fraction exhibits low bioavailability, resulting in limited applications as an
industrial raw material or as a high-value fertilizer that can be utilized directly by plants
(Pardo et al., 2004; Xie et al., 2011).

Higher differences between IP and OP fractions were found for the samples of GS
from the SAnMBR in comparison to the end products, with the majority of phosphorus in
GS being organically bound, accounting for 52.1%. The percentage of the IP was 48.4%,
where 60.6% was NAIP fraction and 39.4% was AP minerals. Therefore, the NAIP and OP
percentage fraction in GS was more than 81% of TP. He et al., (2016) studied the phosphorus
(P) fractions in WAS and found similar results regarding the percentage of NAIP and OP,
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indicating that WAS can be used as a future substitution for phosphate rocks to recover

phosphorus.
Chapter’s conclusions

SANMBR effluent contains no solids and is bacteria-free; hence, it is an excellent
source for resource recovery from this effluent. The SAnMBR low performance on
phosphate removal suggests the need to incorporate processes for advanced treatment of the
effluents. These findings indicate that feeding SAnNMBR effluent high in phosphate to a
column system consisting of SG-TT or eggshell residues can recover phosphate with high
selectivity. The columns were operated in a continuous mode and the data obtained showed
high phosphate recovery efficiencies from SANMBR effluent (above 94 and 74% for EGSL
and SG, respectively) for all the flow rates tested. Furthermore, the solid residues of EGSL
and SG after adsorption showed opposite results probably due to the different fractionation
of phosphates in the end products. More specifically, the SG end product imposed a positive
effect on plant growth for L. sativum and S. alba seeds, while the EGSL end product
negatively affected the germination of both seeds tested. Phosphorus fractionation of the end
products after adsorption pointed out the majority of phosphorus was inorganically bounded.
High proportions of AP require further time for the dissolution process. The fraction of AP
minerals in the EGSL end product was higher (87.4%) compared to the SG end product,
which indicates that the potentially releasable and bioavailable phosphorus fractions of the
EGSL end product were at low concentrations leading to low germination of seeds. Overall,
the results of this study suggest that the SG and EGSL could be effectively reclaimed as
selective adsorbents towards phosphates in combination with a SAnMBR contributing to the

development of a zero-waste technology.
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7  SAnMBR followed by thermally treated biowaste and PAC adsorption

processes for domestic wastewater treatment and resource recovery

The Chapter 7 aims to evaluate the performance of a SAnMBR system on treating
domestic wastewater, which is a more common type of wastewater than rejected wastewater,
for organic matter removal based on COD and the recovery of phosphates independently
after the SAnNMBR treatment with the use of SG-TT and EGSL-TT. Further COD removal
from wastewater using PAC was also evaluated. A vast array of crucial parameters was
measured throughout SANMBR and followed adsorption reactors operations: POs*, NH4*,
transmembrane pressure (TMP), phytotoxicity, pH, conductivity, gas composition and
volume of biogas, volatile fatty acids, and VOC (by thermal desorption-gas chromatography-
mass spectrometry (TD-GC-MS), which revealed the toxic organic compounds that can be
removed during the treatment process. A fractionation analysis was finally performed to
define the phosphate adsorption species in the solid products as well as a phytotoxicity test

in the effluent.
7.1 SAnMBR treatment performance

The results depicted in Fig. 7-1(A-F) are evidence of the high-quality performance of
the SAnMBR system. More specifically, Fig. 7-1(A) shows the methane production of
SANMBR for treating both synthetic and domestic wastewater. According to the latter figure,
the SAnMBR treating synthetic and domestic wastewater exhibited 89.1 and 76.2%,
respectively. Following the analysis of the feeding streams, synthetic solution had higher
SCOD in contrast to the real domestic wastewater. Thus, these conditions led to increased
biomass growth and the conversion of carbon to higher methane percentages. The COD
removal profile during the operational time of the SAnMBR is shown in Fig. 7-1(B, F).
SCOD removal for synthetic wastewater and TCOD removal of domestic wastewater were
remarkable with average percentages of 82.3 and 87.8%, respectively. The COD removal
efficiencies were high after the start-up process (Fig. 7-1(B)) and during the entire
operational period an average effluent concentration of 58.9 + 23 mg L was obtained. These

results were also confirmed by the turbidity of the samples before and after the treatment
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process (Fig. S7-3, APPENDIX I11). MBR reactor is distinguished to produce high-quality
effluent with low variability regardless the wide range of influent COD content of each
wastewater. Huang et al., (2020) studied the treatment of real petrochemical wastewater (PW)
with the use of an MBR and attained high removal efficiency (> 80%), which points out the
extended applicability of such technology. The change in TMP was also monitored during
the 61-d experiments. It is evident that during the treatment of synthetic wastewater, the HRT
was stable at 36 h, which is in line with the TMP data. However, the HRT decrease to 24 h
during the treatment of domestic wastewater (Phase I11), resulted to an immediate increase
of the TMP of the SANMBR system (Figure 7-1(E)).

Nutrients recovery was lower regarding the phosphate and ammonium ions. The
average phosphate removal for both wastewaters were ranged from 10.9 — 13.5%, while
ammonium concentration of SANMBR inlet and outlet streams were almost similar (Fig. 7-
1(C, D)). During the anaerobic digestion of both wastewaters, a small increase of ammonium
anions content (8.9%) was observed in the SANMBR compared with influent, which was
probably caused due to the ammonisation of the organically bound nitrogen. However, the
cooperation of the SAnNMBR system with adsorption reactors is mandatory to attain a high

effluent quality, which is in line with the regulations regarding the nutrients’ discharge limits.
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Figure 7-1(A-F). SAnMBR performance and monitor during the anaerobic treatment of

synthetic (Phase | and Il) and domestic wastewater (Phase I1l) (Parameters monitor; (A)
Methane production (%), (B) COD removal (%), (C) Phosphate removal (%), (D)
Ammonium removal (mg L), (E) TMP changes, and (F) TCOD concentration (mg L™?) of

inlet and outlet during the treatment of domestic wastewater (Phase I11)).
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7.2 Adsorption reactors performance

The effluent from a SANMBR treating synthetic and domestic wastewater were fed
into reactors with thermally treated materials (EGSL and SG) in order to evaluate the use of
biowaste as a post-treatment technique. To the author’s knowledge, this is the first attempt
to test the SAnMBR effluents for further treatment with biowaste materials. Fig. 7-2 depicts
the phosphate removal from the EGSL and SG reactors at different flow rates, after the
SANMBR process treating (A) synthetic and (B) domestic wastewater. From the results
obtained, the recovery of phosphates for both wastewaters tested were significantly high at
lower flow rates. More specifically, the recovery percentage ranged from 71.8 - 99.9% and
60.5 - 78.0% for EGSL and SG, respectively. However, when the flow rate increased, the
recovery efficiency of phosphate diminished as expected due to the short contact time of ions
with the active sides of the materials. Ammonium ions were also present in both wastewater
effluents due to the poor performance of the SAnMBR nutrients’ removal (Fig. 7-3).
Adsorption reactors consisting of EGSL and SG could further remove ammonium and COD
from both wastewaters, only up to 2.0 - 4.9% and 13.0 - 21.0%, respectively, which points
out the high selectivity of those materials towards phosphates. The same results were
observed concerning the adsorption of ammonium and phosphate ions from PACa and PACs,
which achieved a further removal within the range of 8.6 - 11.8%, respectively. In the study
of Ruiz-Martinez et al., (2012), microalgae were applied to treat AnNMBR effluent for
phosphorus and ammonium removal. The results depicted that microalgae are capable of

129



Phosphate removal (%)

100

80

60

40

20

removing up to 98.0% of the phosphates and 67.2% of the ammonium ions, attaining a high-

quality effluent.

100

EGSL OUT
uSG OUT

Synthetic

Domestic
Wastewater 80

Phosphate removal (%)

EGSL OUT
= SG OUT

Real
Domestic
Wastewater

I !
- 60
. | - 40
I |-
T T T T T 0 T T T
0.1 0.2 0.3 0.4 0.6 0.8 0.1 0.2 0.3

Flow rate (ml min-') Flow rate (ml min)

[
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Fig. 7-4 presents the soluble COD concentrations during the anaerobic treatment of
(A) synthetic (Phase 1) and (B) domestic wastewater (Phase I11) in the SAnMBR for the: (1)
synthetic/domestic effluent (2) eggshell effluent, (3) seagrass effluent and (4) effluent after
PACAx, and (5) effluent after PACg. According to the respective figure, the incorporation of
PAC seems to further improve the removal efficiency of COD, which was high after the start-
up process (Fig. 7-4). During the entire operational period, an average COD effluent
concentration of 20.2 + 5.2 and 57.0 + 13.3 mg L™ was obtained after the PAC treatment of
SANMBR real domestic and synthetic domestic wastewater, respectively, which was far
below the discharge limit (125 mg L) enforced by the European legislation (91/271/EEC)
on urban wastewater. More specifically, in Cyprus, a discharge limit below 70 mg L? is
permissible for the recycled water to be used for irrigation purposes for specific crops.
Overall, the applied PAC attained an additional removal of 60.5-78.3% of COD in both
wastewaters, while the whole process reached a removal efficiency of 89.6 and 94.1% for

domestic and synthetic wastewater, respectively.

VFAs are also rapidly produced during the anaerobic digestion of organic substrates
at the acidogenesis and acetogenesis stages (Wagas et al., 2018). Fig. 7-5(A-B) presents the
VFAs concentration after SAnNMBR treatment in the two different systems at two-time points
(day 21 for synthetic and on day 54 for real domestic wastewater). On day 21, the SAnNMBR
effluent was 239 mg L and was reduced by around 36% and 58% when it was passed
through EGSL and SG adsorption reactors, respectively (Fig. 7-5(A-B)). Then, the effluents
from EGSL and SG reactors passed through PAC reactors, and the VFAs were further
reduced by around 85 and 55 %, respectively. On day 54, the effluent from SAMBR treating
real domestic wastewater was 35.5 mg L™, mainly propionic acid. The EGSL adsorption
reactor had higher performance than the SG adsorption reactor (Fig. 7-5(B)) when exposed
to SAMBR effluent. However, when the effluents from EGSL and SG passed through PAC
reactors, the final effluent for both systems was 17.5 mg L. Overall, the system of EGSL-
PAC and SG-PAC showed VFAs removal around 50-90% and 50-71%, respectively. The
high solubility in water (polar compounds), such as VFAs and low molecular organic
compounds, makes them less adsorbable to PAC than higher molecular organic compounds
(Vyrides et al. 2010).
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7.3 Phytotoxicity assessment

Effective utilization of the liquid fraction remained after the phosphate adsorption
process from the SAnMBR domestic effluent towards the growth and development of Sinapis
alba and Lepidium sativum seeds are demonstrated in Fig. 7-6. After the adsorption process
using EGSL, SG residues, and PAC, both effluents were mixed and evaluated, in contrast
with SAnMBR samples before the adsorption treatment, for their potential toxicity on plant
seeds. The results revealed that the SAnNMBR outlet and the mixed effluent after the PAC
treatment were significantly better regarding the Sinapis alba seeds, in compared to the
untreated real domestic wastewater (inlet). The increase of the Sinapis alba growth was
statistically proved. Similar results were observed on Lepidium sativum seeds when the PAC
effluent was tested. However, the SANMBR effluent treating domestic wastewater negatively
affected the growth of seeds, exhibiting mild inhibition. Saddoud et al., 2007 studied the
effect of AnMBR effluent produced after treating municipal wastewater on Lepidium sativum
seeds. The calculated Gl value was up to 87%, which considered non-phytotoxic on plant
growth. In another study by Ravindran et al., (2016), treated wastewater from different

domestic wastewater plants was evaluated for its phytotoxicity effect on selected crops. The
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results of this work were similar, indicating that SAnNMBR treating domestic wastewater
imposed positive effect on each crop with Gl values above 80%.
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Figure 7-6. Phytotoxicity trials on Sinapis alba and Lepidium sativum seeds after a 3-d time
period; Germination index (Gl (%)) of 20% (v/v) diluted SAnNMBR inlet and outlet, and
effluent after PAC adsorption.

7.4 Phosphorus fractionation of the P-riched solid products

The solid fraction after adsorption from synthetic and domestic wastewater solutions
were examined to determine the phosphorus species (TP, OP, IP, AP, NAIP) in the extracts.
Phosphorus fractionation of solid products provides special benefits for comprehending the
phosphorus path while the system's processes are being applied. According to the analysis of
both solid products after the adsorption of synthetic and domestic SAnNMBR effluents, the
majority of the phosphorus was attained as an inorganically bound fraction, accounting for a
range of 77.3 - 95.3% of the TP (Table 7-1).
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Table 7-1. Phosphorus fractionation of the solid end products

Phosphate source Synthetic wastewater Domestic wastewater
Products fractionation (%) EGSL solid SGsolid EGSL solid SG solid
OP* 6.29 4.66 5.96 22.62
IP* 93.70 95.34 94.04 77.38
AP* 56.00 64.25 69.55 68.89
NAIP)* 44.00 35.75 30.45 31.11

* The following relationships exist: TP=OP+IP and IP=NAIP+AP

The elevated IP percentage confirms the high phosphorus’ mobility and bioavailability in the
final products (Huang et al., 2017). The OP percentage was relatively low for the EGSL solid
products after phosphates adsorption from both wastewater effluents (6.0 - 6.3%) in
compared to the TP fraction. However, a higher OP percentage was observed in the SG end
product after the adsorption of the SAnMBR effluent treating domestic wastewater, which
was accounted for 22.6% of the TP. The AP and NAIP fractions were similar for all the
samples analysed and were consisted of 56.0 - 69.6% AP and 30.5 - 44.0% NAIP,
respectively. Lee et al. (2022) studied the removal of phosphates from water using Ca-rich
organic waste and analyzed the final product to determine the fractions of phosphorus. Their
study identified inorganically bound phosphorus as the major fraction in the sediments,

which is consistent with the results obtained in our study.
7.5 VOCs removal by the overall treatment

The degree of volatilization and biodegradation, as well as the mobility of compounds
are influenced by the amount of VOCs adsorption on organic materials. The adsorption
process can improve biodegradation through the reduction of toxic and non-biodegradable
compounds from the solutions (Weber and Jones, 1986). Figure 7-7 shows the total VOCs
content over time for five samples withdrawn during the process: (1) domestic wastewater
inlet, (2) sample from SANMBR, (3) SAnMBR effluent, (4) PACa effluent and (5) PACs
effluent. The synthesis of domestic wastewater inlet included alcohols, sulfides,
hydrocarbons, terpenes, phenols, aldehydes, amines, acids, ketones, esters, and others. The
list of all detected wastewater VOCs is presented in Table S7-3 (APPENDIX 111). According
to Fig. 7-7, the normalized area of the total VOCs (Total Ai/Ais) was significantly decreased
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from the very first steps of the process. More specifically, the samples from the SAnMBR
revealed a reduction of 45.5%, which was further reduced in the SAnMBR effluent by 3.7%.
However, a small increase of the VOCs was observed while the SANMBR effluent was
passing through the PAC reactors. Najm et al., (1990) found that the rate of adsorption and
PAC capacity are markedly reduced when humic substances are present in the water as a
result of competition, which could probably explain the increase of VOCs after PAC
treatment. Although the trend of total VOCs seems almost unaffected among PACa and
PACg effluents, it appears that different chemical classes contribute to each case. In PACa
effluent, an increase in hydrocarbons, acids, and aldehydes was observed, whereas in PACg
a high decrease in aldehydes was noticed.
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Figure 7-7. VOCs total area during the five procedure steps: (1) domestic wastewater inlet,
(2) sample from SANMBR, (3) SAnMBR effluent, (4) PACa effluent and (5) PACg effluent.

The most frequently detected compounds in the samples were benzene, toluene,
nonanal, decanal, 2-ethylhexanol, alpha-terpineol, eucalyptol, phenol, p-cresol, o-
hydroxybiphenyl, 2,4-Di-tert-butylphenol, cyclododecane, and the reduced organic sulfides
of dimethyl disulfide and dimethyl trisulfide, which are considered known wastewater
contaminants (Fig. 7-8). Volatile sulfide compounds (VSCs) are among the most frequently
detected VOCs in wastewater and are characterized for their characteristic bad odours, even
at low concentrations. Dimethyl trisulfide and dimethyl disulfide derive from food
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production and various wastes, due to the microbial decomposition of sulfur-containing
organic matter (Sun et al., 2023). Although these compounds are usually detected abundantly
than other VOCs in the domestic wastewater, as depicted in the TD-GC-MS chromatograms
(Figure 7-8, marked as compounds 2 and 4), they were eliminated at the beginning of the
process. Phenol and its alkyl-derivatives are moderately water-soluble pollutants, common
to the wastewaters of various industries (oil and gas industry, paint manufacturing,
pharmaceutical industries, etc.) (Selvasembian et al., 2022). They consist of hazardous
compounds (e.g., o-hydroxybiphenyl, and 2,4-Di-tert-butylphenol) and after the SAnMBR
treatment, the removal of such compounds was more than 56%. Among the most notable
identified micropollutants was 2,4-Di-tert-butylphenol (2,4-DTBP), a common toxic
secondary metabolite produced by various groups of organisms that is considered highly
toxic and poor biodegradable (Feng et al., 2023). Moreover, the presence of diethyl phthalate
(DEP) in the examined wastewater inlet is of high concern due to phthalates hazardous nature
and industrial origin; therefore, their fate is under the microscope of researchers (Dargnat et
al., 2009). An interesting chemical class usually present in wastewater is that of terpenes such
as eucalyptol, camphor, linalool, levomenthol, and menthone that are originated from the
numerous body care and cosmetic products (Lebedev et al., 2022). Also, the Cs-C1o aldehydes
were all present in the wastewater, next to benzaldehyde (harmful to aquatic organisms).
Decanal and nonanal are long chained aldehydes and their presence are likely due to
cyanobacteria activity in wastewaters (Godayol et al., 2013). According to the TD-GC-MS
analysis, both compounds were rapidly eliminated (>70%) during the process. On the other
hand, 2-ethylhexanol shows a low solubility in water and a high octanol-water distribution
coefficient, which enables to absorb on wastewater particle organic materials and end up in
sludge. Considering this, the high values of 1-hexanol-2-ethyl can be justified due to the low
biodegradation in the anaerobic digestion systems (Stamatelatou et al., 2011). Benzene and
toluene were also detected at low levels in wastewater but remained constant through the
whole process. Finally, the presence of coal and bitumen industries leads to the detection of

multi-ringed thiophenes in wastewater samples (Lee and Brimblecombe, 2016).
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Figure 7-8. Indicative TD-GC-MS chromatograms of VOCs determined during the five
procedure steps: (1) domestic wastewater inlet, sample from (2) SAnMBR, (3) SAnMBR
effluent, (4) PACa effluent, and (5) PACg effluent.

7.6 Discussion

Domestic wastewater is the most prevalent type of wastewater worldwide, and
conventional activated sludge processes are widely used for its treatment. However, this
method has several challenges, including high-energy costs, significant waste sludge output,
and substantial environmental impact. As an alternative, anaerobic treatment of domestic
wastewater has been proposed. Studies (Robles et al., 2020, Ji et al., 2021) have shown that
anaerobic digestion can effectively treat domestic wastewater, reaching up to 87%
biodegradability and achieving COD effluent concentrations below discharge limits. Ji et al.,
(2021) used SAnNMBR to treat real domestic wastewater. The process performance was
evaluated by organic removal efficiency and biogas production, achieving 89% and 80%
yield, respectively. An important implication of these studies is that MBR technology can be
used for the treatment of real wastewater as efficiently as the conventional wastewater

process.

Although numerous studies made significant steps towards the enhancement of
wastewater anaerobic treatment solutions, very few address the treatment process to recover
resources in addition to purifying various types of wastewater. Table 7-2 points out literature
studies that used anaerobic treatment for domestic/municipal wastewater followed by a
nutrient recovery process. The studies by Mavinic et al., (2007) and Huang et al., (2015)
reported the anaerobic treatment of domestic wastewater followed by chemical precipitation
for phosphate recovery. Lim et al., (2019) treated an anaerobic effluent for phosphorus,
sulfides and ammonia recovery. Additionally, the studies that maintain to remove nutrients
from the effluent after the anaerobic digestion of real wastewater, fail to properly recover and

further evaluate the possible applications of nutritional products.

This study builds upon previous research on phosphate recovery from SAnMBR
effluent using rejected wastewater generated during the dewatering of anaerobic sludge from
UWTPs using biowaste columns (Photiou et al. 2023). The previous study (Photiou et al.
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2023) faced challenges such as low biogas production, low volume of effluent fed into the
column system, COD concentration exceeding discharge limits, and differences in
phytotoxicity of the materials tested. The current study uses synthetic and real domestic
wastewater with high organic content and higher volumes as feedstock, resulting in higher
biogas production. To address excess COD content remaining after the biowastes adsorption
system, PAC reactors were used, which resulted in final COD concentrations below the
discharge limits. The liquid remaining after the process was evaluated for phytotoxicity, and
high growth index percentages indicated that the treated wastewater could be used for
irrigation purposes. The study takes a more holistic approach to wastewater treatment with a
focus also on organic content and VOC reduction, biogas production, and phytotoxicity

evaluation of the effluent.

In more detail the present work utilised thermally treated biowaste, which also
consists of wastes, for the phosphate ions and PAC as adsorbent for further COD removal.
The originality of this approach lies in the fact that the effluent obtained consists of high-
quality water for re-use with pollutants content below the regulation’s discharge limits. The
final products after adsorption using thermally treated biowaste can substantially be used as
soil conditioners, leading to a holistic wastewater treatment with a zero-waste approach under
the concept of the circular economy. In addition, the final products after adsorption that
contained high concentration of inorganically bound phosphate can be used as a feedstock in
the fertilized industry. The main recovery products of the tested system are a) treated
wastewater that can be utilized for irrigation, b) biogas, and c) solid product high in
inorganically bound phosphate. The system also contributed to the significant reduction of
VOCs.
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Table 7-2 Literature review regarding the anaerobic treatment of different types of domestic/municipal wastewater

Anaerobic effluent

Wastewater  Anaerobic treatment 1 Recover nutrient-Method  Final removal (%) Reference
content (mg L™)
Anaerobic 3. ;
digestion AD bioreactor KIIO—: . 839001%500 0 Prhe%sip?tzﬁg-nchemlcal PO,*:90.0 Mavinic et al., (2007)
supernatant 4 . J09. - precip
Anaerobic PO4™: 2110 Phosphates-chemical
digestion AD bioreactor NH4*: 389.0 recipitation PO,*: 96.0 Huang et al., (2015)
supernatant COD: 308.0 precip
Synthetic feed  /\N3€robic Membrane COD: 9.0-238.0 COD, phenols, nitrogen COD: 90.0 Mai et al., (2018)
Bioreactor compounds-PAC
Real domestic Sulfide and phosphorus- COD: 88.0
wastewater SO, 24.0 coagulation, flocculation, Limetal., (2019)
3 i i 3
Anaerobic Membrane PO4": 4.2 sedimentation PO4*: 94.0
Bi NH4*: 0.05 Ammonia-coagulation,
. ioreactor ) . . .
Real domestic COD: 71.0 flocculation, sedimentation, . .
- S NH,*: 99.5 Limetal., (2019)
wastewater clinoptilolite ion-exchange
column
. . Nitrogen and phosphorus- a .
Municipal PO4*:5.1-10.5 . . PO4*: 97.8 . .
wastewater SAnMBR NH.* 20.0 mixed micro algal culture NH.": 67.2 Ruiz-Martinez et al. (2012)
system
Synthetic and .
) PO,*:71.8-99.9
Real domestic PO 23.0 COD: 89.6-94.1 Present study
Synthetic Real SANMBR NH4*: 50.2 Phosphates-Eggshell-PAC
s COD: 80.0 PO 60.5-78.0 oresent stud
COD: 89.6-94.1 y
wastewater
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Chapter’s conclusions

The application of a SANMBR for the treatment of municipal wastewater was examined.
The process operated with the use of synthetic and real domestic wastewater. The results
revealed that COD was effectively removed up to 82.3 and 87.8% for synthetic and
domestic wastewater, respectively. Phosphate ions were also removed after the
application of biowastes with percentages up to 71.8 - 99.9% and 60.5 - 78.0% for EGSL
and SG, respectively, for all the tested flow rates. After PAC application, COD was
further reduced with concentrations of 20.2 + 5.2 and 57.0 + 13.3 mg L under all
operating conditions, respectively. Phytotoxicity results revealed that the SANMBR
effluent achieved high GI values for both seeds tested compared to the untreated domestic
wastewater. The solid fraction after adsorption from synthetic and domestic wastewater
solutions showed that most of the phosphorus attained was inorganically bound. Finally,
VOCs presented a significant decrease especially in VSCs, phenols, and aldehydes. In
general, this technology might be viewed as a potential approach for treating a wide range
of wastewater instead of the applied conventional systems as these products can be
recovered in treated wastewater and be utilized for irrigation, supply biogas for energy,
and a solid product high in inorganically bound phosphate that can be used as a raw

material for fertilize product.
8 SUMMARY OF FINDINGS — CONCLUSIONS

Aligned with the concept of circular economy, this study proposes a novel
approach (Fig. 1-14) aiming at a sustainable recovery of phosphates from real wastewater
and DWAS using thermally treated biowaste-based materials and the evaluation of end
products in the agricultural industry as soil conditioners. Thus, from a wide range of
biowastes tested, the potential of SG-TT and EGSL-TT residues as a cost-effective
solution for phosphate removal was highlighted. The residues showed exceptional
adsorption capabilities in both synthetic and real wastewater sources. The thermal
treatment of such materials transformed them into effective phosphate adsorbents.
Optimal phosphate utilization using SG-TT and EGSL-TT occurred at 500°C for 1 hr and
at 900°C for 30 min at neutral pH, approximately. The Freundlich equation efficiently
predicted adsorption behavior for seagrass, while Langmuir equation was best fitted for

eggshell adsorption. According to the results obtained the adsorption mechanisms were
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different for each material. EDS maps confirmed uniform phosphate distribution over the
specimen's surface, while the presence of phosphate-based crystals indicated
simultaneous physical and chemical adsorption for SG-TT samples. EGSL-TT
mechanisms were examined in previous laboratory studies indicating that phosphates are
collected in one or combination of the following three mechanisms: (a) adsorbed on the
surface of CES900 particles, (b) reacting with calcium carbonate but forming amorphous
phases, and/or (c) precipitating into calcium phosphate phases but forming amorphous
material or crystals small enough (~1 nm), not detectable by XRD. The SG-TT and
EGSL-TT adsorption of phosphates were minimally influenced by other components in
real wastewater, exhibiting also high selectivity towards phosphates. As such, the findings
underline the potential of these materials' high nutrition content and robust adsorption

capacity.

DWAS were also used in adsorption batch experiments due to its high phosphate
content. Sulfuric acid was efficient in solubilizing phosphate from DWAS. The SG-TT
and EGSL-TT residues were suitable adsorbents achieving high adsorption efficiency.
This study was also utilized SG-TT and EGSL-TT residues after adsorption from real
wastewater and leachates to produce a fertilizer substitute. The findings were similar for
both materials. More specifically, the solid residues after synthetic and real wastewaters
(primary, anaerobic and reject wastewater) had a positive effect on plant growth, while
the solid residues after adsorption from the leachate solution from DWAS imposed a
negative effect on the germination of seeds. However, SG-TT and EGSL-TT are excellent
biomaterials for recovering phosphate from anaerobic effluents, and the solid residue

from this process contains essential nutrients for agricultural use.

EGSL-TT was also tested as an additive to AD, revealing that EGSL-TT
prevented pH reduction and improved reactor performance. Soluble CO> had a higher
affinity for EGSL-TT than phosphates, and N2 replacement resulted in significant
phosphate removal.

In the last chapters, a wholistic approach was implemented to improve the
treatment procedure of real wastewater. SANMBR effluent has potential for resource
recovery due to its lack of solids and bacteria. However, it was not effective in removing
phosphates, indicating the need for advanced treatment processes. This study proposed

using a column system with SG-TT or eggshell residues to selectively recover phosphates
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from the rejected wastewater effluent. Continuous operation of these columns resulted in
high phosphate recovery efficiencies. Similar results were obtained in the experiment
where SAnNMBR was used for treating municipal wastewater. Effective COD removal
rates above 82.3% were achieved. With the addition of biowastes the substantial removal
of phosphate ions was also ranging from 71.8% to 99.9% for EGSL and 60.5% to 78.0%
for SG. The PAC addition further reduced COD concentrations, resulting in high-quality
effluent. This was also confirmed by the phytotoxicity assessments, which showed high
Gl values for SAnMBR effluent, outperforming untreated wastewater. Moreover, VOCs
exhibited a significant decrease, indicating the efficacy of this technology in wastewater
treatment. Thus, this approach holds promise for treating diverse types of wastewater and
the recovered products can be utilized for irrigation, biogas production, and as a solid

feedstock for the fertilizer industry.

9 Recommendations

One area of investigation that could be pursued is conducting scale-up experiments
and pilot studies to evaluate the feasibility of implementing the phosphate recovery
process on a larger scale. To achieve potential industrial applications, it will be essential
to gain an understanding of the practical challenges and performance of the adsorption

system under real-world conditions.

Another crucial area of future research could involve investigating the efficiency and
long-term stability of other bio-based adsorbents as well as other industrial wastes such
as bypass dust from cement industry, which has high Ca content. Furthermore, conducting
a comprehensive economic analysis and life cycle assessment could be a valuable way to
evaluate the cost-effectiveness and environmental impacts of the proposed phosphate
recovery process. This will assist in identifying potential barriers and opportunities for

large-scale implementation and will be a crucial component of future research.

Another potential area of research could involve exploring additional avenues for the
valorization of adsorbed phosphates recovered from bio-based adsorbents. Investigating
their potential as raw materials for fertilizer production, soil amendments, or other
valuable products could enhance the circular economy concept and further promote

sustainable resource management. Moreover, exploring the integration of the phosphate
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recovery process into existing wastewater treatment plants, particularly anaerobic
digestion facilities, could also be an area of interest. Developing efficient and practical
systems for simultaneous wastewater treatment and phosphate recovery could enhance
the overall resource recovery potential. Considering the combination of multiple
treatment technologies or synergistic approaches to optimize phosphate recovery and
overall wastewater treatment efficiency may also be a promising area of exploration that
will improve the overall phosphorus removal performance. In addition, by conducting
field trials and applying the phosphate recovery process in real-world wastewater
treatment scenarios will provide valuable insights into the process's performance under
different conditions and provide opportunities for collaboration with wastewater

treatment facilities.

Finally, exploring the potential policy implications and regulatory considerations
associated with adopting phosphate recovery technologies could be a crucial area of
investigation. Engaging policymakers and stakeholders will be essential to ensure the

integration of these sustainable practices into future waste management strategies.
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APPENDIX |

Title: Thermally treated eggshells in anaerobic digestion: buffering acidification in

AD and evaluating end products from phosphate adsorption as soil conditioners.

Table S5-1. Concentration in mg L™ of phosphates and other components in real wastewater

solutions.
Other components in Anaerobic Nitric Sulfuric | Anaerobic
effluent leachate | leachate effluent
Elements NO3z NH4* COD PO
Time (h) 0 24 0 24 0 24 0 2 0 2 0 2

Concentration

03 01| 161 89 |1058 999|104 16 |124 34| 708 152
(mg L)

Removal (%0) 62.2 44.3 5.5 85 97.2 78.4

APPENDIX 11

Title: Phosphate recovery from the effluent of a submerged anaerobic membrane

bioreactor using columns of eggshell and seagrass residues.

Table S6-1. Reject wastewater characterisation.

Values AVG STD
pH 7.01 -
Conductivity (mS cm™) 4.97 -
TS (% wiw) 0.16 0.01
VS (% wiw) 26.79 3.21
Nitrates (mg L) 0.47 0.14
Phosphates (mg L™) 29.68 1.74
Ammonium (mg L) 7.51 1.11
COD (mg LY 195.19 15.59
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Table S6-2. Concentration of NH4* and PO,* during the SAnNMBR and Column adsorption

process.
Sample Time (d) Ammonium (mg L?) Phosphate (mg L)
0 10.40+0.76 25.74+3.33

8 7.26+0.43 24.25+0.00

SANMBR Inlet* 16 6.82+0.23 22.34+4.15
32 8.57+0.45 16.12+1.04

50 8.26+0.47 24.45+1.96

0 8.68+0.00 23.65+3.20

8 8.54+2.55 22.90+0.68

SANMBR Outlet* 16 10.36+4.92 20.10+2.99
32 8.94+1.05 15.33+0.44

50 7.54+0.26 19.2620.28

0 - - - -

10 1.46+0.09 1.63+0.30

EGSL Out* 21 5.62+0.47 1.93+1.03
39 7.74+£1.28 0.00£0.00

60 4.92+0.96 2.26+0.46

0 1.75+0.68 1.13+0.68

10 5.98+1.30 5.35+0.38

SG Out* 21 7.17+3.72 6.78+0.42
39 7.21+0.28 4.38+0.82

60 6.15+0.87 6.73+0.69

*Values comprise sum of the concentration measured in the liquid phases and are given as

average (mean) and standard deviation contents calculated over triplicates.
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APPENDIX III

Title: SAnNMBR followed by thermally treated biowaste and PAC adsorption

processes for domestic wastewater treatment and resource recovery.

Table S7-1. Synthetic wastewater composition.

Constituent salt Concentration (mg L)
Glucose 710.0
Sodium acetate 200.0
Sodium hydrogen carbonate 750.0
Ammonium chloride 90.0
Potassium dihydrogen phosphate 90.0
Magnesium sulphate 50.0
Calcium chloride 30.0
Sodium chloride 30.0
Yeast extract 15.0
Cysteine 500.0
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Fig. S7-1 (a-b). Pictures from the experimental configuration in the lab (@) SAnMBR (b)
adsorption reactors with SG-TT, EGSL-TT and PAC.
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Fig. S7-2. UV/Vis spectra of (1) domestic effluent (2) SAnMBR effluent (3) eggshell effluent,
(4) seagrass effluent and (5) effluent after PACa, and (6) effluent after PACe.

Fig. S7-3. Turbidity removal before and after the treatment process.

Table S7-2. PAC composition.

Property Value

Loss on drying (105°C) Max. 7 %
Granulation <= 40 pm Min.75 % Complying
Iron (Fe) Max. 0.3 %
Vapor Pressure <0.1 mmHg (20 °C)
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Autoignition Temperature

842 °F

Resistivity 1375 uQ-cm, 20 °C (graphite)
Form Powder
Table S7-3: VOCs detected in the wastewater inlet.
VOCs MW Ref.
Acids
Acetic acid 60.03
Butanoic acid 88.11
Benzoic acid 122.12
Nonanoic acid 158.23
Hexanoic acid, 3,5,5-trimethyl- 158.24
Alcohols
2-propanol, 2-methyl- 74.12
1-butanol, 2,2-dimethyl- 102.17
2-butanol, 1-methoxy- 104.15
1-Hexanol, 2-ethyl- 130.23 1
3-heptanol, 3,6-dimethyl- 144.25
Cyclohexanemethanol, .alpha,. Alpha,4-trimethyl- 156.27
Cyclohexanol, 4-(1,1-dimethylethyl)-, trans- 156.27
7-Octen-2-ol, 2,6-dimethyl- 156.27
3-octanol, 3,7-dimethyl- 158.28
Aldehydes
Butanal 72.11 3,5
Pentanal 86.13 5
Hexanal 100.16 3,5
Benzaldehyde 106.12 2,4
Heptanal 114.19 2,3,5
Octanal 128.21 3,5
Nonanal 142.24 3,5
Decanal 156.27 5
Amide
Butamide, 3-methyl- 101.15
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Methyldiethanolamine 119.16
Benzenethamine, 4-methoxy-. Alpha, -methyl-(+/-) 165.23
Esters
Acetic acid, methyl ester 74.08
Butanoic acid, methyl ester 102.13
Sulfurus acid, dimethy! ester 110.09
Cyclopropanecarboxylic acid, isopropyl ester 128.17
Propanoic acid, 2,2-dimethyl-, propyl ester 144.21
Diethyl Phtalate 222.24 1
Hydrocarbons
1-propene, 2-methyl- 56.11
Benzene 78.11 2,2,3
n-Hexane 86.18 6
Toluene 92.14 2,2,3,45,6
Cyclopentyl acetylene 94.15
Heptane 100.21
p-xylene 106.16 1,2,3,4,6
7-methylbicyclo[4.2.0]octane 124.22
1-Decene 140.27
Decane 142.29 2
7-oxabicyclo[2.2.1]heptane, 1-methyl-4-(1-methylethyl)- 154.25
Undecane 156.31 2
Cyclododecane 168.32
1-Dodecene 168.32
Ketones
Acetone 58.08 6
2-Butanone 72.11
2-pentanone 86.13
3-pentanone 86.13
Cyclohexanone 98.15
3-heptanone 114.19
Acetophenone 120.15
2-heptanone, 4-methyl- 128.21
Phorone 138.21
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Terpenes
Fenchone 152.23
Eucalyptol 154.25
I-Menthone 154.25
.alpha.-terpineol 154.25
Linalool 154.25
Camphor 152.23
Levomenthol 156.27
D-Limonene 136.23 2,6,7
Phenols
Phenol 94.11 2,4
p-cresol 108.14
3,5-difluorophenol 130.09
Phenol, 2,3,5,6-tetramethyl- 150.22
o-hydroxybiphenyl 170.21
Phenol, 2-cyclohexyl- 176.26
2,4-Di-tert-butylphenol 206.32
Sulfides
Disulfide, dimethyl 94.20 2,3,6,7
Dimethyl, trisulfide 126.26 4,6,8,9
Others
Pyridine 79.10
2-chloroprop-2-enamide 139.96
4,7-methano-1H-indenol, hexahydro- 192.25
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