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ABSTRACT

FATE AND EFFECTS OF POLYETHYLENE TEREPHTHALATE (PET)
MICROPLASTICS DURING ANAEROBIC DIGESTION OF
DISINTEGRATED SLUDGE

Hatinoglu, Makbule Dilara
Master of Science, Environmental Engineering
Supervisor: Prof. Dr. F. Dilek Sanin

December 2021, 184 pages

Modern wastewater treatment plants effectively remove microplastics (MPs) from
wastewater but unfortunately concentrate them in sludge. Anaerobic digesters were
recently reported to be affected by MPs. Despite their resilience to natural
degradation, polyethylene terephthalate (PET) plastics have inherent weaknesses to
alkali and thermal conditions and become more susceptible to biodegradation if
exposed to them. Sludge disintegration practices aiming to increase the biogas
production by disrupting sludge’s floc structure show great similarity with the stress
factors mentioned. Thus, this study aimed to integrate disintegration with anaerobic
digesters and investigate the fate and effects of PET MPs during these processes.
With this purpose, waste activated sludge samples spiked with different doses of PET
(0,1,3,6 mg/g TS) in sizes of 250-500 um were disintegrated by 0.5 M alkali for two
days and thermally hydrolyzed at 127°C for 120 min. 60 days of biochemical
methane potential reactor operation concluded that MPs dose significantly affected
the methane yield positively in non-disintegrated reactors. Integrating disintegration
prior to digestion, on the other hand, increased the yield by 22.0% and made the



impact of MPs on digester efficiency no longer observable. PET also experienced
changes in their physical (surface morphology/mass) and chemical
(crystallinity/carbonyl index) properties depending on whether they were exposed to
disintegration before digestion. Moreover, for the first time in literature, a method
was developed for the analysis of MPs in sludge based on chemical oxygen demand
removal as the indicator of organic matter removal. The method provides over 80%

MPs recovery efficiency, meeting the recommendations in the literature.

Keywords: Microplastics, Sewage Sludge, Anaerobic Digestion, Sludge

Disintegration, Biofragmentation
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0z

POLIETILEN TEREFTALAT (PET) MIKROPLASTIKLERIN
DEZENTEGRASYON UYGULANMIS ARITMA CAMURLARININ
ANAEROBIK CURUTME SURECLERINDEKI ETKILERI VE BU

SURECLERDEKI AKIBETI

Hatinoglu, Makbule Dilara
Yiiksek Lisans, Cevre Mithendisligi
Tez Yoneticisi: Prof. Dr. F. Dilek Sanin

Aralik 2021, 184 sayfa

Modern atiksu aritma tesisleri atiksudaki mikroplastikleri (MP’ler) etkin sekilde
uzaklastirirken ne yazik ki bunlar aritma ¢amurunda biriktirmektedir. Anaerobik
clirtitiiciilerin son zamanlarda MP’lerden etkilendigi rapor edilmistir. Dogal yollar
ile bozunmaya kars1 direnglerine ragmen, PET plastikler alkali ve termal kosullara
kars1 zayif olup; bunlara maruziyetleri durumunda biyolojik bozunmaya kars:
hassasiyetleri artmaktadir. Aritma ¢amurunun yumak yapisini bozarak biyogaz
iretim verimini artirmay1 hedefleyen dezentegrasyon yontemleri bahsi gegen stres
faktorleri ile biiyiik benzerlik gdstermektedir. Bu nedenle ¢alisma dezentegrasyon
yontemlerini anaerobik ciiriitiiciilere entegre ederek PET MP’lerin bu siireglerdeki
akibeti ve etkilerini incelemeyi hedeflemektedir. Bu amagla 250-500 pm boyutlarina
sahip PET MP’lerin farkli dozlarda (0, 1, 3, 6 mg/g TS) eklendigi atik aktif camur
numuneleri iki giin boyunca 0,5 M alkali dezentegrasyon ve 127°C’de 120 dk
boyunca termal hidroliz islemlerine tabii tutulmustur. 60 giinliik biyokimyasal metan

potansiyeli reaktor isletimi ile MP dozunun dezentegrasyona ugramamis

Vil



reaktorlerde metan verimini 6nemli Ol¢iide olumlu etkiledigi sonucuna varilmistir.
Ote yandan, dezentegrasyon islemlerini ¢iiriitme islemi 6ncesine entegre etmek
verimi %22,0 oraninda artirmis ve MP’lerin ¢iiriitiicii verimi tizerindeki etkisini
gozlemlenemez kilmistir. Ayrica, PET, ¢iirlitmeden 6nce dezentegrasyona maruz
birakilma durumuna bagli olarak fiziksel (yiizey morfolojisi/kiitle) ve kimyasal
(kristallik/karbonil indeksi) o6zelliklerinde degisiklikler yasamistir. Ayrica,
literatiirde ilk kez, organik madde gideriminin gostergesi olarak kimyasal oksijen
ihtiyaci giderimine dayali camurdaki MP’lerin analizi i¢in bir yontem gelistirilmistir.
Yontem, literatlirdeki tavsiyeleri karsilayarak %80’in lizerinde MP geri kazanim

verimliligi saglamaktadir.

Anahtar Kelimeler: Mikroplastikler, Aritma Camuru, Anaerobik Ciiriitme, Camur

Dezentegrasyonu, Biyofragmentasyon
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CHAPTER 1

INTRODUCTION

Due to their lightweight, low production cost and durability, plastics hold a
significant place in daily life with extensive use in industrial and medical
applications. They provide many societal benefits for health, safety, material
conservation and energy saving. For example, plastics are used in (i) supply and
storage of clean drinking water, (ii) food packaging, allowing safe and sterile storage;
(iii) transportation vehicles and packaging, providing savings in materials and fossil
fuel energy (Andrady and Neal, 2009). Therefore, plastics are considered to be the
most versatile materials of the modern age, resulting in a substantial increase in
global plastic production to meet the steadily growing demand of society (Crawford
and Quinn, 2016). However, increasing plastic pollution with rapid growth in global
plastic production and consumption has started to create scientific and social
concerns (Rolsky et al., 2020; B. Zhang et al., 2020). The rate of global plastic
production in 1950 increased from 1.5 million tonnes to 368 million tonnes in 2019
(PlasticsEurope, 2020). Despite the growing waste management activities, most of
the plastic waste continues to be released into the environment (Blising and
Amelung, 2018). According to the United Nations Environment Programme’s
report, keeping the current production patterns and waste management activities will
result in 12 billion tonnes of plastic waste to be in landfills and the natural
environment by 2050 (UNEP, 2018). Moreover, nearly 10% of all land-based
plastics are suggested to end up in the marine environment (Jahan et al., 2019;
Thompson, 2006). This situation creates concerns not only with aesthetical issues
and environmental pollution but also due to negative impacts on the ecosystem and
human health. Furthermore, plastic pollution is a significant problem that causes
economic losses exceeding hundreds of millions of dollars annually (Hardesty et al.,
2015).



Once in the environment, plastic wastes degrade at a very slow rate into smaller
particles via natural weathering mechanisms either physically or biologically (Zhang
et al., 2021). Plastic debris formed smaller than 5 mm in size, called microplastics
(MPs), have become a global issue of emerging concern for the last 10 years. MPs
pollution in the environment is primarily contributed by domestic, industrial and
coastal activities in the form of secondary MPs. The other entry route for MPs is
through direct release of primary MPs (intentionally produced MPs) from industrial
feedstocks and personal care products (Sharma and Chatterjee, 2017). Due to their
small sizes and high specific surface area, MPs hold potential to block digestive
system of living organisms and to be the vector for the transfer of hazardous
pollutants into biota (Lv et al., 2019; Yang et al., 2021a).

WWTPs receive a high amount of MPs via domestic and industrial wastewaters,
storm water, and landfill leachate inputs (Ou and Zeng, 2018). WWTPs have been
reported to have MP removal efficiency of up to 99.9%, however they still release a
daily average of 10°-108 MPs with the effluent, due to highly loaded influent
wastewater (Sun et al., 2019). Besides, MPs removed from the wastewater are
transferred into sludge, rather than being eliminated during treatment processes
(Okoffo et al., 2019). Therefore, WWTPs have been identified as both sources and
sinks of MPs pollution in the environment (Mintenig et al., 2017).

Sewage sludge is the main by-product of WWTPs, the disposal of which accounts
for up to 50% of the operating costs of a plant (Li et al., 2012). Realizing the
continuous generation of vast amounts of sludge and the beneficial constituents in it,
nations have been considering sludge as a resource rather than a waste. As a
prerequisite for further handling, high amount of water needs to be removed by
thickening/dewatering/drying, so that sludge can be managed more cost effectively.
Due to high organic and nutrient content, land application as a soil conditioner or
fertilizer has been the major recycling route. In North America and Europe sewage
sludge generated is beneficially used up to 50% by recycling on land (Nizzetto et al.,
2016). On the other hand, land application of improperly treated sewage sludge
creates increasing concern due to the presence of pathogens and more importantly



accumulation of some trace pollutants, including toxic organics and MPs in the
ecosystem (Z. Chen et al., 2020). Due to the fact that over 90% of MPs in wastewater
are accumulated in sludge that has potential for beneficial use and some to be
disposed of, it is clear that WWTPs lead to an additional pathway for MP pollution
in the environment (L. Zhang et al., 2020). An annual average of 106-10'* MPs have
been shown to be released into the environment through incineration, landfilling, and
land application of sludge from a WWTP. Strikingly, the annual amount of MPs
entering the soil through land application of sludge is greater than that enters the
oceans (B. Zhang et al., 2020). Thus, agricultural use of sludge is pointed out as one
of the largest source of MPs entering the environment (Hurley and Nizzetto, 2018).
L. Zhang et al. (2020) has observed 87.6 to 545.9 MPs/kg of soil after annual
amendment with sludge-based composts, which also led to MP uptake in
earthworms. Similarly, Corradini et al. (2019) reported as high as 3500 MPs/kg of

dry agricultural soils which was exposed to 10 years of continuous sludge disposal.

Anaerobic digestion is a widely used sludge management option aiming to minimize
the costs related to disposal. It converts organic material into biogas, stabilizes the
sludge, and reduces the amount of sludge to be disposed of (Appels et al., 2008). Due
to the complex floc structure and hard cell wall of sludge, hydrolysis of particulate
organic matter to soluble substances is the rate-limiting step during anaerobic
digestion. To improve the rate of sludge hydrolysis and hence the efficiency of the
anaerobic digestion process, various sludge disintegration methods have been
developed, such as thermal, chemical, ultrasonic, and biological (Chen et al., 2007).
They can be applied individually or in combination to maximize WAS solubilization.
These methods are all based on the principle of lysing the sludge cells, releasing the
intracellular substances, and making them more amenable to further microbial

action.

Limited recent studies have investigated the effects of MPs on sludge stabilization
processes and found that depending on their physical and chemical properties, MPs
may pose different impacts on anaerobic digestion of sludge. The corresponding
effects of stabilization on MPs have yet superficially addressed, which only hints on



possible deterioration of MPs during these processes. Despite their complex nature
that makes them hard to be degraded by microorganisms, exposing plastics to abiotic
factors such as heat, light, gases, water and mechanical impacts may initiate
structural changes and may induce some degree of biodeterioration (Iram et al.,
2019). For example, polyethylene terephthalate (PET), which is a semicrystalline
thermoplastic polyester, can hydrolyze to a certain degree in the presence of alkaline
solutions. In addition, they can hydrolyze in wet conditions at high temperatures
(>73-78°C) (Crawford and Quinn, 2016). In real life, these abiotic factors are
unintentionally applied to MPs during sludge treatment processes including
disintegration practices to increase solubilization of sludge before anaerobic

digestion.

In consideration of all these results, first time in literature this study aims to
investigate whether the disintegration processes applied for sludge minimization and
biogas enhancement can act similarly to the abiotic factors mentioned, leading to the
deterioration of PET MPs and easing up biodegradation during anaerobic digestion,

while examining the effects of MPs on anaerobic digestion of disintegrated sludge.

To better represent the magnitude of the MPs pollution in the environment, this study
also aims to develop a reliable and repeatable analysis method for MPs in sludge.
Despite the rising concerns about MPs pollution, there is no globally accepted and
applied standard method for detecting MPs in sludge, making it nearly impossible to
make a comparison between concentration of MPs reported in different studies. The
quantities of MPs reported in sludges indicate that the numbers are generally high
but also widely varied (510 to 495,000 MPs per kg dry weight of sludge) from one
plant to the other around the world. To ensure an overall understanding of the data
from different studies, creating a uniformity of terminologies in the identification
and classification of MPs is another motivation of this study.

Specific objectives of this study are listed below:

e To logically sequence the steps given in the literature for the analysis of MPs

and optimize each step for sludge samples, including removal of organics in



the sample, extraction of MPs and subsequent identification and

quantification.

To quantify MPs in sludge from Ankara Central WWTP with this optimized

method and reveal the extent of MPs pollution in the samples.

To scrutinize the efficacy of alkaline, thermal and combined disintegration

techniques in solubilizing waste activated sludge (WAS).

To investigate whether sludge disintegration techniques can deteriorate PET-

MPs to some extent.

To set-up and operate BMP reactors with disintegrated and non-disintegrated
sludges, spiked with different doses of PET MPs (i.e.,, 0, 1, 3, 6 mg PET-
MPs/g TS of sludge); thereby, investigate the fate and effects of PET MPs in
anaerobic digesters as well as whether there are additional effects from the
disintegration process.






CHAPTER 2

LITERATURE REVIEW

2.1 Plastics in the Daily Life

Plastics are synthetic organic polymers formed by the reaction of small organic
molecules mostly derived from fossil fuels resulting in long polymer chains. As they
are cheap, lightweight and resilient against degradation, synthetic plastics have
become essential in various sectors including transport, construction, electronics,
packaging, textile and agriculture. Moreover, plastics take an important place in daily
life, including plastic bags, packaging, toys, throwaway plastic products,

microbeads, fishing and aquaculture equipment, etc. (Filho et al., 2021).

There are two main types of plastics based on their physical characteristics:
thermoplastics and thermoset plastics. Thermoplastics, the recyclable group of
plastics, can be molten when heated and harden upon cooling repeatedly. The largest
market shares belong to thermoplastics, examples of which are polyethylene (PE),
polypropylene (PP), polyethylene terephthalate (PET), poly(vinyl chloride) (PVC),
polystyrene (PS), polycarbonate (PC), and polyamide (PA) (Chamas et al., 2020).
Thermosets, on the other hand, become irreversibly rigid upon heating due to the
formation of permanent chemical bonds between polymer chains. The examples of
thermosets include some polyesters, polyurethane (PUR), epoxy resin, and acrylic
resin (WHO, 2019).

Today, plastics are the most versatile materials of the modern age with ever
increasing demand for their production (Crawford and Quinn, 2016). The global
plastic production rate in 1950 increased from 1.5 million tonnes to 368 million
tonnes in 2019, corresponding to a cumulative production of 9.1 billion tonnes in

total as shown in Figure 2.1 (a). By 2019, the top three plastic producers were China,



rest of Asia and NAFTA countries at 31%, 20% and 16%, respectively (Figure 2.1
(b)). Moreover, Germany (24.2%), Italy (13.8%), France (9.5%), Spain (7.1%), the
United Kingdom (7%) and Poland (7%) were the top-six plastic demanding
European countries with more than 3 million tonnes in a year (PlasticsEurope, 2020).

Most plastics have been designed for single use only, causing packaging materials
and more specifically PE and PP to account for half of the world’s plastic waste.
Although China, with the largest population, takes the largest share in world’s plastic
production, high-income countries such as the US, European countries and Japan
dominates in production when per capita production is considered. However, the
sophisticated waste management systems of the developed countries generally
compensate their production rate. Thus, middle and low-income countries with
mismanaged wastes become the main contributors of global plastic waste (Ncube et
al., 2021).
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Figure 2.1. Annual production of plastics worldwide from 1950 to 2019 (a) Adapted
from Statistica (2021); distribution of global plastic production (b) Adapted from
(PlasticsEurope, 2020).



2.2 Plastic Waste

Since 1950, approximately 6.9 billion tonnes of the total plastic production ended up
being waste and 4.5 billion tonnes of them either dumped into landfills or released
into the environment (Ali et al., 2021b). The intensive production, extensive use and
mismanagement of plastics have led them to enter the environment for decades.
Current projections demonstrate that maintaining the existing production trends and
waste management activities would lead to 12 billion tons of plastic waste to be
distributed across the natural environment by 2050 (UNEP, 2018). More specifically,
almost 10% of all land-based plastics would accumulate in the marine environment
(Jahan et al., 2019). This pollution results in many deteriorative effects on the
ecosystem health through biological disruption, leaching of toxic chemicals and
sorption and transfer of hazardous substances into biota (Reimonn et al., 2019).

Currently, plastic waste is handled by three different routes: landfilling, incineration,
and recycling (Webb et al., 2013). In global scale, only a small portion of plastic
wastes generated are recycled (18%) and incinerated (24%). The rest (58%),
unfortunately, end up in landfills or reach to the natural environment and accumulate
there (Chamas et al., 2020). Figure 2.2 demonstrates the historical trend in plastic
waste handling and projections from 2015 to 2050. Projections assuming a consistent
trend in plastic waste generation and disposal show that by 2050 the amount of
plastic waste to be landfilled, incinerated, and recycled will be 12,000, 12,000 and
9000 Mt, respectively (Geyer et al., 2017).

Landfilling is the least attractive route as plastic waste can persist for more than 20
years in landfills where a limited amount of oxygen is present, and it occupies huge
space. Besides, plastics may release toxic chemicals both as gases and contained in
leachate. Incineration overcomes the space requirements of landfills; however, it
may cause the release of polymer-based harmful gases to the atmosphere. The
undeniable drawbacks of landfilling and incineration promote the development of
plastic recycling processes. Recycling is generally carried out by chemical and

mechanical techniques after sorting and intensive plastics cleaning to remove



contaminants (Ncube et al., 2021). While chemical methods aim to depolymerize
plastics into monomers to produce new products, the latter option is the reuse of
plastics after mechanical handling. Hard to remove additives and impurities are the

challenges of recycling that result in expensive operation and low-quality products.
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Figure 2.2. Cumulative plastic waste generation and disposal (in million metric tons)
(Geyer et al., 2017)

As an environmentally friendly approach, biodegradation could be an attractive
option for plastic waste handling, but no protocol has been developed yet on a large
scale. Most studies up to now have focused on abiotic mechanisms affecting plastics
in nature, giving only a hint that biodegradation can occur through depolymerization
(e.g., breakage of ester bonds for PET) (Webb, 2012).

2.3 Natural Degradation of Plastics

Degradation is defined as the process causing decline of polymer properties by

polymer engineers. Environmental chemists, on the other hand, focus on governing
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chemical reactions that cause breakdown of polymers and the danger linked to

chemicals released by degradation of plastics (Gewert et al., 2015).

Mismanagement and disposal of plastic waste causes them to reach and accumulate
in the environment, where their degradation by natural weathering mechanisms
occurs at a very slow rate. Nevertheless, these mechanisms cause changes in polymer
properties to some extent (Zhang et al., 2021). Degradation pathways of plastic
polymers in the environment can be categorized as biotic and abiotic mechanisms
including photo, thermal, mechanical and biological degradation. By these
mechanisms, polymers are transformed into smaller molecular units first (e.g.,
monomers) and then potentially mineralized as shown in Figure 2.3 (Klein et al.,
2018).
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Figure 2.3. Natural degradation mechanisms of plastics. Adapted from Zhang et al.
(2021)

Natural degradation often starts with photodegradation causing plastic debris to
become brittle and get into smaller pieces (i.e., MPs). However, it is hard to degrade
plastics biotically in nature due to 1) their high molecular weight and large polymer
structure restricting their penetration into microbial cell; 2) lack of genetical
information in microorganisms required to degrade synthetic chemicals such as

plastic additives; and 3) insoluble and highly hydrophobic nature of polymers
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(Eubeler et al., 2009). Theoretically, plastics can biodegrade both under aerobic and
anaerobic conditions into CO2, H20, CHys, salts, minerals and even to biomass fully
or partially if appropriate conditions are provided. Along with the availability of
microorganisms in a suitable environment, biodegradation process also requires that
the morphology of plastic particles should provide a surface on which
microorganisms can attach to form a biofilm. Furthermore, the chemistry of the
plastics (degree of polymerization, branching, chemical bonds, hydrophobicity, and
crystallinity) must not prevent microbial actions (Klein et al., 2018). Iram et al.
(2019) claims that exposure of plastics to abiotic factors such as heat, light, gases,
water and mechanical impacts contributes to some degree of polymer’s
biodeterioration after initiating mechanical, physical, and chemical changes in

plastics.

2.3.1 Abiotic Degradation

The main abiotic mechanisms that contribute to degradation of plastics in the
environment are photodegradation, thermal degradation and mechanical
degradation.

2.3.1.1  Photodegradation

Photodegradation is considered as the most significant mechanism initiating
degradation of plastics in the environment (Zhang et al., 2021). The vulnerability of
plastics to photodegradation originate from their tendency to absorb the harmful
portion of tropospheric solar irradiation such as UV-B, UV-A, visible part of sunlight
and infrared radiation, that further causes degradation through direct
photodegradation, heating, and thermal oxidation. During photodegradation, high-
energy radiation in the UV spectrum activates plastics’ electrons to higher reactivity,
which leads free radical mediated reactions to occur such as oxidation, cleavage, and

other degradation pathways (Shah et al., 2008).
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2.3.1.2  Thermal Degradation

Thermal degradation is the decomposition of plastics by applying elevated
temperatures. When plastics absorb adequate amount of heat to overcome the energy
barrier, their long polymer chains can be broken, and radicals are formed. In an
aerobic environment, these radicals interact with oxygen and produce hydroperoxide
that cleave to form hydroxyl free radicals, which is called thermo-oxidative reaction.
In an anaerobic environment, on the other hand, hydrolysis process mediated by
heating is favored (Alimi et al., 2022).

The specific temperature required for each polymer type is related to their glass
transition temperature (Tg) and melting point (Tm), as well as oxygen availability.
Consequently, thermal degradation may either reduce or enlarge plastics as a result
of chain scission and cross-linking. This process often alters the molecular weight of
plastics which further causes cracking, color changes and reduction in ductility (Shah
et al., 2008).

In the environment, plastics can undergo thermal oxidation at a slow rate jointly with
photodegradation, especially in places exposed to direct sunlight such as beaches and
pavements. The rate of reactions increases with the temperature. Moreover, humidity
decreases the activation energy required for thermal degradation of plastics (Zhang
etal., 2021).

2.3.1.3  Mechanical Degradation

External forces are acting during mechanical degradation of plastics. Two examples
for these forces in the environment are collision of plastics with rocks by wind and
waves and freezing and thawing in aquatic environment (Zhang et al., 2021). The
resistance of plastics against external forces are determined by their mechanical
properties, such as elongation at break. Having a low elongation at break value

causes plastics to fragment in response to an external force.
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2.3.2 Biotic Degradation

Biodegradation is the deterioration of plastics that may occur when they are exposed
to organisms. This process can take place either physically by chewing and digestive
fragmentation or biologically by biochemical processes. It is basically hydrolysis of
polymers into monomers and even mineralization by enzymatic activity (Alimi et
al., 2022). Several different group of organisms (e.g., bacteria and fungi) are
involved in this process (i) to break down polymers into monomers, (ii) to consume

monomers and excrete wasted substances, (iii) to use these substances.

Biodegradation of plastics takes place in five main steps that are colonization,
biodeterioration, biofragmentation, assimilation and mineralization.
Microorganisms first colonize on plastic surface by the formation of proteins and
polysaccharides, which then penetrate inside and change the polymer’s pore size.
The biofilm formed causes further microbial activity on plastic surface which results
with changes in physicochemical properties of plastics, called biodeterioration.
Then, the complex polymers that are too large to pass though cellular membranes are
broken down into short chain ones (e.g., oligomers, dimers, and monomers). This
process, “depolymerization/biofragmentation”, occurs when enzymes secreted from
microorganisms bind to polymers and catalyze the hydrolytic cleavage (Ali et al.,
2021a, 2021b). Hence polymers become more likely to be absorbed and degraded
within bacterial cells (Shah et al., 2008). During assimilation, microorganisms
consume small intermediates, produced from biofragmentation stage, as carbon and
energy source for their growth. Molecules that cannot be assimilated are
biotransformed via enzyme-catalyzed transformation. Once they are in microbial
cells, molecules undergo catalytic activity (i.e., mineralization) to produce adenosine
triphosphate (ATP) and new biomass, via aerobic respiration, anaerobic respiration
or fermentation (Ali et al., 2021a, 2021b).
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2.4 Microplastics from Macroplastics

Although the mechanism behind the fragmentation of plastics has not yet been fully
explored, it is a widely held belief that plastic debris accumulating in the
environment gradually degrade through environmental mechanisms mentioned in
the previous part and form highly persistent MPs (Chamas et al., 2020; Chatterjee
and Sharma, 2019). MPs are plastic particles smaller than 5 mm in size that are easily
transported in environmental systems. There are two categories of MPs based on
their sources (Gatidou et al., 2019; Mintenig et al., 2017). Primary MPs are
intentionally produced in micrometer sizes to be used in cosmetic and personal care
products, whereas secondary MPs, which constitute the largest portion of MPs in
water, result from the degradation of larger plastic products by exposure to
environmental stressors (e.g., water, wind, and sunlight) (Lv et al., 2019; Ngo et al.,
2019). Hence, both primary and secondary MPs enter the terrestrial and aquatic
environments via effluents from domestic, industrial and agricultural activities,
transportation, and wastewater treatment plants (WWTPs) (Gao et al., 2020;
Waldschldger et al., 2020). In addition, MPs accumulating in landfills are
resuspended by wind and become air-borne, which can spread further in the
environment through atmospheric transport (Rillig, 2012; Rocha-Santos and Duarte,
2015).

Therefore, MP pollution is encountered in all kinds of environmental systems,
including water, soil, air, and sediment. In addition to being ubiquitous in the
environment, MPs also raise concern with their potential to block the digestive
system of animals and to be the vector for the transfer of hazardous pollutants into
biota (Yang et al., 2021a). Because of their hydrophobicity and high specific surface
area, MPs can adsorb organic pollutants and heavy metals on their surfaces and
transfer them to the food chain. In addition, providing available hydrophobic
surfaces for biofilm formation causes MPs to carry microbes to organisms (Zettler
et al., 2013). These factors bring numerous negative impacts on living organisms,

such as toxicity, enzyme inhibition and immobilization (Rehse et al., 2016). By the
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realization of their danger, MPs have started to hold a significant place in

environmental research for the last 10 years (predominantly in the last 5 years).

24.1 Ecological Effects of Microplastics

MPs pose danger in the environment primarily due to their small sizes (i.e., high
specific surface area) which is in the optimal prey range for most animals in the
marine environment (Galloway et al., 2017). Ecological and ecotoxicological
concerns with MPs can be categorized as (i) biological disruption, (ii) additive
leaching, and (iii) exterior sorption.

Once MPs are ingested by organisms, physical damage occurs in their body to as low
as cellular level. Besides, the shift of small organisms’ (e.g., zooplanktons) diet to
MPs decreases the trophic energy which affects the whole population involved in the
food web. Furthermore, MPs alter the quantity and quality of sediment in marine

environment by acting like an additional sediment input.

Fragmentation of polymers into monomers as well as leaching of plastic additives
such as plasticizers (e.g., bisphenol A (BPA), phthalates) and fillers hold potential
for a significant toxicological effect. Finally, the exterior mechanism, ecocorona
formation, enables MPs to become vector of hazardous pollutants and home for
bacteria in the aqueous environment. Thus, the pollutants are transferred to
organisms feeding with MPs, which causes disruption in cell division, secretion of
hormones and immunity (Reimonn et al., 2019). Due to the lack of evidence for
impact of MPs on human health, World Health Organization (WHO) has not yet
listed MPs as hazardous substances in drinking water. However, the organization
calls for more research providing quality-assured toxicological data to assess the
potential health risk associated with MPs in drinking water (WHO, 2019).
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24.2 Microplastics Reaching Wastewater Treatment Plants

Water is considered as the main vector for transport of MPs in the environment (Sol
et al., 2020). WWTPs receive a high amount of MPs via domestic and industrial
wastewaters, storm water, and landfill leachate inputs as shown in Figure 2.4.
WWTPs have been reported to have MP removal efficiency of up to 99.9%, mainly
due to the high hydrophobicity of MPs which facilitates their adsorption onto organic
surfaces of sewage sludge. Most of the MPs reaching WWTPs are removed in
primary and secondary treatment units (Gies et al., 2018; Ou and Zeng, 2018). While
pre-treatment and primary treatment units remove up to 98% of MPs, adding a
successive secondary treatment unit provides an extra 7% to 20% removal (Murphy
et al., 2016). Efficiency of a tertiary treatment technology in removal of MPs varies
depending on the technology used. Literature shows that membrane bioreactor
(MBR) (99.1-99.9%) (Lares et al., 2018; Lv et al., 2019) dissolved air flotation
(95%) (Talvitie et al., 2017), granular sand filtration (72.7%) (Michielssen et al.,
2016), and disk filter (40-98.5) (Talvitie et al., 2017) technologies make a significant
contribution to reduce the amount of MPs emissions from a WWTP.
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Figure 2.4. Sources and pathways of MPs in WWTPs
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Despite the high removal efficiency, WWTPs still release a daily average of 10°-108
MPs with the effluent, due to highly loaded influent wastewater (Sun et al., 2019;
Ziajahromi et al., 2016). Besides, the MPs removed from the wastewater are
transferred into sludge, rather than being eliminated during treatment processes
(Okoffo et al., 2019). Therefore, WWTPs have been identified as both sources and
sinks of MPs pollution in the environment (Mintenig et al., 2017; J. Zhang et al.,
2019).

2.4.3 Accumulation of Microplastics in Sewage Sludge

Sewage sludge is a semi-solid residual produced during wastewater treatment
processes (Sanin et al., 2011). Depending on the level of treatment and the unit
operations involved, quality and quantity of sludge produced largely vary across
WWTPs. Daily sludge production ranges from 60-90 g dry solids (DS) per
population equivalent (Appels et al., 2008). Ever-increasing production of sludge

necessitates the development of suitable management approaches.

Ata WWTP, sludge is settled out in primary and secondary clarifiers along with the
suspended solids present in wastewater including MPs. Thus, over 90% of MPs
removed from wastewater by the adsorption mechanism accumulate in sewage
sludge (J. Zhang et al., 2019). As the wastewater is cleared from sludge by separation
during primary/secondary clarification, sludge that already accumulated almost all
the MPs continue its own route of treatment. In many modern WWTPs, sludge is
further treated in digesters, thickened, dewatered, and dried. With all the valuable
constituents in it, it is a logical outcome that the treated sludge can hold many
beneficial uses, including land application for agricultural purposes. Studies show
that today, the annual amount of MPs passing into the terrestrial environment
through land-use of sludge is much higher than MPs entering into the oceans and
freshwater sediments from a variety of sources (Gong and Xie, 2020; Nizzetto et al.,
2016). This is the point where the concern escalates!
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2.4.3.1  Abundance of MPs in Sewage Sludge

Table 2.1 lists the data obtained from WWTPs in different countries, to summarize
the abundance of MPs in sewage sludge samples globally and the annual amount of
MP discharge through these sludges. Table demonstrates that WWTPs are among
the key elements in the release of MPs into the environment, somewhere between
108-10%* MPs annually, regardless of the differences between the plants. Studies
listed in Table 2.1 reveal two striking findings. First one is that MP concentrations
in the sludge vary largely, from 510 to 495,000 particle/kg dry weight (dw) of sludge
independent of the country or the region. The large variation between the results can
be associated with a number of factors including diversity in urbanization, population
density, plastic consumption, seasonality, and treatment processes at the studied
WWTP, as well as the inconsistencies in sampling and analysis methods. So, it
becomes of critical importance to assess the MP concentration in wastewater and
sludge on an annual basis by considering seasonal variations, and to relate the results
to the WWTP processes. In other words, the fate of MPs throughout the WWTP
should be evaluated holistically, including sludge. The second striking fact is the
reported amounts of MP discharge via sludge. We can see that up to thousands of
billions of MP particles are released into the environment annually by means of
sludge. Considering the resistance of these polymers for degradation, one can easily
develop an idea about fast accumulation of MPs in environmental compartments.
Table 2.1 also demonstrates the wide-spread nature of the problem on the global

scale.
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2.4.3.2  Characteristics of Microplastics in Sewage Sludge

It is not a straightforward task to bring together and summarize the polymer type,
shape, and color of MPs in sludge from different studies due to limitations about
exact quantification. The first limitation is that the studies typically tend to analyze
only a subset of MPs in samples, which brings a question of representativeness. The
second limitation is about the varying size ranges targeted from one study to the
other, that limits the comparability. In the hint of these limitations, the summary
provided below examined 26 different studies that have reported on polymer type,

shape, and color of MPs in sewage sludge.
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Figure 2.5. Relative reporting frequencies of MPs’ (a) polymer types (in a total of 20
studies); (b) shapes (in a total of 23 studies) and (c) colors (in a total of 10 studies)
in sludge samples by the results obtained from 26 total articles analyzing sewage

sludge samples.
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Rather than evaluating the relative abundances of a particular characteristic (i.e.,
type, shape, and color) per study, their relative reporting frequencies across different

studies are combined and summarized in Figure 2.5.

In 20 out of 26 studies, polymer types of MPs have been identified using advanced
analytical techniques (Figure 2.5 (a)). Results show that MP composition of sludge
reflects our daily habits of plastic consumption and mainly comprises of PE, PP, PA,
polyester (PES), PET, and PS. MPs found in sludge and the everyday products
containing them have been itemized as PE that is used in personal care products,
shampoo bottles, pipes, etc.; PP used in food packaging, snack wrappers, auto parts,
etc.; PA used in synthetic clothes, etc.; PES used in synthetic clothes, etc.; PET used
for water and other beverage bottles and PS used in foam food containers, eyeglasses,
building insulation, etc. One should keep in mind the methodology followed in this
part, that brings together data from different studies when assessing the reported
existence of polymers. On the other hand, in any individual study, the relative
abundance of polymer types in a sample reflects the origin of wastewater (Sol et al.,
2020). For example, Xu et al. (2020) have revealed that the detected microfibers (i.e.,
rayon and PET) and the content of poly(propylene:ethylene) (PP/PE), acrylonitrile
butadiene styrene (ABS), and ethylene acrylic elastomer (Vamac) indicated domestic

applications and vehicle products as the major MP sources in sludge, respectively.

Majority of examined studies (23 out of 26) have classified MPs into various
categories depending on shape, namely, fiber, fragment, film, sphere, microbeads,
flake, pellet, foam, glitter, line, shaft, ellipse, tubular, and sheet (Figure 2.5 (b)).
According to the studies, classification with respect to shape gives an idea about MP
sources. Fibers are the most frequently reported MPs due to high production of
synthetic fibers and they generally originate from washing of synthetic clothes and
textile handling activities (Li et al., 2018). The second-ranked fragments are mostly
secondary MPs, which usually result from industrial production and eroded everyday
products. The third-ranked films may originate from erosion of plastic bags and
packaging materials (e.g., wrappers). The remaining ones have relatively much less

abundances. Literature shows that the lifestyle of people in a country or a region may
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be an important factor determining the dominant MPs shape. For instance, high
production of textiles such as carpets and curtains in Iran causes fibers to dominate
in sludge (Alavian Petroody et al., 2020). Another example is that microbeads are
highly abundant in Xu et al. (2020)’s dewatered sludge while not even observed in
L. Zhang et al. (2020)’s sludge which clearly reflects the society’s habits of

consuming daily personal care products.

Only a limited number of studies (10 out of 26) have classified MPs in sludge by
their color. Among the reported colors, white, clear/transparent, black, red, blue,
yellow, and green are accounted for the highest proportion as shown in Figure 2.5
(c). The distribution is in the same line with results of a survey conducted in China
which states that black, red, white, gray, and blue have a greater usage and are the
preferred colors (Ren et al., 2020).

Most of the studies have shown that the size of MPs retained in sludge is generally
larger than those in wastewater. This can be attributed to the fact that larger MPs
hold potential for sinking to the bottom of the tank, while smaller MPs continue to
move along the WWTP (Murphy et al., 2016). A study examining both wastewater
and sludge treatment lines of a WWTP revealed that 54% of MPs in sludge were
between 100-500 um, 24% were between 10-100 um, 12% were between 500-1000
um, and the rest were between 1-5 mm (Magni et al., 2019). Similarly, Raju et al.
(2020) revealed that MPs in WAS predominated in larger size classes compared to
those in wastewater samples. The MPs in WAS was assorted as follows: >1 mm
(9.04%), 250 pm-1 mm (12.65%), 125 pm-250 pm (39.76%), 38 um-125 pum
(21.08%) and 1.5 pum -38 pm (9.68%). Contrarily, some other studies have observed
a higher fraction of smaller sized MPs compared to those of larger MPs in sludge
(Liu et al., 2019; Mason et al., 2016). Talvitie et al. (2017) attributed this result to
the fact that smaller MPs are removed at a higher rate via adsorption on sludge during

the sedimentation process.
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2.5  Fate of Microplastics During Sludge Treatment Processes

In sludge treatment line of a WWTP, MPs are brought into contact with a wide
variety of microorganisms as well as abiotic stress factors including chemicals, heat
and pressure (Alimi et al., 2022). Therefore, sludge treatment processes (thickening,
dewatering, drying, stabilization, etc.) have a potential to alter the characteristics and
the number of MPs, which may increase surface area available for adsorption and
desorption of pollutants. Besides, existence of MPs has been claimed to effect
sludges starting from the floc formation in biological treatment. Some recent studies
have shown that MPs in sludge affect anaerobic digestion efficiency through
different impact mechanisms such as excessive reactive oxygen species (ROS)

formation and leaching of toxic chemicals.

2.5.1 Effects of Sludge Treatment Processes on Microplastics

2.5.1.1  Thickening/Dewatering/Drying

Thickening is a physical process that concentrate suspended solids through removal
of water fraction of sludge. Gravity thickening, dissolved air floatation,
centrifugation, gravity belt thickener, and rotary drum thickener are the examples of
sludge thickening techniques where physical forces such as gravity settling,
floatation and centrifugation are involved. Conditioning is a chemical, physical or
thermal process applied on sludge to promote the efficiency of thickening or
dewatering by altering the sludge properties. Thus, dewatering capability of sludge
is enhanced. Dewatering is the process where significant reduction in water content
of sludge is achieved using non-mechanical (e.g., drying beds, lagoons) and
mechanical (e.g., filter press, belt press, centrifuges) techniques (Gurjar and Tyagi,
2017; Sanin et al., 2011). Both thickening and dewatering are highly unexplored for
MPs’ fate and effects. In one recent study it was shown that 6% of the MPs reaching
the thickener tank was separated from the sludge solids fraction and returned to the
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head of the aeration tank via supernatant (Alavian Petroody et al., 2021). Further in
this study, dewatered sludge was found to contain 54% fewer MPs than preceding
aerobically digested sludge which was again attributed to the recirculation of MPs
via reject water. In another study examining the effects of sludge dewatering
techniques with different operating principles on MP concentrations, Li et al. (2018)
revealed that the concentration of MPs taken from different sludge dewatering units,
in descending order, are belt filter, filter press, centrifuge, and plate-frame filtration.
The centrifuge, which provides dewatering based on the density difference between
liquid and solids, caused low-density MPs to remain in water phase and, hence
yielded the concentration of MPs to be underestimated. Similarly, plate-frame
technique caused underestimation of MP concentration, because inorganic
conditioners (i.e., lime) added to reduce moisture content of sludge complicated the
analysis of MPs (Li et al., 2018).

The treated sludge is intended to be more like a solid rather than a liquid before its
disposal, but current dewatering techniques are limited to increasing the solids
content up to 35%. To make the sludge drier and even to produce biosolids with high
volatile solids content, sludge drying processes are applied with the addition of
thermal energy. Direct sludge driers (e.g., belt dryer and flash dryer) and indirect
sludge driers (e.g., paddle dryer, hollow-flight dryer and disc dryer) are the common
techniques used for this purpose. Drying too has rarely been investigated in the
literature; one study encountered showed that MP concentration in the heat-dried
sludge did not significantly differ from preceding anaerobically digested sludge (Edo
et al., 2020). From this finding, it is inferred that sludge processing at around 300°C
may not significantly affect MP particles. In contrast, through visual analysis of MPs
in thermally dried sludge, Mahon et al. (2017) have observed that MPs showed
characteristics of melting and blistering. With these conflicting findings it is obvious
that there is still work to be done to investigate MPs’ fate during drying. Sunlight is
known to be one of the parameters to induce ageing in plastics and solar dryers are
used in drying sludge in medium sized WWTPs in areas of suitable climate. Both
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thermal and solar dryers have to be investigated for their effects on MPs as the points

of release of sludge from WWTPs.

25.1.2 Stabilization

Stabilization process basically aims to reduce the organic matter content in sludge,
remove pathogenic organisms and toxicity, reduce odor and promote biogas
production potential of sludge through a serious of biological or chemical processes.
The most commonly used biological stabilization methods are aerobic and anaerobic
digestion, alkali stabilization and composting. By means of these techniques, 35-
50% of VS reduction in sludge is generally achieved, making sludge more stable and
less attractive to vectors (Sanin et al., 2011).

Limited number of studies have shown that the amount and characteristics of MPs
may change depending on the stabilization technique applied on sludge. In order to
assess these effects, Mahon et al. (2017) have analyzed the MPs in sludges taken
from full-scale anaerobic digestion, thermal drying, and lime stabilization processes.
The majority of MPs from lime stabilization was in smaller size classes, which was
attributed to shredding and flaking of MPs resulting from the combination of
elevated pH, temperature and mechanical mixing. In contrast, MPs from
anaerobically digested sludge had the lowest number, which reflected the potential
effect of digestion on MPs, but not sufficient evidence of degradation was reached.
This study demonstrates that there may be an effect of treatment processes on MPs
which in-turn may increase the surface area available for adsorption and desorption
of organic pollutants. In another study, the concentrations of MPs have been found
in similar levels in sewage sludge samples from full-scale lime stabilization and
anaerobic digestion processes (Lusher et al., 2017). Moreover, there was no
difference in MP concentrations between full-scale thermophilic and mesophilic
anaerobic digesters (Lusher et al., 2017). Similarly, Alavian Petroody et al. (2021)
did not experience much difference in the number of MPs when thickened sludge

was aerobically digested in laboratory. On the other hand, Chen et al. (2020) have
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observed that a full-scale hyperthermophilic composting process biologically
degraded 43.7% of PS MPs in sludge within 45 days. In the light of this evidence,
two laboratory-scale composting reactors were operated at hyperthermophilic (70°C)
and conventional thermophilic (40°C) conditions for 56 days. This study
demonstrated that hyperthermophilic bacteria were 6.6 times more effective than the
conventional thermophilic bacteria and degraded 7.3% of PS MPs. L. Zhang et al.
(2020) have reported that the predominant MPs (>90%) in sewage sludge compost
samples was in flake form, which can be attributed to degradation and fragmentation
of cellulose-based plastics through aerobic composting at high temperatures
(~70°C). They also noted that following fragmentation, it became difficult to detect
small sized MPs and the concentration of MPs in finished compost was found lower
than that of the raw compost despite compost was reduced to its half in mass during
the process (L. Zhang et al., 2020). This finding also critically highlights the need
for a reliable analysis method for MPs in sludge samples. In order to examine
whether MPs degrade at conventional conditions, EI Hayany et al. (2020) monitored
their behavior during a semi-industrial scale aerated windrow composting process.
While the number of MPs was not affected, particle sizes were reduced during the
process. These findings suggested that conventional co-composting performed at
lower temperatures cannot biodegrade MPs in contrast to the hyperthermophilic

composting technology (EI Hayany et al., 2020).

2.5.1.3  Sludge Disintegration

Application of anaerobic digestion, the energy positive stabilization process of
WWTPs, is often limited by long retention time (20-50 days) and low digestability
(20-50%) due to slow hydrolysis rate of sewage sludge, consisting of
microorganisms, extracellular polymeric substances (EPS) and inorganic salts
(Gurjar and Tyagi, 2017; Yan et al., 2021). EPS is a high-molecular weight mixture
of polymers excreted from microorganisms, composed of proteins, polysaccharides,

humic substances and nucleic acids (Zeng et al., 2016). The low biodegradability of
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EPS (30-50%) and microbial cell wall made of peptidoglycans are responsible for

extending the hydrolysis step of anaerobic digestion (Yan et al., 2021).

To improve the rate of sludge hydrolysis and hence the efficiency of the anaerobic
digestion process, various sludge disintegration methods have been developed, such
as thermal, chemical, ultrasonic, and biological as shown in Table 2.2 (Chen et al.,
2007). They can be applied individually or in combination to maximize WAS
solubilization. These methods are all based on the principle of lysing the sludge cells,
releasing the intracellular substances, and making them more amenable to further
microbial action. So, (i) hydrolysis rate is increased; (ii) hydraulic retention time is
decreased resulting in enhancement in amount of sludge to be treated in the same
volume; (iii) biogas production is promoted; and (iv) dewatering properties of sludge

are enhanced.

Although it is very likely to observe changes in physical and chemical properties of
MPs during sludge disintegration due to the harsh conditions applied (e.g.,
chemicals, heat, microorganisms), there is no study investigating this mechanism in

the literature yet.
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2.5.1.4  Final Disposal

Final disposal option adopted for treated sludge largely varies in different countries
according to their related regulations. Due to its high organic and nutrient content,
land application of sludge as a soil conditioner or fertilizer has been the major
recycling route. In North America and Europe sewage sludge generated is
beneficially used up to 50% by recycling on land. Landfilling is an unsustainable but
still in use sludge disposal option in some countries. While the U.S. continue to use,
Europe has started to restrict applying this method. Incineration, a common approach
in Europe, convert volatile solids in sludge into CO», H.O and inert residue, thus
recovers the energy content of sludge for beneficial use. Besides, sufficiently dried
sludge can be incinerated in cement kilns to provide additional energy source.

Residual ash from incineration can also be used as a raw material.

Both land application and landfilling methods have the potential to spread MPs
accumulated in sludge to the environmental systems. Mohajerani and Karabatak
(2020) have estimated that the biosolids applications in the EU, USA, China, Canada,
and Australia annually add 26,042, 21,249, 13,660, 1,518 and 1,241 tonnes of MPs
to farmlands, respectively. As covered above, there are very limited studies in
literature on the fate of MPs in sludge treatment and those demonstrate that existing
sludge treatment processes cannot remove MPs effectively. For that reason, studies
suggest that land application of sludge can be a significant source of MP pollution in
the environment (Z. Chen et al., 2020). An additional concern is that MPs with large
specific surface area, act as vectors for micropollutants, and may further enhance the
detrimental effects on organisms (X. Li et al., 2019). Wastewater treatment processes
have been found to cause changes in MPs’ physicochemical properties through
mechanical abrasion and microbial interaction, which may enhance their capacity to
adsorb pollutants (Mohajerani and Karabatak, 2020). Additional findings such as the
one by Li et al. (2019) reveals that the adsorption potential of sludge-based MPs for

31



Cadmium (Cd) was an order of magnitude higher than that of virgin MPs, strengthens

the concerns related to land application.

2.5.2 Effects of Microplastics on Sludge Treatment Processes

Apart from the studies summarizing the fate of MPs during sludge treatment
processes, the existence of MPs has also been reported to affect the operation of some

sludge treatment processes starting from the floc formation stage.

2521 Floc Formation

Recent studies are showing that MPs can affect sludge floc formation and hence
affect sludge characteristics which ultimately impact dewatering and thickening
properties of sludge. Biological sludge with high activity, strong floc structure and
good sedimentation performance are critical in sustaining effluent quality (H. Li et
al., 2020). Considering treatment and disposal of WAS holds a significant share in
total operational costs of WWTPs, it is important to understand the potential effects
of MPs on sludge formation and characteristics such as settleability, floc size and
EPS composition, which further impact the thickening and dewaterability behavior
of sludge. With this intention, Xu et al. (2021) have inspected the effects of chronic
exposure of activated sludge for different MP types and sizes on sludge
characteristics by analyzing floc structure, EPS composition, sludge activity and
microbial community structure. They have reported that MPs in millimeter sizes
significantly (29.6 — 47.7%) reduced the dewaterability of sludge mainly due to their
physical crushing effect on sludge flocs. Nano-sized MPs also caused loss in
dewaterability, but via different and indirect mechanism: inhibiting the sludge
activity and thus reducing the abundance of microorganisms and further changing
the composition of EPS. Qian et al. (2021), on the other hand, investigated the acute
effects of PS NPs with different surface functional groups (i.e., PS, PS-COOH, PS-
NH2) on EPS composition of activated sludge and experienced varying levels of
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cytotoxicity attributed to the difference in surface potentials and hence the binding
affinity to the cells. Reasonably but different from Xu et al. (2021), all three types of
PS NPs were found to promote the dewatering capacity of activated sludge.
Similarly, Li et al. (2020) inspected the effect of short-term exposure to PS NPs on
the activity and sedimentation performance of activated sludge and revealed that 1)
increasing plastic concentration inhibited the endogenous respiration and negatively
affected the mass transfer in sludge; 2) PS NPs adsorbed on the floc surfaces
increased the zeta potential which resulted in low sludge aggregation; 3) increasing
PS NPs concentration gradually decreased the protein/polysaccharide ratio in EPS,
which affected the sludge aggregation and sedimentation. These findings show that
in addition to the observations of direct effects of MPs in thickening and dewatering,
MPs in wastewater may induce an indirect effect on these processes starting from
the sludge floc formation stage affecting EPS formation and possibly the dominating

microbial consortia.

2.5.2.2  Anaerobic Digestion

Anaerobic digestion is a biochemical process by which complex organic matter is
decomposed by a diverse microbial consortium under anaerobic environment,
resulting in the formation of methane and carbon dioxide. It is a well-established and
largely implemented sludge stabilization process providing pathogen removal,
reduction of sludge volume, and thereby production of biogas (Khanh Nguyen et al.,

2021). The degradation reaction is shown in Equation 2.1.

Organic matter + H,O — CHs + CO2 + new cells (Equation 2.1)

Either primary or secondary sludge, and in most of the cases mixture of them, can
be fed into anaerobic digesters as an organic matter. Methane production makes this

process the energy-positive unit of WWTPs. Due to its high energy content (35,800
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kS/m®), methane can be used for electricity generation and meets the heating
requirements of a WWTP. New cells, on the other hand, are produced in minor
quantities (4-10% of COD) (Sanin et al., 2011).

During AD, typical VS reductions are 40-70% for primary sludge, 20-50% for WAS,
and 40-60% for mixture of these sludges. COD reductions are also in the same line
with those of VS. The volume of biogas produced is related to the amount of organic
matter destroyed during digestion. In theory, for each gram of COD destroyed, 0.35
m3/kg of methane is produced, regardless of the organic matter used. In terms of VS
content, specific gas production is in the range of 0.75-1.12 m®kg VS destroyed or
0.5-0.75 m®/kg VS loaded (Appels et al., 2008; Metcalf and Eddy, 2003). Moreover,
typical methane content of biogas produced from anaerobic digestion of municipal
sludges are 60-75% (Parkin and Owen, 1986).

Anaerobic digestion is a multi-stage process that includes hydrolysis, acidogenesis,
acetogenesis and methanogenesis as shown in Figure 2.6. In the hydrolysis step, both
insoluble organic material and higher molecular compounds such as lipids,
polysaccharides, proteins and nucleic acids are degraded into soluble organic
materials. The acidogenesis step further breaks these smaller substances into volatile
fatty acids (VFA), carbon dioxide, hydrogen sulfide, ammonia, and other
byproducts. The next step includes conversion of VFAs into acetate, hydrogen and
carbon dioxide by acetogens. In the final step of methanogenesis, two different
groups of methanogenic bacteria take part in methane production. While the first
group of organisms (acetoclastics) split acetate into methane and carbon dioxide; the
second group (hydrogenotrophics) utilizes hydrogen (electron donor) and carbon
dioxide (electron acceptor) to produce methane (Appels et al., 2008; Fang et al.,
2014). In theory, as 70% of methane is produced from acetate; 30% is generated

from carbon dioxide and hydrogen (Elalami et al., 2019).
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Figure 2.6. Steps in anaerobic digestion process (Appels et al., 2008)

The main factors affecting the digestion efficiency are pH, temperature, C/N ratio,
organic loading rate, mixing, retention time, as well as presence of inhibitory
substances. 1) Various groups of microorganisms are involved in anaerobic
digestion, and they have different vulnerabilities to pH alterations. It is critical to
adjust an optimal pH value for each microorganism group to make them work in a
healthy coordination. The pH range of 6.5-7.5 is generally recommended to promote
the growth of methanogens, the most sensitive group. 2) Temperature affects the
reaction rate as it has a direct impact on microbial growth. Anaerobic digestion
process can be conducted at three different temperature ranges: psychrophilic (10-
15°C), mesophilic (25-48°C), and thermophilic (>60°C). Although thermophilic
conditions yield the best biogas production rate, its high energy requirement for
temperature maintenance makes it costly to implement. Mesophilic AD is the most
commonly applied option with low energy requirements, the production of stable
solids, and pleasant biogas production (Shrestha et al., 2020). 3) C/N ratio defines
the amount of carbon and nitrogen present in substrate consumed by microorganisms

to grow and build cell structure. The ratio should be 20-25 to conduct anaerobic
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digestion optimally. 4) The organic loading rate is the amount of substrate fed per
day and per unit volume of the digester. When a digester with a limited hydrolysis
rate is overloaded, an unhydrolyzed portion of sludge remains that entails low
methane yield. If the methanogenesis step is having difficulty and the digester is
highly loaded, VFA accumulation and thus low methane production occur. 5)
Adequate mixing should be provided to enhance the contact between substrate and
microorganisms, as well as to maintain the homogeneity of critical parameters
throughout the digester (Elalami et al., 2019; Sanin et al., 2011). 6) Time is very
critical in achieving adequate contact and hence VS reduction in a digester. The
relevant operational parameters to be optimized are hydraulic retention time (HRT)
and solids retention time (SRT), the average time water molecules and solids reside
in a digester, respectively. Having a sufficient SRT is also important when
microorganisms need to adapt to toxic conditions. 7) The most common inhibitory
substances reported for the anaerobic digestion process are alkali and alkaline-earth
metals, heavy metals, ammonia-nitrogen, sulfide, and various organic compounds.
Even a necessary nutrient can cause toxicity if added in excessive amounts (e.g.,
nitrogen and phosphorus). In some cases, detoxification can be accomplished by
precipitation or complex formation, stripping, adsorption, and the addition of
antagonistic chemicals. Along with these methods, providing long SRT has extreme
importance in allowing microorganisms to get a chance to acclimatize toxic

substances (Parkin and Owen, 1986).

Existence of MPs in sludge has been lately shown to affect the efficiency of
anaerobic digestion both positively and negatively. Their impact on methane and
hydrogen production through anaerobic digestion of sludge were investigated based
on the type, size and amount of MPs, and the summary of these studies are given in
Table 2.3. These effects can be associated with four different toxicity mechanisms

as given in Figure 2.7.
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Impact Mechanism MP Polymer Type Methane/Hydrogen Production

B No/Negative effects
1) Excessive ROS formation BET ]
Negative effect
PS - NH,
Monomer CPL PA6 Positive effect
2) Leaching of toxic chemicals Additive BPA PVC Positive/Negative effects
Additive DBP RET Negative effect
3) Incomplete digestion PES Negative effect
: PS :
4) Attaching on cell membrane Negative effect
PS - NH,

Figure 2.7. Summary of effects of different MPs on anaerobic digester performance

First, the existence of large amount of MPs in digesting sludge can induce
cytotoxicity by generating reactive oxygen species (ROS) which further causes loss
in cell viability. ROS formation is a natural process, and they are by-products of
normal cell activity. However, their overproduction causes oxidative stress and even
oxidative damage. MPs with large specific surface area are shown to be responsible
for additional ROS production (Wei et al., 2019a, 2019c). For instance, Wei et al.
(2019a) showed that while low dose (10-60 particles/g TS) of PE MPs in sludge did
not have a significant effect, their high dose (100-200 particles/g TS) led to a
decrease in methane production. They attributed this pattern to rising ROS levels in
response to increasing MP number, which negatively affected the hydrolysis,

acidification, and methanogenesis processes during anaerobic digestion of WAS.

Second, toxic chemicals leaching from MPs can affect the digestion efficiency
differently depending on their concentration in sludge as reported by Wei et al.
(2019b) When BPA leached from small amount of PVC MPs (10 particles/g TS), a
positive contribution to methane production has been observed due to the enhanced
sludge solubilization. The reason behind that is, leaching BPA intensifies the
breakdown of microbial cell walls and EPS in WAS to form more soluble substances.
Despite the improved solubilization at higher doses (>20 particles/g TS), inhibitory
effect of BPA on sludge hydrolysis and acidification processes overweighed,
resulting in decreased digestion efficiency in parallel with the reported enzyme
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activities (Wei et al., 2019b). Besides, H. Chen et al. (2020) has shown that leaching
of monomer Caprolactam (CPL) from PA6 MPs was the primary mechanism
responsible for the increase in methane production at all doses (5-50 particles/g TS).
Unlike BPA, the leaching CPL resulted in binding onto enzyme molecules and
improved their affinity with substrates and catalytical activity. However, at higher
doses of PA6 MPs (20-50 particles/g TS), this promoting effect weakened because
higher concentrations of CPL might occupy active sites of the enzymes (H. Chen et
al., 2020). In another study, Wei et al. (2019c) observed the combined impact of the
leaching additive (i.e., Di-n-butyl phthalate (DBP)) and ROS production from PET
MPs during alkaline anaerobic fermentation of WAS. They have reported a declined
hydrogen yield at all doses of PET MPs (10-60 particles/g TS) due to the loss of cell
viability and the change in the shift of microbial community toward the direction

against hydrolysis and acidification processes.

The third mechanism, where MPs’ existence causes incomplete digestion, was
reported by L. Li et al. (2020). They have shown that PES MPs at the abundance of
1-200 particles/g TS caused high amounts of organic matters and nutrients to
accumulate during the process, which further led to a decrease in methane production

without any linear correlation with the number of MPs.

Lastly, nanoplastics (NPs) with small sizes can attach onto cell membranes in sludge,
change cell permeability and may further enter the cell. Fu et al. (2018) showed PS
NPs to adhere to the cell membrane of microorganisms during anaerobic digestion,
which adversely affected their activities (i.e., growth and mechanism) and hence
methane production. Similarly, PS-NH2 (amino polystyrene) NPs increased cell
permeability and induced ROS generation during the anaerobic hydrogen
fermentation of sludge, resulting in a significant reduction in hydrogen yield (W.
Chen et al., 2020). Interestingly, the addition of perfluorooctane sulfonate (PFOS)
into the reactors considerably alleviated the NPs’ toxic impact on thermophilic
hydrogen producing bacteria because the interaction of PFOS with EPS might
disable NPs to enter the bacterial cells (W. Chen et al., 2020).
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Table 2.3. Reported effects of MPs and NPs on methane and hydrogen production

from sludge
. . Amount (#
MP Process details Time Operqtl'onal Size of MPs/g Effeqt of Reference
type (days) conditions TS) plastics
Lab-scale batch 548 0.05% | CHaby 4.7% Fu et al
PS  AD of sewage 37 Mesophilic 0.12 L CHiby 6.6% — 5516)"
sludge 0.22 | CHs by 14.4%
10.0 No effect
Lab-scale AD 40 30.0 No effect Wei et al
PE of WAS (BMP 44 Mesophilic m 60.0 No effect (20192) .
test) K 1000 | CHaby 12.4%
200.0 | CHs by 27.5%
0,
R v
PVC of WAS (BMP 45 Mesophilic ‘ 40'0 CHz b 1'9 504 Wei et al.
test) mm : L CHaby 19.5%  510h)
60.0 | CHs by 24.2%
1.0 | CHs by 11.5%
3.0 | CHsby 9.1%
6.0 | CHs by 10.1%
Lab-scale AD .
o 200 10.0 | CHsby 4.9% L. Lietal.
PES ?JSY)VAS (BMP 59 Mesophilic um 30.0 | CHa by 9.7% (2020)
60.0 | CHa by 6.8%
100.0 1 CHaby 7.1%
200.0 1 CHa by 7.3%
0
Lab-scale AD 425- 15600 %Ej Ez 31'98‘5142 H. Chen et
PAG ?Js:’)VAS (BMP 45 Mesophilic ii? 200 1CHsby16.1% al. (2020)
50.0 1 CHa by 12.9%
Lab-scale 10.0 | Hz2 by 11.6%
alkaline 25+ 9 Wei et al
PET anaerobic 21 Mesophilic 2 30.0 | Hz by 18.4% 2019 '
fermentation of wm 600 | Hoby203%  (20190)
WAS
Lab-scale
fermentative
PS- o 70 32 o W. Chen et
N, 2%(:3252” 7 Thermophilic - 02x10%% | Haby539% o500
from sludge

AD: Anaerobic digestion; WAS: Waste activated sludge; BMP: Biomethane production; NR: Not reported.
@The unit of this value is “g NPs/L sludge”.

In summary, depending on the type, size, and concentration, MPs and NPs can exert

dissimilar effects on different steps of the anaerobic process. In fact, an efficiently

working anaerobic digestion process is critical to ensure sustainable sludge

39



management. Concordantly, exploring the scenarios where different MP and NP
polymers, operational conditions (e.g., temperature, pH, time, etc.), and microbial

communities are involved is of great importance.

Much limited studies are focusing on aerobic digestion process compared to
anaerobic digestion. One study reviewed comparatively evaluated the effects of MPs
on aerobic digestion of WAS via two different entry routes of MPs into the WWTP
(Wei et al., 2021). In addition to the common approach of direct addition to a
digester, authors also spiked PET MPs into the biological wastewater treatment
system to better reflect real life and observed differences in toxicity mechanisms and
the level of inhibition on digestion efficiency. When MPs were spiked into
wastewater, hydrolysis decreased but WAS solubilization increased due to the
change in characteristics of WAS in the existence of MPs. Direct addition into the
digester, on the other hand, caused fewer impact on solubilization and severe
inhibition on hydrolysis, thus posed a lot more serious inhibition on digestion
occurred (Wei et al., 2021).

2.6 Degradation Potential of Polyethylene Terephthalate

PET is a semi-crystalline thermoplastic polyester that is strong and durable in various
environmental conditions, intrinsic properties of which are given in Table 2.4. It is
one of the most commonly used polymer types in the packaging and textile industries
and accounts for 8% of global plastic demand based on 2019 data (PlasticsEurope,
2020).

The chemical structure of PET is composed of repeating units. Its monomer consists
of an aliphatic chain coupled with an aromatic ring, as shown in Figure 2.8
(Fotopoulou and Karapanagioti, 2015). Polymers with “hetero” or C-O backbones
(e.g., PET, PU) are particularly more susceptible to degradation than those with
“pure” or C-C backbones (e.g., PVC, PS, PE, PP). Another determinant of polymer
degradability is related to the functional groups involved. Having an aromatic group

makes it difficult to degrade polymer structure. Therefore, PET having easily
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hydrolysable ester bonds is non-degradable under natural conditions due to its
aromatic group (Webb et al., 2013).

°y_< >_,<(°'\__

L dn

Figure 2.8. Chemical structure of PET (Crawford and Quinn, 2016)

PET polymers are produced with different crystallinities according to their usage
area. While PET used for bottle and textile have high crystallinity of 30-40%; those
used for packaging have a low crystallinity of 8% (Kawai et al., 2019). The increased
degree of crystallization limits the movement of polymer chains and decreases the
availability of the chains for any degradative agents such as enzymes (Webb et al.,
2013).

Table 2.4. Intrinsic properties of PET polymers (Webb et al., 2013)

Parameter Value
Average molecular weight 30,000 — 80,000 g/mol
Density 1.41 g/cm®
Melting temperature 255 —265°C
Glass transition temperature 69 — 115°C
Young’s modulus 1700 MPa
Water absorption (24 h) 0.5%

Despite their non-biodegradable nature, PET type plastics may experience chemical
and physical changes in their structure under environmental conditions. When
released into the environment, PET plastics are exposed to natural weathering
conditions, which causes them to break down to micron sizes (i.e., MPs) (Sang et al.,
2020). Up to now, several lab-scale studies trying to mimic natural weathering

mechanisms and field studies investigating the effects were conducted. In a field
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study, loakeimidis et al. (2016) collected PET bottles from the bottom of Saronikos
Gulf (from 150-350 m deep) and classified them according to their expiration dates,
that are 90’s bottles (1997, 1998, 1999) and millennium bottles (2001, 2008, 2011,
2014). In order to determine any changes occurred in functional groups and surface
morphology, all the collected bottles were analyzed using the attenuated total
reflectance - Fourier transform infrared spectroscopy (ATR-FTIR) and scanning
electron microscope (SEM), respectively. Compared to the virgin PET bottles of
2015, a decrease in intensity at 1715 cm™, 1245 cm™ and 1100 cm™; and even
disappearance at 870 cm™ and 730 cm™ were observed in eroded plastics, which
correspond to ketones (C=0), ether aromatic (C-O), ether aliphatic (C-O), aromatic
(C-H) and aromatic (C-H) bonds, respectively. Besides, outer and inside PET
surfaces showed similar spectra, attributed to that degradation occurred on both
sides. In line with the results of ATR-FTIR, SEM showed that older PET bottles had
more cracked and uneven surfaces. According to the authors, the estimated
degradation mechanism starts with the photolysis of PET and continue with

hydrolysis after sinking of weathered bottle to the sea floor (loakeimidis et al., 2016).

PET is susceptible to hydrolytic degradation in water via cleavage of ester linkages,
especially above its glass transition temperature (Allen et al., 1991). This process
results in formation of carboxylic acid and alcohol functional groups and its rate is
promoted under acidic and alkaline conditions, as shown in Figure 2.9. Hence, once
carboxylic end groups are formed, hydrolysis of PET is autocatalyzed (Gewert et al.,
2015). In a lab-scale study aiming to understand hydrolysis mechanism of PET under
different conditions, PET films in size of 100 nm were submersed in (1) deionized
water at 90°C for 8 days and (2) 1% KOH solution at 90°C for 4 h. Using FTIR-
RAIRS (reflection absorption infrared spectroscopy), they observed that hydrolytic
degradation occurs much faster in alkaline environment. Both applications caused
significant changes in carbonyl bonds, which was attributed the formation of seven-
membered rings and acid dimers in water and alkaline solution, respectively. Authors
concluded that hydrolysis in water occurred at terminal ester linkages while it

happened randomly in alkaline solution (Sammon et al., 2000).
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Figure 2.9. Alkaline hydrolysis of PET using NaOH (EG stands for ethylene glycol)
(Al-Sabagh et al., 2016)

In order to understand the hydrolytic degradation mechanism resulting in the
formation of secondary MPs, Arhant et al. (2019) immersed 200 um sized films of
PET into pure water at 80-110°C for up to 150 days. Based on differential scanning
calorimetry (DSC) results, they observed an increase in crystallinity from 33%
(unaged) to 50% in 14 days of heat application. This was attributed to the chemi-
crystallization process since the heat applied was above Tg that causes chain scission
in the amorphous phase of PET MPs. Moreover, size exclusion chromatography
(SEC) measurements showed a linear decrease in molar mass as the ageing time
progressed. These changes altered polymer’s tensile properties. Once molar mass of
PET reached 17 kg/mol, its behavior switched from ductile to brittle, which further

would stimulate the formation of microplastics.

The compact structure of PET makes it strong against microbial or enzymatic attack.
Yet, Zhang et al. (2004) found evidence of PET fiber degradation by the applications
of both lipase and different microbes. After analyzing it using SEM and high-
performance liquid chromatography (HPLC) techniques, they found small cracks
and voids on plastic surface and the formation of terephthalate acid (TA), a
degradation product of PET. Other than PET fiber, they tried to biodegrade its
subunit diethylene glycol terephthalate (DTP) and achieved more than 90% DTP
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degradation by microbes in 24 days and 40% by lipase in 24 h. This demonstrate the

fact that polymeric state is the reason for stability of PET plastics.

2.6.1 Effect of Sludge Disintegration

As mentioned in the previous chapters, when plastics are exposed to abiotic factors,
the changes observed in their mechanical, physical, and chemical structure make
them more vulnerable to biodeterioration. In real life, a number of external stress
conditions are unintentionally applied to MPs in sludge during sludge treatment
processes including disintegration practices to increase the level of solubilization

before anaerobic digestion.

Although no study has yet considered the impact of sludge disintegration processes
on deterioration of MPs, an idea can be derived from the results of Hurley et al.
(2018) and X. Li et al. (2020) investigating the impacts of methods which are used

to remove organic materials in samples during MPs analysis on MPs’ characteristics.

() (b) (© (d)

Figure 2.10. Change in morphology of PET MPs after exposed to alkaline
pretreatment. SEM images of virgin PET (a); and PET after 1 M NaOH (b); 5 M
NaOH (c); 10 M NaOH (d). Adapted from X. Li et al. (2020)

Hurley et al. (2018) found that treatment of sludge with NaOH (1 and 10 M) caused
up to 59.9% and 27.8% decrease in mass and size of PET type of MPs, respectively.
Similarly, X. Li et al. (2020) revealed that application of NaOH (1, 5 and 10 M)
causes 53.5% and 16.7% decrease in mass and size of PET MPs, respectively, as
shown in Figure 2.10.
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Consideration of all these results bring the question whether the disintegration
processes applied for sludge minimization and biogas maximization can act similarly
to the abiotic factors mentioned leading to the deterioration of plastics and easing up

possible biodegradation during stabilization.

2.6.2 Disintegration Methods Prevailing in Degradation of PET MPs

As mentioned earlier, PET is prone to hydrolysis in their ester groups in an alkaline
environment as well as in the presence of heat. These are the conventional conditions
applied to WAS with disintegration techniques prior to anaerobic digestion in
WWTPs. Thus, PET MPs in sludges subjected to alkaline and/or thermal
disintegration may deteriorate to some extent, initiating biodegradation in

subsequent anaerobic digesters.

2.6.2.1  Alkaline Disintegration

Alkaline disintegration is a widely used technique based on solvation and
saponification mechanisms to make refractory putrescibles accessible to
extracellular enzyme (Chen et al., 2007). Ability to depolymerize and cleave lignin-
carbohydrate linkages makes alkaline disintegration more suitable for lignin
breakdown compared to acidic pretreatment. It also saponifies intermolecular ester
bonds -to a lesser degree than acidic pretreatment- and hence solubilizes xylan
hemicellulose. Moreover, adding alkalies into sludge provides additional alkalinity,
which enhances the buffer capacity of anaerobic digester and process stability (Zhen
et al., 2017). Alkaline disintegration was also proven to increase the sludge loading
rates per reactor volume as it efficiently solubilized sludges both with low and high
TS content (up to 25 g TS/L) (de Sousa et al., 2021).

The solubilization efficiency achieved depends on the chemical type and dose used.
Studies in literature applied pH ranges from 8 to 12 for 30 min to 8 days (Elalami et

al., 2019). The relative effectiveness of alkalies can be listed in descending order:
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NaOH > KOH > Mg(OH). > Ca(OH).. The reasons have been attributed in literature
to divalent agents’ (i) partial dissolution behavior; (ii) potential to re-flocculate the
sludge; and (iii) potential to precipitate carbonate and phosphate, which reduces the
methanogenic activity during anaerobic digestion and buffer capacity of sludge (Jin
et al., 2016; Kim et al., 2003). However, too high sodium and potassium
concentrations may also cause inhibitory impact on anaerobic digestion (Carrére et
al., 2010). Besides, neutralization of the disintegrated sludge, which is a necessity
before adding into digester, increases mineral content of digested sludge (Zhen et al.,
2017). In a study investigating relative efficiencies of different NaOH
concentrations, disintegration with 0.5 M NaOH caused strong inhibition on
anaerobic digestion due to the formation of high salinity environment. It was also
found that 0.1 M NaOH is the optimal dose providing 38.3% of organic degradation,
0.65 L/g VSS of biogas yield and improved settling ability of digested sludge (Li et
al., 2012). Dogan and Sanin (2009) compared the effects of applying pH 10 and pH
12 on batch anaerobic digestion. Even though pH 12 provided more than 2 times
higher COD solubilization compared to pH 10, each technique provided almost the
same amount of enhancement (by 5.8% over the control) in methane production.
Similarly, de Sousa et al. (2021) compared the disintegration efficiencies of applying
pH 10, 11 and 12 by considering solubilized compounds, treatment time and TS
content of WAS. WAS solubilization was achieved the highest at pH 12 and it
increased over time. Yet, highest increase in solubilization occurred in the first 0.25
h. Thus, BMP test carried out at these conditions showed an increase in methane

yield by 3.6-fold over the control sludge.

2.6.2.2  Thermal Hydrolysis Process (THP)

THP is a largely implemented disintegration technique during which heat is applied
to break the gel structure in sludge and release of linked water at around 60 to 180°C.
It provides sludge dewatering, pathogen destruction, odor removal, and sludge

volume reduction along with enhancement of biogas (Chen et al., 2007). Sludge
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solubilization efficiency of this method theoretically relies on treatment time and
applied temperature. However, duration of treatment is shown to have relatively less
importance (Carrére et al., 2010). There are different temperature configurations
applied up to now: low-temperature (<100°C), high-temperature (>100°C), and
freeze/thaw disintegration (Khanh Nguyen et al., 2021). THP has been mostly used

in combination with other techniques.

In literature, laboratory scale low temperature applications have yielded 20-150%
decrease in VS content of sludge and 10-100% increase in methane production
compared to a control. High temperature applications, on the other hand, have
ensured 10-160% decrease and 10-150% increase, respectively (Khanh Nguyen et
al., 2021).

Low temperature hydrolysis is generally applied at temperatures around 70-95°C,
and the duration of treatment dominates in determining the solubilization efficiency.
Low temperature THP applications have been reported to require longer time to
obtain a similar level of biogas enhancement compared to those with high
temperatures. Xu et al. (2014) thermally disintegrated WAS at 70°C for 9 h and
obtained almost 72-fold increase in sCOD, which yields 32.07% improvement in

biogas production over the control sludge.

High temperature applications have been reported to be more effective at 160-180°C
with less time requirements (> 1 hour) for higher COD solubilization along with a
pleaser increase in dewaterability and reduction in VS (Shrestha et al., 2020).
However, increased solubilization achieved after disintegration may not always
result in an improved digestion efficiency. Applying harsh disintegration conditions
have been shown to cause release of inhibitory substances to liquid portion of sludge.
At higher temperatures (>200°C), refractory products can be formed as a result of
caramelization. Therefore, the efficacy of disintegration methods should be linked to
the digestion efficiency obtained rather than the WAS solubilization (Mostafa et al.,
2020).
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Moreover, full-scale applications of THP are very popular and there are several
patented systems efficiently operated. Blue Plains WWTP, located in Washington
DC, is the first full-scale example of the Cambi thermal hydrolysis process in the US
and is currently the largest Cambi system facility in the world (Cambi Group AS.,
2019). The process treats sludge at 150-165°C for 20-30 min at 8-9 bar pressure
(Zhen et al., 2017). Pilot-scale studies prior to the installation of the full-scale Cambi
system showed that THP applications produce 24 to 59% more biogas compared to

the conventional digestion system (Wilson et al., 2011).

2.6.2.3  Combined Disintegration

Several disintegration techniques have been integrated up to now with the intent of
obtaining synergetic impacts on AD of sludge (Elalami et al., 2019). These combined
techniques generally prevail with less energy and capital cost requirements, as well
as easy operation, which strongly effect the choice of the techniques to be integrated
(Shrestha et al., 2020). Some examples of this method can be listed as thermal&

alkaline, thermal& ultrasound, and microwave& acidic.

The sequence of methods has an important effect on dissolution rate. In a study
integrating alkaline and thermal disintegration in different orders, Zou et al. (2020)
found that alkali-thermal disintegration surpass in COD solubilization rate to
simultaneous thermal and alkali, and thermal-alkali disintegration techniques. The
findings of Mostafa et al. (2020) promote this claim that higher solubilization of
WAS is achieved when alkaline addition is applied prior to thermal disintegration.
They attributed this to the better dissolution of the lipid content of WAS, which has
low solubility by thermal treatment, by saponification with strong OH- attack
(Mostafa et al., 2020). Similarly, Toutian et al. (2021) believe that alkali dosing
before thermal hydrolysis is a more cost-effective option as organic acids are
released from the microbial biomass during thermal hydrolysis leading to self-
neutralization of sludge. If heating is applied first, organic acids released from the

disintegrated biomass reduces pH of sludge, which causes two problems: (1) more
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alkali would be required to obtain the same degree of dissolution; (2) sludge would
leave with less organic acid release potential, resulting in the need to add extra acid

to neutralize the sludge prior to anaerobic digestion.

2.6.2.3.1 Thermo-Chemical Disintegration

The integration of chemical and thermal techniques mainly aims to reduce the
chemical consumption. Moreover, the use of high temperatures in combination with
chemicals generally increases the solubilization efficiency. Hence, 22 to 97%
increase in biomethane vyield is achieved by thermo-chemical disintegration
depending on the initial biodegradability of sludge (Toutian et al., 2021). Alkaline-
thermal disintegration is the most popular version of this method, examples of which

are given in Table 2.5.

Xu et al. (2014) disintegrated WAS samples with thermal, alkaline and thermo-
alkaline disintegration techniques and observed a synergetic effect of the combined
application in cumulative methane production. However, this integration did not
ensure additional COD solubilization. In a similar study where relative disintegration
efficiency of different techniques (thermal, alkaline and thermo-alkaline) are
examined, Kim et al. (2003) stated thermo-chemical disintegration as the prominent
method in terms of organic removal efficiency including sCOD and VS removal.
The integrated method (121°C for 30 min and 7 g NaOH/L) provided 34.3% increase
in methane production and 67.8% increase in SCOD removal compared to the

control.

Toutian et al. (2021) has shown that low temperature thermo-alkaline disintegration
(80 mg NaOH/g TS, 70°C, 2 h) and high temperature thermal hydrolysis (170°C, 30
min) provided similar level of increase in biomethane yield (by 25% and 26%,
respectively). This indicates that combined application decreases the need for high
energy consumption. Moreover, this integration has been shown to reduce the

treatment time required for THP. Similarly, Y. Zhang et al. (2019) proved that
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thermo-alkaline disintegration (80°C with NaOH for 1.3 h) increases biomethane
yield more than that of THP alone (80°C for 12 h), by 56% and 40%, respectively.

Table 2.5. Review of studies disintegrating WAS with combined alkaline-thermal

technique
Substrate Disintegration AD conditions  Results Reference
conditions
WAS, 0.3 g NaOH/g VSS Batch, 37°C for  1.27 times increase in  Tanaka et
domestic heated at 130°C for 5 8 days CH4 production al. (1997)
min
WAS, 0.3 g NaOH/g VSS Batch, 37°C for  2.06 times increase in  Tanaka et
industrial+  heated at 130°C for 5 8 days CH4 production al. (1997)
domestic min
WAS pH=10 using Ca(OH), NR Decrease in CST from  Neyens and
at 100°C for 60 min 34sto22s Baeyens
i (2003)
Increase in DS content
from 28 to 46%
WAS 7 g NaOH/L heated Batch, 37°C for 34.3% increase in CHs Kim et al.
121°C for 30 min 7 days production (2003)
67.8% increase in
sCOD removal
WAS 1.65 g KOH/L (pH=10) Batch, 35°C for 54% increase in Valo et al.
heated at 130°C for 60 24 days biogas production (2004)
min
WAS pH=11 at 90°C for 10 h  Batch, 55°C for CH, production of Vlyssides
15 days 0.28 L/g VSSin and Karlis
(2004)
WAS 0.10 M NaOH at 90°C  Batch,35°C for  73.9% increase in CH; Kim et al.
for6h 21 days production (2013)

WAS: waste activated sludge; VSS: volatile suspended solids; sCOD: soluble chemical oxygen
demand; AD: anaerobic digestion; CST: capillary suction time; DS: dry solids; NR: not reported

2.6.3

Characterization of Degraded Plastics

The degree of deterioration for plastics exposed to the stress factors mentioned

earlier can be quantified by analyzing their physicochemical and mechanical

properties, including bond cleavage, changes in chemical functionality, and material

properties, as illustrated in Figure 2.11.
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2.6.3.1  Physical Appearance

Properties related to appearance of plastics such as color, gloss, haze and yellowness
are relatively easy to observe, and they are instrumentally analyzed by following
standard methods provided by American Society for Testing and Materials (ASTM)
and International Organization for Standardization (ISO). While color, haze and
yellowness can be measured with a spectrophotometer, gloss is generally determined

by a glossmeter (Zhang et al., 2021).

Topographical changes such as increased roughness, holes and cracks, as well as
biofilm formation after fragmentation can be detected by SEM and atomic force
microscopy (AFM) (Arkatkar et al., 2009).

2.6.3.2  Physicochemical Properties

Physicochemical structure of plastics including their surface properties, crystallinity,
and thermal properties may undergo changes during degradation. Surface properties
such as hydrophobicity, surface charge, surface area and porosity govern the
interactions of plastics with microorganisms and other pollutants, thus essential to
be measured in determination of the risk related to MPs in the environment.

Degradation causes decrease in hydrophobicity by the addition of hydrophilic groups
(e.g., carbonyl group) to the chain (Arp et al., 2021). Surface charges may also
change with the addition of functional groups during degradation, which can be
measured by Zeta potential analysis. Besides, change in porosity and surface area of
plastics is generally determined by the Brunauer-Emmett-Teller (BET) method
(Sarkar et al., 2021).

Crystallinity, which is the degree of structural order in a polymer, can increase during
the early stages of degradation by chain scission in amorphous region (Zhang et al.,
2021). It can be measured either by FTIR or differential scanning calorimetry (DSC)
(Arhant et al., 2019).

51



Glass transition temperature (Tg) and melting temperature (Tm) are thermal
properties of plastics affecting polymer’s transition from glass to rubbery state.
Change in Tgand T, influenced by altered crystallinity after degradation can also

be measured by DSC.
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Figure 2.11. Change in characteristics of MPs after degradation (Guo and Wang,
2019)

2.6.3.3 Mass Loss

Quantifying the loss in mass is the most straightforward determinant of polymer
degradation. It may either result from the volatilization of conversion products (CO>
and H20) or loosing fragments from their surface such as MPs and mesoplastics.

However, measuring the mass of plastics may not provide the accurate results at
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initial stages of degradation due to oxygen attachment and accumulation of

microorganisms and other debris on surface cracks (Chamas et al., 2020).

2.6.3.4  Chemical Composition

Depending on the degree of polymerization and additives used during their
manufacturing, plastics may undergo reactions either in their polymer chain or in

additives, resulting in altered chemical composition.

Both abiotic and biotic degradation processes can cause chain scission and cross-
linking of polymers, which change their molecular weight. Generally, a decrease is
observed during a degradation process. Gel Permeation Chromatography (GPC) is a
method detecting molecular weight of a polymer by size exclusion (Albright and
Chai, 2021).

As an indicator of oxidative degradation, polar functional groups such as ketones and
ester C=0 stretching (1715 and 1735 cm'%, respectively) are generally analyzed using
FTIR. Especially, change in carbonyl index, the ratio of absorbance at carbonyl bond
to C-H bond, quantifies the extent of degradation for most polymer types (Chamas
et al., 2020). Besides, elemental composition of polymers (specifically carbon and
oxygen) is generally determined using Energy-dispersive X-ray spectroscopy (EDX)

to observe surface oxidation (Alassali et al., 2018).

Degradation products and leaching additives can be measured using
chromatographic techniques coupled with mass spectrometry (MS). While non-polar
and volatile compounds are analyzed using gas chromatography mass spectrometry
(GC/MS), polar and non-volatile compounds are generally measured using liquid

chromatography mass spectrometry (LC/MS) (Zhang et al., 2021).
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2.6.3.5  Mechanical Properties

Mechanical properties such as elongation at break and tensile modulus (Young’s
modulus) are detected when characterizing the physical deterioration such as
formation of cracks and pores at the surface (Chamas et al., 2020). ASTM and 1SO
standard methods are generally followed to perform stress-strain test for deformed
plastics. These properties are also associated with chemical composition,
physicochemical properties as well as additives. Therefore, any change in chemical
composition and physiochemical properties of plastics may affect mechanical

properties as well (Zhang et al., 2021).

2.7  Techniques for Detection of Microplastics in Sewage Sludge

In order to better understand the extent of MP pollution in environmental samples
including sewage sludge, properly applied sampling, pretreatment, and extraction
methods, followed by effective identification and quantification are of great
importance. Despite the rising concerns about MP pollution, there is no standard
method that is accepted and applied globally for MP detection. It has to be mentioned
that there are some recent efforts, such as the two standards published by ASTM in
August 2020 for wastewaters with high, medium and low suspended solids, that
cover the collection (ASTM D8332-20) (ASTM, 2020a) and preparation of samples
(ASTM D8333-20) (ASTM, 2020b) to identify and quantify MPs in them. While
these standards are addressing the sampling and pretreatment issues for drinking
water, surface waters, wastewater influent and effluent (secondary and tertiary) and
marine waters; sewage sludge has not been addressed in these documents. For sludge
on the other hand, several different methods with varying levels of quality assurance
have been reported (Okoffo et al., 2019). The lack of a standardized and globally
accepted method made the comparison between studies difficult (WHO, 2019).
Despite this fact, there is still a commonality in the flow of testing in many studies

and involves the steps summarized in Figure 2.12.
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Figure 2.12. Flow chart summarizing the steps and the techniques used for detection

of MPs in sewage sludge

2.7.1 Sampling, Pretreatment and Extraction

Categorization of the techniques used for sampling, pretreatment and detection of
MPs in sewage sludge are collected from literature and presented in Figure 2.12. In
addition, Table 2.6 lists the studies from around the world analyzing MPs in sewage
sludge samples and summarizes the details of techniques used for sampling,
pretreatment, extraction, and characterization. One can see that many of these
methods are similar to the ones used for wastewater, even though the table is

collected from studies involving only sludge.

Sewage sludge samples are typically collected by grab sampling method because
high organic matter and solids content of sludge makes it rare to apply in-situ
filtration coupled with size separation, which is the commonly used sampling method
for effluent wastewaters (Nguyen et al., 2019; Okoffo et al., 2019). In other studies,
composite samples are obtained by combining sludge collected from different points
of the bulk material or at different times (Lusher et al., 2017; Q. Xu et al., 2020) to



overcome the potential variability resulting from heterogeneous nature of sludge and
sampling time and to ensure better representativeness (Okoffo et al., 2019). Sample
preparation steps varied based on the nature of sludge as well as how the sludge is
collected. For example picking out large non-plastic substances was deemed
necessary for some sludges (Jiang et al., 2020; Ren et al., 2020), softening the sludge
by soaking it in water (Gies et al., 2018; Liu et al., 2019; Mahon et al., 2017), drying
the sludge (Lares et al., 2018; Q. Li et al., 2019; Murphy et al., 2016; Q. Xu et al.,
2020), and filtration of the wet/dried sludge through stacked sieves (Hongprasith et
al., 2020; Magnusson and Norén, 2014; Mahon et al., 2017; Ren et al., 2020) were
among the observed applications.

Sewage sludge has a viscous matrix consisting of microorganisms, organic materials,
and inorganic particles posing attraction for polymer surfaces (X. Li et al., 2020;
Zhang and Chen, 2020). EPS encapsulating these materials intervene the extraction
of MPs and interfere with MP analysis. X. Li et al. (2020) have revealed that sewage
sludge with EPS in the sludge floc had the lowest MP extraction efficiency compared
with the other solid matrices such as cattle manure, soil, sediment and silicon
dioxide. In addition, high organic matter content of sludge interferes with the
identification and quantification of MPs. To facilitate identification and
quantification, both the organic matter and EPS in sludge should be removed by
pretreatment/digestion methods without disrupting the polymer integrity of MPs
(Dyachenko et al., 2017; Sun et al., 2019). The most frequently applied methods to
remove or reduce organic materials in sludge samples are hydrogen peroxide (H202)
digestion and Fenton oxidation as indicated in Table 2.6. Studies not including any
pretreatment method for organic matter removal, instead directly proceeding to MP
extraction step; may experience increased filtering time and workload during
identification (Kang et al., 2020; Leslie et al., 2017).

Among four commonly applied digestion techniques including Fenton oxidation,
H20., NaOH, and KOH digestion, Lusher et al. (2017) found that Fenton oxidation
was the most cost and time-effective method for the reduction of organic matter in

sewage sludge samples. Similarly, Hurley et al. (2018) stated Fenton’s reagent
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ensured an effective organic matter removal without any observed damage to the
tested polymers which were PP, low-density polyethylene (LDPE), high-density
polyethylene (HDPE), PS, PET, polyamide 6,6 (PA-6,6), PC, and polymethyl
methacrylate (PMMA). In reaching this conclusion, Hurley et al. (2018) tested the
effectiveness of organic matter removal of four main protocols (i.e., Fenton
oxidation, H202, NaOH and KOH) with the loss in mass of filter papers. Likewise,
Bretas Alvim et al. (2020a) considered total suspended solids (TSS) removal while
investigating Fenton and H>O oxidation in sewage sludge samples and determined
H20- oxidation as the ideal protocol. Other than these studies, systematic control of
organic matter removal efficiency in sewage sludge samples is generally overlooked
in the literature. Instead, a visual inspection is widely applied in tracking the removal
of organic matter in samples, as recommended by National Oceanographic and
Atmospheric Administration (NOAA) for water and sediment samples (Masura et
al., 2015). It is critically highlighted to standardize the protocol to demonstrate
complete digestion process using parameters such as chemical oxygen demand
(COD) that quantitatively represents organic matter content of the sample (Nguyen
et al., 2019). Using this step is especially critical for sludge considering the high
organic contents typically encountered.

The extraction of MPs from sludge samples has been most frequently carried out by
a density-based approach, as is the case for all environmental samples (Table 2.6),
where the low-density MPs are floated to the surface by the addition of saturated salt
solutions of NaCl (1.2 g/lcm?®), ZnCl, (1.5-1.7 g/cm®) or Nal (1.6-1.8 g/cm®) (Q. Li et
al., 2019; Lv et al., 2019) to the samples. Q. Li et al. (2019) stated that there is a
direct proportionality between the salt solution’s density and the number of MPs
extracted. According to their results, the amount of high-density polymers, which are
PET and polyacrylonitrile (PAN), in Nal solution was higher than in NaCl solution.
In a study comparing the extraction efficiencies of four different salt solutions (i.e.,
NaCl, NaBr, Nal, ZnBr2), Quinn et al. (2017) showed the lowest recovery efficiency
(< 85-95% and ~70% for MPs in sizes 200-400 um and 400-800 um, respectively)

was for NaCl solution added into sediment samples.
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Thus, they needed three times wash of the sediment for NaCl solution while only a
single wash was sufficient for Nal and ZnBr; solutions to extract MPs properly
(Quinn et al., 2017). To separate both the low and high-density MPs and accurately
determine their number, sequential extraction in Nal and ZnCl. are recommended
despite the high price and relatively toxic properties of these two salts (Okoffo et al.,
2019; Silva et al., 2018). The extraction procedure continues with the filtration of
supernatant and separation of retained MPs on the filter for the following

identification and quantification steps (Bretas Alvim et al., 2020b).

2.7.2 Identification and Quantification

Once MPs are extracted from sludge samples, they are subjected to various
identification and quantification procedures based on physical and chemical
techniques (Table 2.6). Physical identification techniques predominantly involve
using a light microscope or stereo microscope for enumeration and visual
categorization of MPs by size, shape, and color (Yang et al., 2021b; Zarfl, 2019).
While the overall picture of MP abundance can be obtained quickly and conveniently
through these microscopic techniques, their application is limited to large particles
(Okoffo et al., 2019). Likewise, Gies et al. (2018) stated that only 32.4% of the
suspected MPs under light microscope were later confirmed as plastic polymers by
FTIR spectrometer. Therefore, majority of the studies initially identified MPs by
visual techniques and then directed a representative portion of the suspected MPs to

either FTIR or Raman spectroscopies alone or combination of them.

Moreover, for removing the degree of subjectivity in physical characterization, some
studies have combined the visual inspection with a hot needle test or fluorescent
staining to assist identification of suspected particles as plastics (Kang et al., 2020).
As a low-cost, time-saving method facilitating the visual identification Prata et al.
(2019) and Campo et al. (2019) isolated the MPs from sludge samples using
fluorescent Rose Bengal dye and achieved MP recovery of up to 97%. Besides, Nile

Red, which is another fluorescent dye, seems to be a promising staining tool for MPs.
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However, its co-staining effect on partially degraded natural organic material such
as cellulose, chitin, and microbial mass may hamper the identification using
spectroscopical methods due to the fluorescence of particles (Raju et al., 2020). The
reliability of successive staining and spectroscopic methods can be improved by
removing absorbed dye and satisfactory degradation of natural organic materials in
environmental samples (Shim et al., 2017). Thus, this procedure has been applied to
a lesser extent for sludge samples with high organic content, which means that there

is still much work to be done to recommend the staining method by itself.

Identifying MPs with diverse sizes, shapes, and types is challenging to handle using
a single method (Shim et al., 2017). So far, studies have mostly applied chemical
identification methods such as spectroscopic methods (i.e., FTIR and Raman
spectroscopy) and thermoanalytical methods in conjunction with visual inspection to
ensure the chemical composition of MPs identified reliably. FTIR spectroscopy is
the most powerful and relatively fast method for analysis of MPs with its two modes
prevailing in studies examining sludge samples: micro-FTIR and ATR-FTIR (Elert
et al., 2017; Okoffo et al., 2019; Tagg et al., 2015). Micro-FTIR combines FTIR
spectroscopy with microscopy (Wesch et al., 2016) to produce high-resolution for
the particles down to 20 um, with little/no sample preparation (Prata et al., 2019).
The ATR-FTIR is efficient for the analysis of larger particle sizes (>500 pm)
(Mintenig et al., 2017) and also applicable for the characterization of irregularly
shaped particles (Hidalgo-Ruz et al., 2012). Compared to FTIR spectroscopy, Raman
techniques are more sensitive tools for identification of MPs with an improved
spatial resolution of down to 1 um (Nguyen et al., 2019; Prata et al., 2019). A version
of Raman spectroscopy standing out among studies analyzing MPs in sludge is called
as micro-Raman, which can identify very small particles (down to 1 um) (Ivleva et
al., 2017; Wesch et al., 2016). So, complementing the FTIR imaging by micro-
Raman can be a good attempt to properly account for a wide range of MP sizes
(Araujo et al., 2018).

Size dependency of the previously mentioned methods may cause underestimating

the number of plastics and hence reveals the necessity of mass-based identification
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and quantification techniques. Pyrolysis-gas chromatography/mass spectrometry
(Pyr-GC/MS), a thermoanalytical method analyzing polymer’s thermal degradation
products for identification, has been rarely reported in studies analyzing sewage
sludge samples. Besides its fast identification mechanism, Pyr-GC/MS provides a
quantitative estimation of MPs’ mass independent of particle size (Mallow et al.,
2020; Okoffo et al., 2019). Okoffo et al. (2020) applied single step pressurized liquid
extraction (PLE) with double-shot Pyr-GC/MS to obtain mass concentrations of PE,
PP, PVC, PMMA, and PS type MPs in biosolid samples, which provides a basis for
uniform reporting of results. However, its destructive nature prevents subsequent
analysis of MPs (Shim et al., 2017). Still, mass concentration data obtained from
Pyr-GC/MS can complement the information gathered from FTIR and Raman

spectroscopy, such as particle size, shape, and color.
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CHAPTER 3

MATERIALS AND METHODS

Experimental work conducted throughout this study can be collected under three
main headings: developing an analysis method for MPs in sludge, sludge
disintegration studies and operating BMP reactors fed with alkaline-thermal
disintegrated WAS spiked with PET type MPs. Method development studies cover
gathering the most appropriate techniques together to obtain a repeatable and reliable
method for the analysis of MPs. It continues with the validation of the developed
method. The second part of the study investigates the relative solubilization
efficiencies of alkaline, thermal, and alkaline-thermal sludge disintegration
techniques. Following the determination of the prevailing disintegration technique
based on its ability to solubilize the sludge and deteriorate PET MPs, BMP reactors

are set-up and operated in the final part of the study.

3.1 Materials

3.1.1 Sludge Samples Used

Waste activated sludge (WAS) and anaerobically digested sludge (ADS) used in this
study have been taken from the Central WWTP of Ankara located in Tatlar village,
which is the largest WWTP in Turkey. It is an urban WWTP treating municipal
wastewater by conventional activated sludge system with the capacity of 765,000
m3/day. WAS sample was obtained from the sludge return line of secondary clarifier
by grab sampling method. ADS used to seed the reactors was taken from the
anaerobic digesters of the plant. Samples transported to the laboratory were stored at
4°C until their analysis. WAS and ADS were samples used throughout this study

with different purposes as given in Table 3.1.
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ADS samples, sterilized with the addition of mercury chloride (HgCl.) at a
concentration of 200 mg/g TSS and autoclaved for an hour for 2 consecutive days

were used as inhibited seed in BMP test.

Table 3.1. Sludges used in this study and their usage areas

Sludge type Area of use

WAS - Method development studies for MPs
- Recovery study of MPs
- Sludge disintegration

- BMP test
ADS - BMP test (as the seed)
Inhibited ADS - BMP test

Mixture of WAS and ADS - MPs analysis

3.1.2 Model Microplastics Used

Three different types of MPs, that are frequently reported in sludge based on the
literature review, were used in this study: PE, PA and PET. Physical properties of
these plastics and usage areas are given in Table 3.2. While PE MPs were readily
obtained in ground form from a water tank producer in Ankara, PET and PA type
MPs were obtained by cutting water bottles and nylon fishing line in laboratory,
respectively. Then, the particles were passed through a series of sieves to obtain MPs

in the appropriate size range.

Table 3.2. Model MPs used and their usage areas

MP type Size (um)  Density (g/cm®) Shape Area of use

. - Sludge disintegration
PET 250 - 500 1.37-145  Film _ Setting up of BMP reactors

PET 425 — 500 1.37-1.45 Film - MPs recovery study
PE 250 - 500
425 —-500 0.92-0.97  Fragment - MPs recovery study
500 — 1000
PA 425 —500 1.02-1.05 Rod - MPs recovery study
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MPs recovery experiment involved the use of these three polymer types as they
represent varying levels of density: PE (0.92-0.97 g/cmq), PA (1.02-1.05 g/cm?®), and
PET (1.37-1.45 g/cm®). Moreover, PET MPs were spiked into WAS samples during

sludge disintegration studies and BMP reactor set-up, as the model MP type.
3.2  Methods

3.2.1 Method Development and Validation Studies for Analysis of

Microplastics in Sludge Samples

Method development involved optimization of each step of the scheme shown in
Figure 3.1, which are sampling, pretreatment, extraction and identification and
quantification. Then, the validity of this method for different polymer types and

matrices was tested.

&-u- 9

Sampling Pretreatment Extraction of MPs Identification & Quantification

Figure 3.1. Experimental procedure developed for analysis of MPs in sludge

3.2.1.1  Method Development for Microplastics Analysis

WAS taken as grab-samples, were transported to the laboratory in glass jars having
caps covered with aluminum foil to minimize plastic contamination. After sampling,
Fenton Oxidation was employed to remove organic materials in WAS samples as
much as possible to prevent any interfering effect of organics on chemical analysis
of MPs (i.e., FTIR/Raman Spectroscopy). The generally accepted core reaction is

shown in Equation 3.1.
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Fe?* + H,0; — Fe®* + HO' + OH (Equation 3.1)

In this study, COD removal was used as the indicator of organic matter removal, first
time in literature in MP analysis; so, the optimization studies have been carried out
by monitoring the effects of different parameters of Fenton Oxidation on COD
removal efficiency. The parameters tested were H,O> dose, the molar ratio of H20>
to Fe(ll), and reaction time. The theoretically required amount of H>O; to oxidize

the total COD load of the sample can be calculated using Equation 3.2,

H,0, — H,0 + % 0, (Equation 3.2)

According to Equation 3.2, 2.13 mg/L of H20: is needed to oxidize 1 mg/L of COD.
Optimization studies consisted of testing the effectiveness of the theoretically
required amount, as well as the excess amounts of H>O; that were 2 and 5 times the
theoretically calculated value. After fixing the optimal H>O» dose at constant
concentration of Fe(ll) ([H202)/[Fe(11)]=10), the effective dose of Fe(ll) ions was
determined by applying different molar ratios of H>O- to Fe(ll) that were 10:1, 20:1
and 30:1.

During these tests the reaction time was varied from 15 min to 120 min and the COD
removal efficiency was examined by taking 30 mL subsamples from the 300 mL
continuously stirred reaction mixture in a regular pattern. The subsamples were
immediately neutralized using 5 M NaOH solution to stop the reaction and let the
samples sit for up to 6 h until Fe(ll1) flocs nicely settled down, as shown in Figure

3.2. pH was checked intermittently to ensure that it remained neutral.
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Figure 3.2. Steps of Fenton Oxidation: raw WAS (a); WAS during reaction (b);

subsamples taken in a regular pattern at different reaction times (c)

Once the flocs settled, supernatant was collected both to measure COD values and
the residual H2O> that could interfere with the COD measurement. The amount of
H20- remaining in the sample was determined by redox titration using potassium
permanganate as the titrant. The redox reaction is given in Equation 3.3.

2KMnO4 (aqg) + H202 (aq) — 2MnOz (s)+ 202 (g)+ 2KOH (aq)  (Equation 3.3)

Then the COD value was corrected using Equation 3.4 (Talinli and Anderson, 1992).

COD (mg/L) = CODm— (d x 1) (Equation 3.4)
where,
d = H20 concentration remaining in the sample (mg/L)
f = correction factor = 0.25 (valid for 20 — 1000 mg/L H»05)
CODm = measured COD (mg/L)

Once this step was optimized, Fenton Oxidation for WAS samples, which was
followed in the analysis of MPs throughout this study, was carried out as follows. A
300 mL of WAS sample diluted to a COD value of about 3000 mg/L was added 0.1
M Fe(I1) solution prepared in H2SOa. Then the pH of the mixture was adjusted to 3
using 5 M NaOH solution. The reaction was started by adding theoretically required

69



amount of 35% H-0: solution which also yielded [H202]/[Fe(11)] = 10, which is the
determined optimal molar ratio. The system was mixed at 500 rpm at room
temperature for 30 min, which was found to be the optimal duration for reaction.
Finally, the reaction was terminated by neutralizing the pH using 5 M NaOH

solution.

Samples cleaned from degradable organics were further treated to distinguish MPs
from the remaining inorganic and recalcitrant organic materials. Extraction of MPs
from sludge sample included density-based separation process followed by filtering

through stack of sieves.

Two-step density-based separation process developed to float the MPs included the
successive use of saturated NaCl and ZnCl; to ensure capturing high-density MPs.
First, NaCl was added into the sample at a concentration of 5 M making the density
of the mixture 1.15 g/cm?®. Salty solution mixed for an hour was transferred into a
separatory funnel and let to settle overnight. The next day, Fe(OH)s flocs from the
bottom was taken and added ZnCls to obtain a concentration of 5 M (1.5 g/cm®) and
subjected to the same process in another separatory funnel as shown in Figure 3.3.
The day after, uppermost portions of both funnels were collected and filtered through

a stack of sieves with mesh sizes of 5 mm, 1 mm, 425 pm and 38 um, respectively.

Figure 3.3. Two-step density-based separation of MPs
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Particles trapped on the 5 mm-sized sieve were discarded since this size is out of the
definition of MPs. The ones kept on the lower sized sieves were separately
backwashed directly onto black Polycarbonate Track Etched (PCTE) membrane
filters (1 um pore size) using vacuum filtration unit. In order to distinguish MPs kept
on the filters from the resembling non-plastic particles (e.g., recalcitrant natural
organic materials, inorganic materials), samples on filters were stained by Nile Red,
which is a hydrophobic fluorescent dye (Greyhound, FN11409). The staining
protocol has been optimized by trying different solvent types to find the compatible
one with the PCTE filter, incubation conditions including time and temperature, as
well as the dye amount spread onto the filters. Furthermore, different filters such as
Glass Fiber Filter (GF/A), Cellulose Nitrate (CN), qualitative filter paper (Whatman
No 1) and Mixed Cellulose Ester (MCE) were tested for compatibility with Nile Red

to assess the suitability.

Optimized protocol was used in the experiments as follows. Nile Red purchased in
powder form was firstly dissolved in acetone to a concentration of 250 mg/L and
then diluted to a concentration of 10 mg/L in n-hexane. Particles retained on filters
were stained with 200 pL of Nile Red solution and incubated at room temperature
for 15 minutes in dark. The filters incubated at proper conditions were inspected
under ZEISS Axio Scope.Al Fluorescence Microscope. Green Fluorescent Protein
(GFP) is the optimal laser filter to clearly observe MPs and make natural organic
materials relatively invisible. Shiny particles were reckoned as MPs, and they were
counted under UV light and classified based on their size and shape. Sludge sample

counting was then corrected by a blank analysis using distilled water.

3.2.1.2 Microplastics Recovery Experiment

The repeatability and reliability of the optimized method were ensured by conducting
aseries of experiments to calculate MPs recovery efficiency. For this purpose, plastic
particles with different polymer types, shapes and sizes were spiked into different

samples as given in Table 3.2. Moreover, three different matrices with varying levels
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of complexity were used to understand the matrix effect on recovery efficiency,
which are potassium hydrogen phthalate (KHP) solution, influent wastewater and
WAS. KHP solution represents a simple organic matrix without visible suspended
particles, while wastewater and especially WAS are viscous matrices consisting of

microorganisms, organic materials, and inorganic particles.

First, PE type MPs in size ranges of 250 pum — 500 um and 500 um — 1.0 mm were
spiked into KHP solution at a concentration of 25 MPs/300 mL in a series of trials.
The model MPs were then extracted from the samples by following the entire MP
analysis procedure developed in this study. The number of plastics with distinct
shapes that enable them to be counted under Fluorescence Microscope was compared

to those of added plastics to calculate the recovery rate in duplicates.

Once the reliability was ensured in KHP solution, the matrix used was switched to
wastewater samples. PE type MPs in sizes of 250-500 um were again spiked at the
same concentration as the KHP solution. Then, for the WAS samples, the polymer
types were diversified. PE, PA and PET MPs in sizes of 425-500 um were spiked as
a mixture containing 25 MPs of each type into a 300 mL of WAS sample with 1.5%
of TS content and 3000 mg/L of COD value. The same extraction procedure given
for the PE MPs in the KHP solution was then followed in determining the recovery

rate in wastewater and sludge.

3.2.2 Sludge Disintegration

Studies conducted for sludge disintegration consisted of determining the optimal
conditions for alkaline, thermal and combined techniques. Then, the efficacies of
different methods were compared in terms of both sludge solubilization and level of
deterioration on PET MPs.
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3.2.2.1  Alkaline Disintegration

Four groups of studies were carried out for alkaline disintegration of WAS as shown

in Figure 3.4.

Preliminary Combined ‘
Dose effect BMP test alkali effect 4| Time effect

Figure 3.4. Scope of alkaline disintegration studies

First, 200 mL of WAS samples with 2.0% TS content were disintegrated with the
addition of 5 M NaOH solution at concentrations of 0.1, 0.2 and 0.5 M in separate
vessels. The process was carried out in identical beakers in duplicates placed on
magnetic stirrers at 250 rpm for 2 hours. To examine the change in solubilization of
sludge in time, 30 mL of homogenous sludge portions were taken from the beakers
at each 30 minutes. Subsamples were immediately neutralized using 5 M H2SO4
solution and centrifuged (Eppendorf 5810) at 4000 rpm for 15 minutes. Supernatants
were filtered through 0.45 pm membrane filters. The filtrates, which are the soluble
portion of WAS, were used for COD measurement. Then, soluble COD values of
subsamples were compared to evaluate the performance of disintegration process.
0.5 M NaOH yielded the highest solubilization efficiency at the end of 2 hours.

Despite its prominence in sludge solubilization and possible deterioration of PET-
MPs, 0.5 M NaOH application could inhibit microorganisms during anaerobic
digestion due to inhibitory effect of Na ions. To reveal the ion effect resulting from
the addition of 0.1, 0.2 and 0.5 M NaOH, a preliminary BMP test was carried out.

To prevent/minimize the inhibition (i.e., lag phase) observed with 0.5 M of NaOH
during the preliminary BMP test, a combined dosing approach was developed (with
individual doses of NaOH and KOH). This application aimed at delivering the same
total alkali dose by adding it as the split doses of Na* and K* into the digesters. With
this aim, KOH and NaOH solutions were added at concentrations of 0.10+0.02 and
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0.38+0.02 M, respectively. The doses were selected to stay below the moderate
inhibition level for microorganisms during anaerobic digestion, which was
determined by McCarty (1964). Then, to assess the efficacy of combined
application, combined dose as well as the individual doses of KOH (0.10+0.02 M)
and NaOH (0.38+0.02 M) were applied on three different WAS samples. For
preliminary demonstration purposes, disintegration process was carried out for 1

hour and COD solubilization was again used as the performance indicator.

The final set of studies for alkaline disintegration involves investigating the time
effect as shown in Figure 3.4. The treatment was carried out in longer time periods
such as in days in the presence of MPs with the purpose of maximizing both the
solubilization of organics as well as the possible damage given to the plastics. With
this purpose, WAS solubilization efficiency of combined alkali dosage (0.38+0.02
M NaOH and 0.10+0.02 M KOH) was tested for 5 consecutive days using 5 identical
BMP bottles, to be destructively sampled each day to obtain the result of that
particular day. The reason of doing this test in BMP bottles rather than in beakers,
was to easily move the contents to BMP test without losing any MPs once the
disintegration process was completed in later sets. Here the purpose was two-folds:
one is to obtain the efficiency of combined solubilization, the other is to see the
impact of this treatment on PET MPs. Towards this end, model PET MPs, details of
which are given in Table 3.2, were added to each bottle at a concentration of 3 mg/g
TS of sludge. The bottles, capped with a rubber septum, were placed into a shaker
incubator at 25°C at 250 rpm. One bottle was terminated each day to measure the
soluble COD, protein and carbohydrate value of WAS. Moreover, MPs were

extracted from the sludge daily to further examine any change in their morphology.

3.2.2.2  Thermal Hydrolysis Process

The solubilization in THP depends on two main parameters: temperature and time

of treatment. In an earlier study, 127°C was noted to be an effective temperature for

the solubilization of COD (Ari-Akdemir, 2019). Thus, in this study, WAS samples
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spiked with PET MPs (3 mg/g TS) were thermally hydrolyzed at 127°C in BMP
bottles for 30, 60 and 120 minutes using an autoclave (Niive SteamArt OT 90L).
Following the hydrolysis, the samples were let to cool to room temperature and their
final volumes were recorded to account for the loss in sludge volume during THP,
while measuring soluble COD, protein and carbohydrate values in the supernatants.
Then, the samples were centrifuged, and the supernatants were filtered through 0.45
um membrane filters as in alkaline disintegration. Although extended treatment time
did not significantly improve WAS solubilization, 120 min was selected to increase
the impact on PET MPs.

3.2.2.3  Combined Disintegration

After deciding on optimal conditions for alkaline disintegration and thermal
hydrolysis, which provide high sludge solubilization efficiency as well as conditions
causing PET MPs to potentially deteriorate, a combined disintegration technique was
employed. There are a few justifications in applying alkali addition prior to thermal
hydrolysis (i) lipid content of WAS is better dissolved when alkali is added first
(Mostafa et al., 2020); (ii) since THP releases organic acids in WAS, its application
after alkaline disintegration decreases the amount of acid required for neutralization
prior to anaerobic digestion (Toutian et al., 2021).

The main reason for the combined application is to enhance deterioration of PET
MPs in sludge, rather than achieving further improvement in sludge solubilization.
Therefore, three sets of PET MPs spiked WAS samples which had been alkaline
disintegrated (0.5 M using KOH and NaOH combined) for 2, 4 and 5 days were
autoclaved at 127°C in serum bottles for 120 minutes. Then the solubilization was
measured by soluble COD, carbohydrate and protein analysis in the filtered samples.
Soluble content of sludge was not significantly promoted over 2 days of alkaline
disintegration. So, combined disintegration was reasonable to be applied when

sludge is alkaline disintegrated for 2 days.
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3.3 Installation and Operation of Anaerobic Reactors

In the third part of the study, both disintegrated and non-disintegrated BMP reactors
were set-up and operated to investigate the fate and effects of MPs during anaerobic
digestion of disintegrated and non-disintegrated sludges. Two different routes were
followed for disintegrated and non-disintegrated sludge samples that are subjected

to BMP tests as shown in Figure 3.5 and Figure 3.6.

Sludge Initial pombined BMP Set-Up Final
Sampling Characterization of V\?AS and Operation Characterization

Figure 3.5. Flow diagram of disintegrated reactor sets

; Initial BMP Set-Up and : I
[ Sludge Sampling } [ Characterization } [ Operation } [Flnal Characterlzatlon}

Figure 3.6. Flow diagram of reactor sets without sludge disintegration

To prepare the sludge for reactor set-up, first, the samples transported to the
laboratory were left to settle for a few hours. The supernatants of the sludges were
siphoned to concentrate them, and samples were mildly centrifuged if needed so that
the TS concentration of 2% is achieved. TS, TSS, VS and VSS concentrations, total
COD, soluble COD, protein, carbohydrate and pH values of each concentrated
sludge were measured within 24 hours of sampling and used in determining the
sludge volumes to be fed into the reactors. The characterization analyses performed

in triplicate, are shown in Table 3.3 and Table 3.4.
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Table 3.3. Characteristics of concentrated WAS used in BMP test

Parameter Value
TS (g/L) 22.06+0.20
VS (g/L) 15.92+0.18
TSS (g/L) 20.66+0.11
VSS (g/L) 4.03+0.04
pH 7.3
tCOD (g/L) 23.64+0.57
sCOD (mg/L) 402.1+18.2
Soluble protein (mg/L) 64.8+2.9
Soluble carbohydrate (mg/L) 14.5+1.6

Table 3.4. Characteristics of concentrated ADS used in BMP test

Parameter Value
TS (g/L) 17.98+0.05
VS (g/L) 9.48+0.05
TSS (g/L) 16.52+0.25
VSS (g/L) 8.82+0.11
pH 8.6
tCOD (g/L) 17.59+0.53
sCOD (mg/L) 670.6+26.1

Each amber bottle used as the BMP reactor had a total volume of 250 mL, of which
208 mL acted as the effective volume, and the rest as headspace. WAS and ADS
samples were added into the reactors in such a way that F/M ratio and TS content of
the mixtures were 1 (g VS WAS/g VSS ADS) and 2%, respectively.

3.3.1 Anaerobic Reactor Sets

BMP test was operated in 11 sets of triplicate serum bottles, details of which are
given in Figure 3.7. In these sets, the reactors with disintegrated sludge having
different doses of MPs (1, 3, 6 mg PET/g TS) are indicated by the letter P as in ROP,
R1P, R3P, R6P. The reactors having sludge without disintegration and with no MPs

(RO) were operated as control reactors of disintegration. Moreover, reactor sets

77



without disintegration (R1, R3, R6) were planned to control the sole impact of MPs
on digestion efficiency. Abiotic reactors for both disintegrated (C3P) and non-
disintegrated (C3) sludge with middle dose of MPs added were operated to observe
the fate of MPs in the absence of microbial activity. Additionally, to account for the
background methane production from the anaerobic seed culture, a seed control set

was prepared (SM) with no WAS inside.

Reactor Sets

Non-

disintegrated Abiotic Control Seed Control

Disintegrated

No WAS;
No MPs (SM)

Non-
disintegrated

No MPs No MPs

(ROP) (RO) Disintegrated

1 mg MPs/g TS 1 mg MPs/g TS
(R1P) (R1)

3mg MPs/g TS
(C3P)

3mg MPs/g TS
(C3)

3mg MPs/g TS 3mg MPs/g TS
(R3P) (R3)

6 mg MPs/g TS 6 mg MPs/g TS
(R6P) (R6)

Figure 3.7. Reactor sets in BMP test

In addition to these 11 sets of triplicate reactors, two types of extra reactors (one for
each) were planned for each set for the initial characterization of the system. Since
the reactors were added with MPs as explained above, sampling from them would
introduce a risk of disturbing the MPs and changing their concentration. So, two sets
of extra reactors (E), with essentially representing characteristics of the relevant sets
were established. Details of these are given in Table 3.5. Extra reactor #1 (E1), which
do not have ADS inside, is the reactor used for examining the solubilization
efficiency of the applied disintegration technique specifically at the time of reactor
set-up with the presence of MPs (except for RO sets). On the other hand, extra reactor

#2 (E2) was added with ADS for initial characterization analyses of each set. Both
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E1 and E2 reactors were not carried to the BMP set and terminated right after the
initial analyses were completed. Table 3.6 shows all the reactors and their

constituents.

Table 3.5. Details about the extra reactors of disintegrated sets at the stage of reactor

initiation
Extra reactors
Label El E2
Sludge WAS + MP WAS + ADS + MP
content
Aim - To determine WAS solubilizing - To characterize the mixed sludge
efficiency of disintegration process  in each set
- To characterize disintegrated - To recover MPs after
WAS disintegration

- To recover MPs after
disintegration for characterization

Analysis sCOD, sProtein, sCarbohydrate, TS, sCOD, sProtein, sCarbohydrate, TS,
VS, TSS, VSS and pH of VS, TSS, VSS and pH of the mixed
disintegrated WAS, observations on sludge
MP characteristics

3.3.1.1  Setting-up of Anaerobic Reactors

WAS samples at volumes of 71.3 mL and with 2% TS content were placed into 48
identical serum bottles (33 main reactors + 15 extra reactors). Then the prespecified
amount of PET MPs (0, 1, 3, and 6 mg PET/g TS) were added into the triplicate
reactors as shown in Figure 3.7 and Table 3.6. The reactors to be disintegrated were

prepared as given below.

Disintegration reactors were prepared before all the other reactor sets. Each
disintegration reactor set (ROP, R1P, R3P, R6P) containing the WAS and MP at the
indicated concentration was added with the predetermined NaOH and KOH to yield
an OH" concentration of 0.5 M in WAS. The bottles, capped with a rubber septum,
were placed into a shaking incubator at 25°C at 250 rpm for 2 days. The reactor sets

prepared with identical properties but without disintegration (with no chemical
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addition) were also sealed and left in the room temperature to keep both sets
consistent. After two days, alkaline disintegrated reactors were autoclaved for 120
min at 127°C. Then, the disintegration process was terminated by neutralizing the
sludges with 5 M HCI solution, using pH-indicator strips to prevent the loss of MPs
added. The disintegrated WAS of extra reactors (i.e., E1 and E2), on the other hand,
were neutralized with 5 M H>SO;4 solution to ensure an optimal COD measurement
without any chloride interference. Then the bottles were added by the necessary
amount of ADS and went through the same procedure with the rest of the BMP

reactors.

Once the disintegration step and all the required additions to the reactors were
completed, the reactors were purged with 99% purity nitrogen gas for 10 minutes to
eliminate oxygen remaining inside and immediately capped with rubber septa. The
excess nitrogen gas was released using a syringe needle to equalize the pressure
inside the bottles to atmospheric pressure. Finally, the reactors were incubated at
35°C in a shaking incubator at 100 rpm. Biogas productions and biogas compositions
were measured daily for the first 19 days, once in two days in the next 14 days and
once in four days in the last 27 days. BMP tests were terminated after 60 days of

operation.

During reactor termination, contents of each reactor were subjected to the sludge-
related analyses given in Table 3.7. Only two of the three replicates of each set
having MPs were subjected to these analyses except tCOD and pH. The remaining
reactors were only used for the determination of MPs recovery efficiency, tCOD and

pH measurement.

The sludges from the third replicate of each set with MPs (R1-3, R3-3, R6-3, R1P-
3, R3P-3, R6P-3, C3-3, C3P-3), which had been reserved for the determination of
MPs recovery efficiency, were poured through a stack of sieves. PET MPs recovered
were cleaned by applying H.O> oxidation (1:1 v/v) for 24 h in a shaking incubator.
Then the MPs were collected on filter papers and washed several times with distilled

water under vacuum. This procedure was applied also for recovering the MPs
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remaining in sludges of the first two reactors after conducting the analyses given in
Table 3.8.

Table 3.6. Reactor sets and constituents at set-up

Reactor sets Label WAS, mL ADS, MPs added, pH, Total
mL mg/g TS  average  Volume?,
mL
Non- RO 71.3 128.7 none 7.47 208.3
deinegrated Ro-E2 713 1287 none 747 2083
Non- R1 71.3 128.7 1 7.48 208.3
disintegrated R1-E2 71.3 128.7 1 7.48 208.3°
w/MPs R3 71.3 128.7 3 7.48 208.3
R3-E2 71.3 128.7 3 7.48 208.3°
R6 71.3 128.7 6 7.48 208.3
R6 — E2 71.3 128.7 6 7.48 208.3°
Non- C3 71.3 128.7 3 7.60 208.3
disintegrated
abiotic C3-E2 71.3 128.7 3 7.60 208.3°
w/MPs
Disintegrated ROP 71.3 128.7 none 7.75 208.3
w/o MPs ROP - E1 71.3 none none 7.00 79.6°
ROP - E2 71.3 128.7 none 7.75 208.3°
Disintegrated R1P 71.3 128.7 1 7.75 208.3
w/MPs R1P - E1 71.3 none 1 7.00 79.6°
R1P - E2 71.3 128.7 1 7.75 208.3°
R3P 71.3 128.7 3 7.75 208.3
R3P - E1 71.3 - 3 7.00 79.6°
R3P - E2 71.3 128.7 3 7.75 208.3°
R6P 71.3 128.7 6 7.75 208.3
R6P - E1 71.3 - 6 7.00 79.6°
R6P - E2 71.3 128.7 6 7.75 208.3°
Disintegrated C3P 71.3 128.7 3 7.63 208.3
abiotic C3P-E2 713 1287 3 763 2083
w/MPs
Seed control  SM none 128.7 none 8.07 208.3
SM - E2 none 128.7 none 8.07 208.3°

2 Further details of volumes added are given in Appendix B (Table B.1.)

b These reactors were used to characterize the sludges in each set and were not taken into further BMP
test.

¢In these reactors only the effect of pretreatment was studied and the reactors were not taken into
further BMP test
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Table 3.7. Parameters analyzed in each replicate when the reactors were terminated

Reactor sets Label Solids tCOD pH ROS  sCOD, MP Biogas
sProtein  recovery  volume and
sCh and composition®
analysis

Non- RO-1 + + + + + - +

disintegrated RO -2 + + + + + - +

w/o MPs RO-3 + + + + + - +

Non- R1-1 + + + + + + +

disintegrated =~ R1-2 + + + + + + +

w/ MPs R1-32 - + + - - + +

R3-1 + + + + + + +

R3-2 + + + + + + +

R3-32 - + + - - n +

R6-1 + + + + + + +

R6 -2 + + + + + + +

R6 -3 - + + - - n +

Non- C3-1 + + + - + + ¥

disintegrated -3 _» + + + i N N .
abiotic

w/MPs C3-3° - + + - - + +

Disintegrated ROP -1 + + + + + _ T

w/o MPs ROP —2 + + + + + - +

ROP -3 + + + + + ) +

Disintegrated R1P-1 + + + + + + ¥

w/ MPs R1P -2 + + + + + + +

R1P - 3? - + + - - + +

R3P-1 + + + + + + +

R3P -2 + + + + + + +

R3p - 32 - + + - - + +

R6P -1 + + + + + + +

R6P -2 + + + + + + +

R6P — 32 - + + - - + +

Disintegrated C3P -1 + + + - + + ¥

abiotic C3pP-2 + + + - + + +

w/MPs C3p-3° - + + - - + +

Seed control  SM -1 + + + - + - ¥

w/o MPs SM -2 + + + - + - +

SM-3 + + + - + - +

@ As it was aimed to determine the MPs recovery efficiency, no solids analysis was performed in these reactors.
The recovered MPs were further analyzed.

b Biogas measurements were conducted periodically until the reactors were terminated.

1, 2, and 3 define the name of each replicate.

Analysis of solids include TS, VS, TSS, and VSS.

ROS: Reactive oxygen species.

MPs gathered after disintegration and anaerobic digestion were morphologically and

chemically analyzed to investigate any evidence for deterioration during these

treatment processes, by comparing their properties with the raw PET MPs. The
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plastics-related parameters analyzed for the collected particles, what they indicate,

and their method of measurement are given in Table 3.8.

Table 3.8. Plastics-related parameters

Parameter Indication Measurement method
Crystallinity Change in polymer density FTIR

Carbonyl Index Surface oxidation FTIR

Mass Change in mass of MPs Gravimetric method
Surface Surface deterioration Scanning Electron
morphology Microscopy (SEM)

3.4  Analytical Methods

The analytical methods used in this study are divided into two groups: methods used
to measure the performance of BMP reactors and methods related to analysis of

plastics.

341 Methods Used to Measure the Performance of BMP Reactors

Parameters given in Table 3.9 were measured at both reactor initiation and
termination. Besides, biogas volume and composition were monitored periodically
during reactor operation. The related information of each parameter is provided in

sections below.
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Table 3.9. Parameters analyzed at reactor initiation and termination and their

purposes
Parameter Method Purpose
TS, VS Standard Method 2540 G
APHA, AWWA, and WEF (2017)
TSS, VSS Standard Method 2540 D and 2540 E  Sludge  characterization,
APHA, AWWA, and WEF (2017) digester performance
pH Standard Method 4500 H analysis
APHA, AWWA, and WEF (2017)
Total COD EPA approved digestion method
Jirka and Carter (1975)
Soluble COD EPA approved digestion method

Sludge  characterization,
solubilizing  effect of
disintegration process and

Jirka and Carter (1975)
Soluble protein Lowry et al. (1951)

Soluble Dubois et al. (1956) dlgeste:\r performance
analysis

carbohydrate

Reactive oxygen Wei et al. (2019a; 2019c) Understanding toxicity

species™ mechanism related to MPs
in reactors

*Measured only at reactor termination

3.4.1.1  Solids Analyses

Set-up and termination steps of BMP test included triplicate analyses of TS, VS, TSS
and VSS content of sludge samples according to Standard Methods. The method
2540G specialized for solid and semisolid samples was carried out for determining
the TS and VS contents of WAS and ADS samples. Moreover, VSS content of ADS
was measured by following the Methods 2540 D and 2540 E (APHA, AWWA, and
WEF, 2017).

3.4.1.2  Chemical Oxygen Demand (COD)

COD content of samples during MPs analysis and BMP test was determined in
triplicate according to EPA approved digestion method (COD range of 0-1500 mg/L)
(Jirka and Carter, 1975). The samples were heated for 2 hours at 150°C using HACH
COD Reactor. Following the digestion, samples cooled to room temperature were
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spectrophotometrically measured by HACH DR/2800 Direct Reading. Calibration
curve of COD plotted by using KHP solution is given in Appendix A (Figure A.1).

3.4.1.3  Soluble Chemical Oxygen Demand (sCOD)

sCOD was measured in triplicate during sludge disintegration studies to investigate
the solubilizing efficiency of the applied techniques and BMP test as a digester
performance indicator. Thirty mL of sludge samples were centrifuged, and the
supernatant were filtered through a membrane filter with pore size of 0.45 um. COD
value of the filtrate which was measured using EPA approved digestion method gives

the sCOD value of a sample.

3.4.1.4  Soluble Protein Analysis

Folin-Ciocalteu’s Protein Measurement Method (Lowry et al., 1951) was applied to
determine the soluble protein content of samples after sludge disintegration studies
and BMP test on the 0.45 pum filtered samples. In this method, four different reagents
(i.e.,, A, B, C, and D) were freshly prepared and Bovine serum albumin (BSA) was
used as a standard solution in plotting the calibration curve given in Appendix A
(Figure A.2). Reagent A was 2% w/v sodium carbonate which was dissolved in 0.1
N NaOH. Reagent B consisted of 1% wi/v sodium potassium tartarate in 0.5 % w/v
cupric sulphate. Reagent C was prepared by mixing the Reagent B and A to a ratio
of 1:49. Finally, Reagent D was formed by diluting the Folin - Ciocalteu’s phenol

reagent 1:1 with distilled water.

Following the preparation of the reagents, 0.6 mL of samples with 0 — 200 pg protein
content were put into 10 mL glass vials. Then, 3.0 mL of Reagent C was added onto
the samples, the vials were mixed and let to stand for 10 minutes. Finally, 0.3 mL of
Reagent D was added onto each vial, immediately vortexed and allowed to stand for
another 30 minutes at room temperature. The intensity of the blue color obtained was
read at 750 nm using HACH DR/2800 Direct Reading. Both the sample and standard
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solutions were prepared in triplicates to minimize errors. Calibration curves were

updated each time protein analysis was performed throughout the study.

3.4.1.5  Soluble Carbohydrate Analysis

As the soluble protein, soluble carbohydrate content of pretreated sludge samples
was also analyzed for determining the solubilization efficiency of the applied
pretreatment technique and their contribution to the released organics. It was also
measured at reactor initiation and termination as an indicator of digester
performance. Dubois Method (Dubois et al., 1956) was applied to determine the
soluble carbohydrate content of sludge samples using the standard glucose solution,
the calibration curve of which is given in Appendix A (Figure A.3).

First, 2 mL of samples containing 10 — 70 pg of carbohydrate were pipetted into 10
mL glass vials and 0.05 mL of 80% (w/w) Phenol solution was added. Then, 5 mL
of concentrated H>SO4 solution was added rapidly onto each vial and they were
allowed to stand for 10 minutes. The vials were vortexed and placed for 10 - 20
minutes in an incubator at 25 - 30°C. Readings were made at 490 nm using HACH
DR/2800 Direct Reading. Both the sample and standard solutions were prepared in

triplicates to minimize errors.

3416 pH

pH was an inseparable parameter of this study as it was intensively used in analysis
of MPs, sludge disintegration, as well as in anaerobic reactors. It was measured using
Oakton pH/mV/°C meter Standard Method 4500 H (APHA, AWWA, and WEF,
2017).

86



3.4.1.7  Total Biogas Production

The volume of biogas produced in BMP reactors was measured using a water
displacement unit. The method is based on equalizing the pressure inside the bottles
to atmospheric pressure by releasing the gas accumulating in head space of the
bottles via a needle connected to the water displacement unit. The volume of

acidified water displaced in this unit reflects the amount of biogas produced.

3.4.1.8  Biogas Composition

The biogas composition of each reactor was analyzed by using Agilent Technologies
6890N Gas Chromatograph (Agilent Technologies, California, USA) with thermal
conductivity detector (TCD). The device was equipped with a HP-Plot Q capillary
column with dimensions of 30.0 m x 530 um x 40.0 um. The carrier gas of the device
was helium with a velocity of 29 cm/s. Measurement was initated at a column
temperature of 45°C maintained for the first minute, then the temperature was increased
to 65°C at a rate of 10°C/min. Every time compositional measurement was carried
out, the data obtained from the device was calibrated using standard curves plotted
regularly. Two different calibration gas mixtures with varying compositions were
used for this purpose, which are 65% methane, 25% carbon dioxide, 10% nitrogen
and 25% methane, 55% carbon dioxide, 20% nitrogen. Following the calibration,
composition of biogas produced in each reactor was measured daily using Hamilton

gas tight syringe (#1710) with 100 pL volume.

3419 Methane Yield Calculation

At reactor termination stage, experimental methane yield (Yexp) was calculated by using
Equation 3.5. The substrate-specific theoretical methane yield (Yheo) Was determined

by the multiplier “a” added to the theoretical value based on COD removal at 35°C and
1 atm (395 mL CH4/g COD) as shown in Equation 3.6 (Raposo et al., 2011). Moreover,
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biodegradability (BD) of WAS based on the methane yield was determined by using

Equation 3.7.
v = Experimental CH4 production (mL) (Equation 3.5)
Exp — VS of substrate added (g)
g COD\ | mL CH, (Equation 3.6)
o =2 (v) 995 (aon-)
gVs g COD
Where,

a = COD equivalent of 1 gram VS of WAS, which is 1.48 g COD/g VS based on data
given in Table 3.3.

BD (%) = Yexp (Equation 3.7)

Theo

3.4.1.10 Reactive Oxygen Species

In order to assess the possible toxicity mechanism associated with MPs in reactors,
intracellular ROS in sludge was measured once the reactors were terminated by a
fluorescence-based method in which the signals are measured using a microplate

reader, as shown in Figure 3.8.

2',7'-Dichlorofluorescin diacetate (H2DCFDA, CAS: 4091-99-0) was prepared in
absolute ethanol (> 99.5%) to a concentration of 10 mM and stored at -20°C until

use. Different concentrations of H20O; solution (35% w/w) ranging from 50 um to 5
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mM were prepared as standard solutions to adjust the settings for the measurement.
Obtaining satisfactory fluorescent signals even at the lowest H>O, concentration
made the analysis procedure applicable for sludge samples. 1 mL of sludge was taken
into a 1.5 mL microtube and centrifuged for 10 min at 10,000 rpm using TG16-W
Microcentrifuge. While the supernatant obtained after centrifugation was decanted,
the pellets were rinsed with phosphate buffer solution (pH=7.4) and resuspended.
The suspension was centrifuged at 10,000 rpm for another 10 min. The supernatant
was discarded and 5 pL of 10 mM H2DCFDA was added onto the pellets to a final
concentration of 50 pM. The final volume of the mixture was adjusted to 1 mL with
phosphate buffer solution. The mixture was vortexed well and incubated at 35+1 °C
in dark for 30 min. Incubated sample was centrifuged, and the unbonded dye in
supernatant was discarded. The pellets were resuspended in phosphate buffer,
vortexed and transferred into 96-well plates in triplicate. The generated fluorescein
dichlorofluorescein (DCF) was measured by Thermo Scientific Varioskan LUX
Microplate Reader at excitation and emission wavelengths of 485 and 520 nm,

respectively.

(@) (b) (©)

Figure 3.8. Sludge before fluorescent probe (a); sludge after incubation (b);
microplate reader ()
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3.4.1.11 Statistical Analysis

To determine the effect of different PET-MPs doses on methane production and
yield, One-way ANOVA method was applied both for disintegrated and non-
disintegrated reactor sets. Furthermore, independent samples T-test was performed
to determine the impact of disintegration and anaerobic digestion on mass of PET
particles. The confidence level was taken as 95%. Both tests were carried out using
SPSS v26.

3.4.2 Methods Related to MPs

PET MPs extracted from sludges in disintegration studies and anaerobic digestion
were analyzed to investigate: (i) the effects of different sludge disintegration
processes; (ii) the combined effect of disintegration and microorganisms after

anaerobic digestion; (iii) the sole impact of microorganisms; and (iv) abiotic factors.

Before doing any analysis, PET MPs were cleaned by applying H>O, oxidation (1:1
v/v) for 24 h in a shaking incubator, and then air-dried for overnight. Then, MPs

were inspected both physically and chemically.

3.4.21  Chemical Analysis of MPs

MPs extracted from sludge samples were chemically characterized to investigate any
evidence for deterioration both during sludge disintegration and anaerobic digestion

by the calculation of crystallinity and carbonyl index from infrared spectra.

3.4.2.1.1 Crystallinity and Carbonyl Index

The infrared spectra, which were used for the determination of crystallinity and CI,

were recorded by ATR-FTIR (Perkin EImer 400) under spectral resolution of 4 cm™,

90



sample scan of 16 and spectrum with wavelengths between 400 and 4000 cm ™. This

analysis was carried out at METU Central Laboratory.

Crystallinity index of PET was determined by taking the ratio of absorbances at 1340
cm /1410 cm™ (Donelli et al., 2010; Sammon et al., 2000). Similarly, carbonyl
index of PET was calculated by dividing the absorbance of the carbonyl peak (1715
cmY) by that of a reference peak (1506 cm™) (Lessa Belone et al., 2021).

3.4.2.2  Surface Morphology

To analyze topographical properties of PET MPs QUANTA 400F Field Emission
Scanning Electron Microscope (SEM) was used at METU Central Laboratory.

3.4.2.3 Mass Measurement

First, a linear graph was plotted for mass versus particle number of PET MPs in sizes
of 250-500 pm, as given in Figure 3.9. The graph with its high R? value indicating
uniformity of particles within the specified size range was used to obtain unit mass
of untreated PET MPs.
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Figure 3.9. Mass versus number of PET MPs
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Then, the treated PET MPs were counted and weighed in batches of 20 particles in
triplicate using an analytical balance (accuracy of +0.1 mg), thereby mass of each
PET particle was determined. Change in mass of a unit PET MP exposed to different
processes was determined by taking the untreated PET as the reference using
Equation 3.8.

m; - My
my

% mass loss = x 100 (Equation 3.8)

where m; and ms are the untreated and treated mass of unit PET particle (g),

respectively.
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CHAPTER 4

RESULTS AND DISCUSSION

This chapter covers the results and discussion of the three experimental steps, analysis
of MPs in sludge, sludge disintegration, and BMP test.

4.1 Method Development and Results of Microplastics Analysis

Method development studies involved logically sequencing the commonly applied
steps given in the literature for the analysis of MPs in water and wastewater and
optimizing each step for sludge samples. The entire procedure developed consists of
pretreatment, extraction, identification and quantification steps. Studies carried out
under this heading continue with determining the efficacy (i.e., recovery rate) of the

developed method and analysis of MPs in sludge.

4.1.1 Microplastics Analysis

As it is mentioned in Materials and Methods, MP analysis starts with the removal of
organics that may interfere with the following steps of analyses. Figure 4.1 (a) shows
the change of COD with time at different molar ratios (MR) of H20> to Fe(ll) during
the Fenton process and Figure 4.1 (b) shows the corresponding COD removal rates.
Since the experiments were conducted at different days, the initial COD of samples
were slightly different from each other. Figure 4.1 (a) shows that COD decreases as
time proceeds at each MR with the sharpest reduction happening at the first 15 min.
Then the reductions continue at a much smaller rate. Results show that MR: 10 with
90% COD removal is the most effective molar ratio as it provides the highest COD
removal efficiency in the shortest time as given in Figure 4.1 (b). Providing the

minimum time possible that yields high COD removal is important in analysis
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because MPs are subjected to chemicals and oxidative conditions during
pretreatment. Figure 4.1 shows most organics are oxidized at 15 minutes for all of
the MR’s employed. Though, the oxidation at MR:30 was generally slower due to
lower Fe(ll) amount, which acts as catalyst. Further removals can be observed at
later times (90 or 120 mins), but the time of experiment is thought to be prohibitive

and unnecessary. So, the best time of pretreatment was selected as 30 min.

2000 | = MR=30
= MR=20
1500 F MR=10

COD (mg/L)

0 15 30 45 60 90 120
Time (min)

(@)
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0 15 30 45 60 90 120
Time (min)

(b)

Figure 4.1. Change in COD of WAS during Fenton Oxidation (a); COD removal

efficiency in time (b)

Following one-step (in saturated NaCl solution at 1.15 g/mL) and two-step

(additionally in saturated ZnCl solution at 1.5 g/mL) density separation, results
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showed that two-steps provided better capture of MPs for two main reasons. First,
some of MPs were trapped in Fe(OH)z flocs during settling, which caused an
underestimation of the concentration of MPs in sample. Taking the settled flocs and
remixing them with the addition of ZnCl; led those particles to become free and float
upward. Hence, the floating portion of the sample better represented MPs content to
be further analyzed. Second, the increase in density of sample achieved after NaCl
addition was not sufficient to float MPs with high densities such as PVC, PET,
PMMA, PU, PES which are among the most frequently reported polymer types in
sludge. Adding ZnCl> ensures capturing all these polymers in sludge sample.
Literature also recommends sequential extraction in Nal and ZnCl; to separate both
the low and high-density MPs and accurately determine their number despite the
high price and relatively toxic properties of these two salts (Okoffo et al., 2019; Silva
etal., 2018).

The next step was to select the best solvent to dissolve the fluorescent dye, Nile Red.
But at the same time the solvent selected had to be compatible with the filters (i.e.,
PCTE) used in the analysis. Among three different carrier solvents inspected (i.e.,
ultra-pure water, acetone and n-hexane), n-hexane was found as the best one for
staining MPs without any damage to the PCTE filter. Acetone significantly destroyed
the PCTE filter and ultra-pure water caused the dye to precipitate. Some pictures of

the filters are given in Figure 4.2.

(@) (b) (©)

Figure 4.2. Picture of PCTE filters (a) without stain; and stained by (b) dye dissolved

in acetone; and (c) n-hexane
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Still, it was necessary to prepare the stock solution of dye in acetone due to its low
solubility in n-hexane (Shim et al., 2016). Thus, Nile Red stock solution was

prepared in acetone at 250 mg/L and diluted to 10 mg/L in n-hexane.

To find an alternative to PCTE, different filters such as Glass Fiber Filter (GF/A),
Cellulose Nitrate (CN), qualitative filter paper (Whatman No 1) and Mixed Cellulose
Ester (MCE) were tested for compatibility with Nile Red. As shown in Figure 4.3,
all filters except MCE retained dye on their surfaces which caused high background
fluorescence hampering visualization of MPs under Fluorescence Microscope. So,
MCE filter could be the only alternative. Still, the PCTE filter was by far the best

due to its perfectly flat black surface ensuring no background signal and no ridges.

(d)

Figure 4.3. Compatibility test of different filter types with Nile Red: (a) GF/A; (b)
CN; (c) qualitative filter paper; and (d) MCE

Moreover, the effectivity of staining procedure was tested on different types of MPs
by changing the incubation conditions applied. Consequently, the most powerful
fluorescence of MPs was achieved when 200 uL of the dye was added onto black

PCTE filter and incubated at room temperature for 15 minutes in dark.

Following the incubation, filters were inspected under ZEISS Axio Scope.Al
Fluorescence Microscope using GFP filter. Shiny particles which are shown in

Figure 4.4 were reckoned as MPs, and they were counted under UV light.
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Figure 4.4. Example MPs under UV light at x10 magnification

Particles most commonly encountered and suspected to be MPs are shown under
bright field in Figure 4.5.

() (b) (©)

Figure 4.5. Most frequently encountered MP particles in sludge samples (taken

under bright field): (a) fragment (x20 magnification); (b) film (x10 magnification);
(c) fiber (x20 magnification)

The finalized method was schematically summarized in Figure 4.6. In short, Fenton
process was first applied at a MR:10 of H202 and Fe(ll) to remove organic materials
in sample. Then MPs were extracted by applying a two-step density-based separation
process using NaCl and ZnCl; in separatory funnels. Uppermost portions of both
funnels were collected and sieved through stack of sieves with mesh sizes of 5.00
mm, 1.18 mm, 425 pum, and 38 pum. Particles kept on filters were stained with Nile

Red solution and incubated for 15 min in dark. Following incubation, filters were
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inspected under Fluorescence Microscope for counting and classification of MPs

based on their size and shape.
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Figure 4.6. Optimized method for MPs analysis

4.1.2 Results of Recovery Experiment

To be able to check the effectiveness of the optimized method, known plastics at
known concentrations were added into KHP (a simple organic matrix), wastewater
and then to sludge (i.e., WAS). The entire MP analysis procedure presented in Figure
4.6 was then followed to recover spiked MPs.

Studying with different matrices, MP polymer types and sizes resulted in varying
levels of recovery efficiencies as shown in Table 4.1. The initial COD values were
around 700, 400, 3000 mg/L for KHP, wastewater and WAS, respectively. PE MPs
in sizes of 500-1000 um and 250-500 um were spiked into the synthetic matrix made
of KHP solution and 88+8% and 84% recovery efficiencies were achieved,
respectively. So, the method works at a similar efficiency for PE MPs in the size
range of 250-1000 um.
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Next, it was aimed to evaluate the efficacy of the method for complex matrices and
compare it to a rather clean sample (KHP). Thus, PE MPs in sizes of 250-500 pm
were added to a wastewater sample and 79+12% recovery was achieved. Then, a
mixture of different polymers, which are among the most frequently reported ones
in sludge and representing different density classes, was spiked into WAS. In WAS,
PE, PA and PET MPs in sizes of 425-500 um were recovered at a rate of 94, 80, and
80%, respectively. This result indicates that the density of plastics may be an
important parameter affecting their recovery as the efficiency decreased with
increasing density. Besides, in all cases, a removal rate of COD at a minimum of

86% was achieved.

Table 4.1. Summary of MPs recovery experiments

Polymer  Size of N Matrix # of MPs %MPs %COD
type  MPs, um added Recovery Removal
PE 500-1000 3 KHP 25 88+8 8740
PE 250-500 2 KHP 25 84
PE 250-500 3 Wastewater 25 79+1 87+3
PE 425-500 2 WAS 25 94
PA  425-500 2 WAS 25 80 961
PET 425-500 2 WAS 25 80

n: Number of replicates

All these results were deemed satisfactory with respect to literature, which states that
MP recovery efficiencies higher than 70% are fairly acceptable (Cashman et al.,
2020). The method also meets the 80% yield recommended by ASTM (2020). Thus,
applying this method produces reliable data for both a clean sample (KHP) and
complex matrices (wastewater and WAS). This achievement can be mainly
attributed to two outstanding approaches integrated to the method. First, the
optimized Fenton Oxidation provides such an effective organic removal efficiency
(i.e., COD removal) that eliminates matrix effect in MPs analysis (Table 4.1).
Second, two-step density-based separation process highly promotes the extraction

efficiency of MPs (especially those with high densities) as the sample is mixed twice
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in consecutive days, which allows MPs trapped in residuals of Fenton Oxidation to

float upward.

4.1.3 Quantification Results of Microplastics in Sludge

The developed method was used to determine background MPs content of the sludge
(mixture of WAS and ADS) added into BMP reactors. Sludge samples (WAS and
ADS) used to set up the reactors were combined at the ratios used in reactors and
this sample was subjected to the MP analysis with the optimized method shown in
Figure 4.6 and Figure 4.7. Sludge sample counting was then corrected by a blank

analysis using distilled water going through the same procedure.

(@) (b) (©)

Figure 4.7. Photographs taken at different stages of the procedure: (a) pretreatment
and extraction; (b) MPs retained on filters; (c) and sample MPs from sludge at x10

magnification

As shown in Figure 4.8 (a), MPs suspected in the sample were classified by number
as fragment (62%), fiber (22%) and film (16%), which are the top three most reported
MPs shapes in the literature. Moreover, particles were classified by number
according to their sizes as follows: 38-425 um (85%), 425-1180 um (11%), 1180-
5000 um (4%) (Figure 4.8 (b)). The predominance of smaller sized MPs over the

larger ones is in line with the findings of many studies which claim that smaller MPs
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are removed at a higher rate via adsorption on sludge during sedimentation process
(Liu etal., 2019; Magni et al., 2019; Mason et al., 2016; Talvitie et al., 2017).

The concentration of MPs determined was 270 MPs/g TS following blank correction
(217 MPs/L of distilled water). It is close to the upper limit of the range, 1,000 —
240,300 MPs/g TS, given in literature for dewatered sludge and digested sludge
(Table 2.1).

4%

62%

85%

Fragment = Fiber = Film = 1180-5000 um = 425-1180 um = 38-425 um

(@) (b)

Figure 4.8. Shape (a); and size (b) distribution of MPs by number in a reactor

4.2  Sludge Disintegration

4.2.1 Alkaline Disintegration of Sludge

The first set of studies conducted for alkaline disintegration aimed to find the optimal
NaOH concentration providing the highest sludge solubilization efficiency and
deteriorative impact on PET MPs. Since highly alkaline conditions show significant

deterioration on PET, as well as disintegrative effect on sludge, it was aimed to
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increase alkali dose as much as possible. As shown in Figure 4.9, 0.5 M NaOH
application in WAS was 24.5% and 15.1% more effective in COD solubilization
(measured by relative increase of sCOD in relation to the value at time zero)
compared to 0.1 and 0.2 M, respectively. 0.5 M NaOH increased sCOD content of
WAS by 18.3-fold in 120 min. Despite observing an upward trend in solubilization
with increasing alkaline dose, higher doses were not investigated due to toxicity
concerns for anaerobic digesters (Kugelman and Mccarty, 1965; McCarty, 1964)
which the samples are introduced into following the disintegration process.
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Figure 4.9. Comparative effectiveness of different NaOH concentrations in COD

solubilization

Since anaerobic microorganisms are very sensitive to environmental conditions, it
was important to keep the microorganisms uninhibited (due to the presence of high
Na ions) while increasing the soluble substrate using alkaline disintegration. For that
reason, a preliminary BMP test was set-up after alkaline disintegration and pH
neutralization to check the inhibition situation. Since only the ion effect was
investigated, the alkali doses were immediately neutralized and disintegrated effect
was prevented. The preliminary BMP test investigating the ion effect on digestion
efficiency showed that 0.1 M, 0.2 M and control reactors (with no NaOH) do not
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differ much in cumulative methane generation (Figure 4.10). On the other hand, 0.5
M NaOH having 4123.8 mg/L Na® and 6441.5 mg/L CI" (introduced during pH
neutralization) in a reactor causes retardation in methane production. These ion
concentrations lie within the range of moderate inhibition (3500-5500 mg/L for Na*
and >6000 mg/L for CI") for anaerobic digestion process according to Appels et al.
(2008) and McCarty (1964). In contrast to a long inhibition period observed, average
cumulative methane yields of all reactors are similar. The yield values are 0.21, 0.21,
0.22, and 0.20 L CH4/ g VS added for reactor sets with the addition of 0.1 M NaOH,
0.2 M NaOH, 0.5 M NaOH, and no extra ion addition (i.e., control), respectively.
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Figure 4.10. Average cumulative CH4 production results for preliminary BMP test

Results of this preliminary BMP test necessitated decreasing Na* concentration to
minimize inhibitory effect on microorganisms and hence the lag period observed.
This goal was achieved in the next BMP test performed in this study by the combined
use of NaOH and KOH, which provides antagonistic effect according to Kugelman
and Mccarty (1965). This way, it was possible to keep the overall alkali dose constant
at 0.5 M.
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Based on the theory that the presence of one ion can significantly reduce the toxicity
of the other cation, KOH and NaOH solutions were added at concentrations of
0.10+0.02 and 0.38+0.02 M, corresponding to Na*and K* concentrations of 3421.46
and 1595.5 mg/L in a reactor, respectively. These values are below the inhibitory
levels determined by McCarty (1964).

The individual shares of NaOH (0.384+0.02 M) and KOH (0.10+0.02 M) in total
WAS solubilization are shown in Figure 4.11. It was observed that their combined

use promoted the solubilization along with alleviating the accumulation of single ion.
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Figure 4.11. Individual and combined effect of KOH and NaOH on solubilization in

1 hour

After deciding on 0.5 M alkali application (combined dosing), the time effect was
investigated; sludge solubilization results (as soluble COD, protein and
carbohydrate) of which are in Figure 4.12 for five days. While COD continued to
solubilize with a rate slowing down over the five days, carbohydrate and protein
content of WAS did not further solubilize after the second day. Even one day was
quite enough to solubilize most of carbohydrate and protein content of WAS. This
concludes that the durations longer than two days do not provide any further positive
impact. Therefore, two days of 0.5 M alkali (NaOH and KOH) disintegration
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providing 47.8, 75.4 and 27.2-fold increase in soluble COD, protein and
carbohydrate, respectively was observed to be the optimum condition and selected
to be used in later studies. The choice of two days treatment was further justified in
combined disintegration studies (Section 4.2.1). To increase the level of stress on

PET MPs, subsequent thermal hydrolysis was adopted to the disintegration process.
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Figure 4.12. Solubilization of WAS with 0.5 M alkaline treatment in five consecutive
days

4.2.2 Thermal Hydrolysis Process

Studies carried out for thermal hydrolysis involved examining the effect of time on
WAS solubilization, since an earlier study suggested the temperature to be 127°C
(Ari-Akdemir, 2019). As the duration of THP at 127°C was prolonged, the degree of
COD solubilization slightly increased, as shown in Figure 4.13. Bougrier et al.
(2006) also claimed that treatment time had little effect if higher than 30 min.
Although there was no notable difference between the efficacy of treatment times
studied, 120 min was selected as the main purpose was to expose MPs to stress

conditions before anaerobic digestion rather than the sludge solubilization.
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Figure 4.13. Change in sCOD of WAS at different pretreatment times

The initial SCOD value of WAS (~4000 mg/L) used in thermal hydrolysis was much
higher compared to those (~450 mg/L) used in alkaline disintegration and combined
disintegration. Although all samples used in sludge disintegration studies were taken
from Ankara Central WWTP, sampling times were a little different. This variation
in sludge characteristics might be due to an operational adjustment made at the plant.
Still, the ultimate sSCOD value reached at 120 minutes is almost the same with the
results obtained during combined disintegration, which is shown in the next part.

4.2.3 Combined Disintegration

Following the optimization of individual applications of alkali and thermal

disintegration techniques, their combined use was tested.

To justify the selection made on the alkali disintegration time (i.e., two days), COD
solubilization efficacy of sludges disintegrated by alkali for two, four and five days
and exposed to subsequent heating at 127°C for 120 min were examined. Figure 4.14
shows that two days of 0.5 M alkaline disintegration can be promoted with the
addition of thermal hydrolysis. However, when sludge is disintegrated for more than

two days, almost all degradable portion is dissolved, and integration of thermal
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hydrolysis becomes useless. To take the advantage of heat application on sludge

solubilization, two days of alkaline application is found to be sufficient.
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Figure 4.14. Effect of alkaline treatment time on solubilization of COD during single

and combined disintegration applications

Consequently, application of 0.5 M alkaline disintegration for 2 days and thermal
hydrolysis at 127°C for 120 min led to increase in soluble COD of WAS 48.4 and
20.6 times, respectively. Integrating these techniques provided an even greater
improvement in COD solubilization (54.8-fold) compared to untreated WAS. As a
result, sSCOD of untreated WAS increased from 372.0 mg/L to 20,396 mg/L.

As shown in Figure 4.15, each three applications (i.e., alkaline, thermal, and
combined) resulted in almost the same amount of carbohydrate solubilization (25.8-
fold). Protein, on the other hand, was already solubilized with alkaline disintegration
and the subsequent THP did contribute positively.
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Figure 4.15. Individual and combined effects of two days of 0.5 M alkaline
disintegration and thermal hydrolysis at 127°C for 120 min

Studies determining the sludge solubilization efficiency of disintegration techniques
were finalized with a decision of applying combined disintegration that contains 0.5
M alkaline (NaOH+KOH) disintegration for two days followed by THP at 127°C for
120 min. The next step involves examining the fate of PET MPs exposed to sludge

disintegration processes.

4.2.4 Characteristics of PET MPs After Sludge Disintegration

Potential changes occurred in PET MPs exposed to disintegration processes were
quantified by measuring mass, crystallinity and carbonyl index; observing the FTIR
spectra and qualified by visualizing under SEM. Both individual effects of alkaline
disintegration (0.5M for 2 days) and THP (127°C for 120 min) as well as combined
effect were comparatively investigated together with control samples.
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4241  Change in Mass

To determine the potential effect on mass, PET MPs recovered from WAS samples
exposed to different disintegration processes were first washed and air-dried. These
MPs were then counted and weighed in batches of 20 particles in triplicate, thereby
mass of each PET particle was calculated. Figure 4.16 shows the changes in unit
mass of PET MPs after disintegration processes including their individual and

combined effects.
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Figure 4.16. Change in mass of a unit PET MP during disintegration processes

One-way ANOVA test showed that mass of PET particles significantly decreased
after disintegration. Also, there was a statistically significant difference in mass of
PET particles subjected to different disintegration processes (Appendix D). The main
reason of mass loss can be linked to the extraction of small and water soluble
molecular fragments such as monomeric terephthalic acid and glycol formed near
the chain ends by hydrolysis reactions including both alkaline disintegration and
THP (Ballara and Verdu, 1989). Alkaline disintegration caused 56.5% decrease in
mass of a PET particle compared to untreated PET MPs. This may also be due to
surface peeling appeared on their surfaces resulting in loss of fragments. Moreover,

the saponification process which occurs in ester linkages of PET with alkali added
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is an important mechanism in loss of mass (Hurley et al., 2018). The impact observed
in this study is much higher than that of X. Li et al. (2020), who reported a 30.2+6.2%
decrease in mass after 1 M NaOH application. However, the length of the treatment
applied in that study was one day, which is half of that in this study. Therefore,
differences in treatment time, as well as shape and size of PET MPs studied are

determinative factors affecting their vulnerability to lose their mass.

During thermal hydrolysis, PET MPs also experienced mass loss by 42.7% with a
notable decrease in particle size. When combined, mass of MPs decreased to levels
similar to that of thermal hydrolysis (43.8%), meaning that the effect of alkaline
disintegration was overwhelmed by subsequent heat application. The cracks
appeared on the surface of MPs after alkaline disintegration may provide sites for

water absorption during thermal hydrolysis, which increases mass.

4.24.2  Change in Morphology

Figure 4.17 shows the surface morphology of PET MPs before and after exposure to
sludge disintegration processes. It is evident from Figure 4.17 (d, e, f) that MPs
exposed to alkaline environment experienced a strong surface peeling in comparison
to plastic samples that were not subjected to disintegrated (Figure 4.17 a, b and c).
This could possibly cause tiny particles to detach from their surfaces, supporting the
findings of significant mass loss after alkaline disintegration.

THP in Figure 4.17 (g, h, i) appears to have caused a totally different kind of effect
on surface morphology. As shown in Figure 4.17 (i), the applied heat caused the
corners of the square-shaped MPs to expand outward compared to those of untreated
MPs Figure 4.17 (c).
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Figure 4.17. SEM images of PET MPs at x500, x3000 and x1000, respectively from
left to right for each raw: untreated (a, b, c); alkaline disintegrated (d, €, f); thermally
hydrolyzed (g, h, i) and combined disintegrated (j, k, 1)
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For combined disintegration, the notable peeling effect caused by alkaline
disintegration diminished (Figure 4.17 j, k and 1) due to the heat applied afterwards.
As the heat is applied above the glass transition temperature of PET, MPs become
ductile for the course of thermal hydrolysis (Shrivastava, 2018). At this stage,
molecular mobility and hence the gap between molecular chains increases. The
expanded MP lose the previous changes occurred on its surface and reforms. Still,
the layers appeared after combined disintegration (Figure 4.17 1) is thought to be a
remarkable change that may influence the fate of PET MPs during anaerobic

digestion.

4243  Change in Polymer Chemistry

FTIR spectra of untreated (i.e., non-disintegrated), alkaline disintegrated, thermally
hydrolyzed and combined disintegrated PET samples, obtained in triplicate, were
comparatively presented based on structural changes observed in three critical
regions of PET as recommended in the literature (Sammon et al., 2000). These
regions represent the O-H and C-H stretching (Figure 4.18), C=0 stretching (Figure
4.19); CH2 wagging and complex lower wavenumber regions containing ester bands
(Figure 4.20).

Among the absorption bands of PET presented in these figures, the ones specific to
PET at 1050 to 1100 cm™ are assigned to C-O stretching and methylene group
vibrations, 1300 cm™ to ester group stretching, 1715-1725 cm™ to ester carbonyl
bond stretching and 2800-3100 cm™ to aromatic and aliphatic C-H bond stretching
(Chen et al., 2012; Prata et al., 2019).

The entire FTIR spectrum given in Appendix E (Figure E.1) was examined by taking
the ratio of absorption intensities at specific regions mentioned to a reference peak
at 1506 cm™, that remained unchanged during disintegration process. An overall
decrease was noted in the intensity of PET (based on the ratio) with disintegration

processes applied, especially in the region of C=0 stretching. The relative intensities
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of MPs exposed to different disintegration processes showed variety in different
regions. For example, in the region of 2800 to 3100 cm™, alkaline disintegrated PET
had almost the same intensity with the untreated PET, while thermally and combined
disintegrated MPs appeared with a decreased intensity. When the regions of C=0
stretching (Figure 4.18) and CH> wagging (Figure 4.20) were examined, alkaline and
thermally disintegrated MPs were observed to be in similar levels, leaving the

combined disintegrated PET with the lowest intensity.

There were only a few peaks appeared with an increasing intensity, mostly due to
the effect of THP. For example, the largest increase in intensity (by 43%) was
observed at 1960 cm™ which is assigned to aromatic C-H bending. Combined
disintegrated PET also experienced an increase at this peak, which was likely
induced by thermal effects rather than the alkaline disintegration. Another prevailing

difference was observed at peak 1577 cm, assigned to C=C stretching after THP.

As a result, PET MPs exposed to different disintegration processes experienced

varying levels of changes in different regions of the polymer structure.
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Figure 4.18. O-H and C-H stretching regions of PET
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4.2.43.1 Change in Crystallinity and Carbonyl Index

Crystallinity in a material defines the degree ordering; so, as the crystallinity
increases the density of a material increases. Same thing is valid for polymers as
well. The more crystalline a polymer, the more regularly aligned its chains (Ballara
and Verdu, 1989). On the other hand, the lower the crystallinity, the lower the
polymer’s density. Crystallinity index of the polymer, which is calculated by the
ratio of absorbances at 1340 cm™/1410 cm™, is shown in Figure 4.21.
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Figure 4.21. Change in crystallinity and carbonyl index (on the secondary axis) of
PET MPs

It is seen that crystallinity increased with disintegration, with the highest increase for
combined disintegration, followed by thermal hydrolysis. Alkaline disintegration, on
the other hand, did not cause any change in crystallinity of untreated PET. This is in
line with Donelli et al. (2010) arguing that the alkaline treatment alters only surface
properties and leaves the bulk properties of PET unchanged. Therefore, heat
application is thought to be the mechanism governing the increase in crystallinity of
combined treated PET. This could be possibly due to formation of new crystalline

zones in polymer’s structure from the breakdown of branches in backbone and
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bending on themselves as also mentioned by Martinez-Romo et al. (2015). In other
words, partial melting and the recrystallization of the amorphous region of the
polymer can be the reason of increase in crystallinity (Alassali et al., 2018). Another
reason of the increase can be the extraction of water soluble and low molecular
weight compounds formed after the degradation of amorphous phase, which is in

line with the results of gravimetric analysis (Ballara and Verdu, 1989).

Change in carbonyl index of PET MPs, determined by diving the absorbance of the
carbonyl peak (1715 cm™?) by that of a reference peak (1506 cm™2) is shown in Figure
4.21. Untreated PET has already an inherent strong peak at 1715 cm™, leading it to
have the highest carbonyl index value. This value decreased with each disintegration
technique applied, with the lowest achieved for the combined disintegration. The
decrease in intensity of carbonyl stretching band could result from the destruction of
ester carbonyl bond of PET by disintegration processes applied (Donelli et al., 2010).

4.3 Results of BMP Reactors

Fate and effects of PET MPs during anaerobic digestion were investigated by setting
up combined disintegrated and non-disintegrated BMP reactors. Any correlation was
scrutinized between doses of PET MPs added and methane yields obtained. In
reaching this conclusion, results were evaluated in terms of (i) the sole impact of
disintegration process (R0 and ROP) (ii) the sole impact of PET MPs doses (RO, R1,
R3, and R6) and (iii) the combination of these two impacts (RO, R1, R3, R6, ROP,
R1P, R3P, and R6P).

The entire BMP test lasted for 60 days in triplicates for both disintegrated and non-
disintegrated reactor sets. Biogas production and its composition were measured
daily for the first 19 days when the biogas production was intense, once in two days
in the next 14 days and finally once in four days in the last 27 days, with relatively
low levels of biogas production. Both at the reactor set-up and termination, sludges

from the reactors were analyzed for TS, VS, TSS, VSS, tCOD, pH, biogas volume
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and composition, soluble COD, protein and carbohydrate to evaluate the

performance of digestion process.

4.3.1 Biogas and Methane Productions

The source of difference between disintegrated and non-disintegrated reactor sets is
the altered soluble content of substrate (i.e., WAS) added into reactors. As shown in
Table 4.2, combined disintegration process involving 2 days of 0.5 M alkali (as
combined NaOH and KOH) application and a subsequent thermal hydrolysis at
127°C for 120 min has led WAS to substantially solubilize prior to anaerobic
digestion. This means that the disintegrated reactor sets were fed with a substrate
soluble COD, protein and carbohydrate content of which was increased by 47.3+0.7,
93.0+4.8, and 56.7+5.1 fold, respectively, compared to non-disintegrated reactor
sets. These significantly increased indicators of soluble substrate are due to the pretty
strong treatment applied on WAS to both improve biogas production as well as to

deteriorate MPs to some degree.

Table 4.2. Soluble substrate content of WAS before and after combined

disintegration

* Non-disintegrated WAS, Disintegrated WAS,
Parameter

mg/L mg/L
sCOD 402.1+18.2 19,025+624
sProtein 64.8+£2.9 6,020+106
sCarbohydrate 14.5+1.6 817+41

*These measurements were performed in E1 reactors.

Daily and cumulative biogas production of each reactor set are shown in Figure 4.22
and Figure 4.23, respectively. The values presented are the averages of three
replicate reactors where error bars demonstrate standard deviations of the three

replicates.
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Figure 4.22. Daily biogas production graph of each set of reactors (ROP, R1P, R3P,
R6P are disintegrated reactors with 0, 1, 3, 6 mg PET/g TS, respectively; RO, R1,
R3, R6 are non-disintegrated reactors with 0, 1, 3, 6 mg PET/g TS, respectively; SM
is seed control reactors and C3, C3P are non-disintegrated and disintegrated abiotic
control reactors with 3 mg PET/g TS, respectively.)

From Figure 4.22, it is seen that untreated reactors without making much difference
whether they have MPs or not reached about 80 mL of biogas at about the 3™ day.
The peak of the biogas amount was reached sharply and again biogas decreased
pretty sharply after the 3rd day. On the other hand, as seen in Figure 4.22, there is an
absolute lag period taking approximately 5 days in each disintegrated reactor set for
the biogas production to begin. During the first 5-day period, biogas production was
even lower than that of seed control. This can be attributed to possible inhibition
caused by ions added during disintegration of WAS, even though the ion
concentrations were selectively kept lower than moderate inhibition levels, which

are shown in Table 4.3. Another distinct difference of non-disintegrated and
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disintegrated reactors in Figure 4.22 is the longer time the biogas volume to stay in
its peak region for the disintegrated reactors. The biogas amount was about 35-40
mL for about a week before it started to gradually decrease. This behavior is clearly
different than the sharp rise and decrease demonstrated by the non-disintegrated

reactors.

Table 4.3. Concentrations of ions added during disintegration

lon Concentration in a Moderate inhibition Reference
added reactor (mg/L) level (mg/L)

Na* 3421.46 3500-5500 McCarty et al. (1964)
K* 1595.47 2500-4500 McCarty et al. (1964)
CI 6169.8 >6000 Appels et al. (2008)

Indeed, this lag phase was estimated and observed before setting up the reactors
(Figure 4.10). To protect microorganisms from inhibition, an antagonistic approach
(combined use of Na™ and K*) was followed, which was suggested to reduce the
toxicity (Kugelman and Mccarty, 1965). Hence, microorganisms adopted to
conditions and started to produce biogas after the 5th day, without further delay.
Then they reached the peak point on day 13. Unlike the non-disintegrated reactor
sets, peak points are not exactly on the same days for disintegrated sets with different
PET MPs doses. For example, the first peak was observed on day 12 for each set
except ROP, which reached its peak point the next day. The second peaks occured
around 15" and 16" days. After these days, a gradual decrease was observed in

biogas production until day 19.

Non-disintegrated reactors, on the other hand, were ready to consume organic matter
present in sludge. Similar shapes of the curves representing reactors with different
doses of PET MPs (0, 1, 3, 6 mg/g TS) indicate that none of the reactors experienced
problems with acclimation. Also, zero lag phase can be due to the use of fresh seed
and the available soluble degradable organics in each WAS sample. Therefore, these
reactors produced the highest amount of biogas on day 3 and experienced a sharp

decrease in production for the remainder of the test. Little humps can be observed
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from Figure 4.22 on days 6 and 10, indicating biogas production following
hydrolysis of different fractions of organics. Even though the disintegrated sets
(ROP) never reached that much high daily biogas production, their cumulative biogas
productions exceeded that of non-disintegrated ones (RO) by 14.2% at reactor
termination, as shown in Figure 4.23. This finding revealed that, contrary to the
literature, gas production can be enhanced by 0.5 M of alkaline disintegration (Li et
al., 2012). This is thought to be achieved by combined application of NaOH and
KOH into WAS, decreasing the accumulation of one type of ion in digester.
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Figure 4.23. Cumulative biogas production graph of each reactor sets

Figure 4.23 shows the cumulative biogas production during the reactor operation
time. In this figure, it is seen that the biogas production in disintegrated reactors were
higher than that of non-disintegrated reactors in more than half of the reactor
operation time. The lowest cumulative biogas production within their own group
occurred in reactors without PET MPs (RO and ROP). Although not drastically, the
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production increased with the MPs dose added within disintegrated sets, especially
at R6P. This was also supported by statistical analyses that MPs dose led to a
significant impact on cumulative biogas production within disintegrated reactor sets.
Non-disintegrated sets, on the other hand, did not significantly differ from each other

at the 95% confidence level.

When methane content of biogas is examined, the difference between the sets with
different doses became more distinguishable in non-disintegrated sets as shown in
Figure 4.24. On the contrary, the disintegrated reactors lost the difference observed
between MP doses when cumulative methane productions are evaluated (Figure
4.24). Disintegration, especially at later reactor operation times enhanced the
methane production. As expected, in cumulative methane plot, methane content of
reactors was observed to change the trends seen in biogas, for example ROP with the
lowest biogas production was compensated with its relatively higher methane
content. This resulted in all disintegrated reactor sets yielding similar cumulative
methane production. The methane production values of disintegrated reactors
showed no statistically significant difference from each other at 95% confidence
interval. Besides, the methane amount produced for all the disintegrated reactors

showed significantly different values compared to non-disintegrated reactors.

Figure 4.24 shows that RO produced the lowest amount of methane since the early
stages of digestion. Moreover, even though not directly correlated, cumulative
methane production increased with the addition of PET MPs. R3 yielded the highest
methane production, which was followed by R6, R1 and RO, in decreasing order.
The doses other than R3 in non-disintegrated sets did not significantly differ from
each other (p>0.05). Potential reason for this can be due to PET MPs inducing stress
and causing floc fragmentation. Adding 250-500 um sized PET MPs may decrease
sludge particle size enhancing the sludge solubilization during digestion, which
facilitates the hydrolysis step up to a certain dosage of PET (3 mg/g TS). In a study
simulating a biological wastewater treatment system, Wei et al. (2021) reported a
decrease in sludge particle size in the presence of PET MPs and attributed this to a

lower surface hydrophobicity and less negative surface charge. The increase in
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methane production can also be ascribed to that MPs may provide surfaces for
microbial growth and biofilm formation. When PET dose reaches 6 mg/g TS, on the
other hand, the positive effect may start to decrease potentially due to leakage of
additives from plastics.
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Figure 4.24. Cumulative methane production of both disintegrated and non-

disintegrated reactor sets

As shown in Figure 4.24 disintegrated reactors follow a rather dynamic trend over
60 days compared to non-disintegrated reactors and vyielded 22.0% higher
cumulative methane production at reactor termination. It seems that methane
production in disintegrated reactors follows three distinctly different rates all
throughout reactor operation. The first and possibly the highest rate is observed
between day zero and 18; the second highest rate was observed between days 18 and
30; and the lowest production rate was observed from day 30 till the reactor
termination. Additionally, in the first 15 days, reactors with different PET MPs doses

produced quite similar amounts of methane. For the next 20 days, ROP dominated in
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cumulative methane production, R6P left with the lowest production and R1P and
R3P lied in between. In the last 25 days, each reactor set had almost the same amount
of cumulative methane production. The differentiation in methane production of the
reactors in the middle stages of BMP test may be due to different effects such as
possible toxicity induced by PET MPs in R1P, R3P and R6P reactor sets. The reason
for seeing this impact only in disintegrated reactors, but not in non-disintegrated
reactors may originate from the deterioration of MPs during disintegration process.
Combined alkaline and thermal disintegration provides a harsh environment for PET
MPs inducing changes in their physical and chemical properties, which may further
increase their potential for leaching chemicals. If toxicity is the case, Figure 4.24
shows that microorganisms recover after a short acclimatization period.
Consequently, the impact of PET MPs on cumulative methane production seen in
non-disintegrated reactors were not observed in disintegrated reactors. This was
attributed to the solubilization efficiency of the disintegration process exerting a
predominant effect over that of PET MPs. The average cumulative gas production in
each reactor set at reactor termination, are shown in Table 4.4.

Table 4.4. Gas production in each reactor set

Reactor set Cum. CHa. (mL)? Cum. biogas (mL)?
RO 330.8+1.6 469.6+4 .4
R1 339.6+7.1 480.9+12.6
R3 347.0+2.0 478.3+4.9
R6 342.1+7.6 478.8+4.6
ROP 403.5+£5.5 536.0+£11.2
R1P 401.8+2.0 551.3+2.1
R3P 402.4+5.9 554.8+4.0
R6P 405.9+4.6 561.6£3.9

a/olume of gas produced in seed control set (SM) was subtracted from that of each sample reactor.

The increase in methane production with MPs dose for non-disintegrated reactors
shown in Table 4.4 has been observed only for PA in literature and it was attributed
to the leaching of monomer CPL, which enhances the enzyme activity up to a certain
MPs dosage (H. Chen et al., 2020). On the other hand, studies examining PET during
alkaline anaerobic fermentation (Wei et al., 2019¢) and up-flow anaerobic sludge
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blanket (UASB) treating wastewater (Y. T. Zhang et al., 2020) have reported only
adverse effects associated with MPs which originate mainly from leaching of
additive DBP and excessive ROS formation. Both studies were limited to DBP
measurement but the additive content of PET materials varies depending on the
usage area which may cause different impact mechanisms to dominate during
anaerobic digestion. Thus, further studies should expand the list of mechanisms to
be explored. PET MPs used in this study were from water bottles and their phthalate
content is restricted by Turkey’s regulation on plastic materials and articles intended
to come into contact with food due to health concerns. The limit values for di-2-
(ethyl hexyl) phthalate (DEHP), DBP and benzyl butyl phthalate (BBP) are 1.5, 0.3,
and 30 mg/kg, respectively (Tirk Gida Kodeksi, 2013). Phthalate concentrations in
bottled waters exposed to varying storage conditions all over the world have been
reported to reach 94.1 pg/L, 109.0 pg/L, 222.0 ug/L, 34.2 ug/L and 61.3 pg/L for
DEHP, BBP, DBP, diethyl phthalate (DEP) and dimethyl phthalate (DMP),
respectively (Luo et al., 2018). These are the highest reported values and the most
frequently reported average values indeed are generally less than those measured in

sludge leaching from MPs during anaerobic digestion.

4.3.2 BMP Reactor Performance Indicators

The characteristics of sludges at reactor set-up and termination, which indicate

digester performance, are given in Table 4.5 and Table 4.6.

Both at the reactor initiation and termination stages, TS content of disintegrated
reactors are about 1.8-fold higher than those of non-disintegrated reactors. VS
content, on the other hand, are at similar levels between the disintegrated and non-
disintegrated reactors. The difference in TS originates from the ions (i.e., Na*, K,
CI) added to WAS during alkaline disintegration. This causes VS/TS ratio of
disintegrated reactors to be almost half of the non-disintegrated reactor sets.
Furthermore, abundance of ions in reactors caused the observation of a slightly lower

TS removal efficiency in disintegrated reactors compared to the non-disintegrated
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ones. On the other hand, VS removal efficiency increased from 32.7% (R0) to 38.7%
(ROP) in the reactors where combined disintegration process applied relative to non-
disintegrated reactors. These results are consistent with those of Wang et al. (2016)
in which thermal-alkaline disintegration of WAS provided an increase in VS
reduction from around 32.0% in control to 43.2% after thermal-alkaline
disintegration. Similarly, Kim et al. (2003) observed an increase in VS reduction of
WAS from 20.5% in control to 46.1% after thermochemical disintegration

application.

Examining the non-disintegrated reactors, TS and VS removal efficiencies did not
differ significantly between RO, R1 and R3. In contrast, R6 with the highest PET
MPs content experienced lower VS removal and hence lower TS removal efficiency.
The adverse effect associated with increasing PET levels in non-disintegrated reactor
set (R6) was not observed in disintegrated ones. The difference observed in the VS
removal in the presence of 6 mg PET/g TS and that of other reactors is negligibly
small (p>0.05). One can state that the possible negative effect of MPs had been
overwhelmed by the effect of enhanced solubilization of substrate in disintegrated
reactor sets. Furthermore, abiotic reactor sets (C3 and C3P) showed up with a
negative TS and VS removal. This is an artifact, originating from additional amount
of HgCl> solution injection into abiotic reactors to kill microorganisms that revived

at some point during the digestion period.

All the pH values in biotic reactors are in the optimal range for anaerobic
microorganisms, which means that a healthy digestion has taken place. These
reactors experienced the typical slight increase in pH between reactor initiation and
termination. At reactor termination, abiotic reactors had relatively lower pH. There
can be two reasons for this; one is the obvious absence of microbial activity not
yielding the typical slight increase in pH as in the case of biotic reactors. The second
reason could be the addition of excess HgCl2 in abiotic reactors and its possible effect

on pH.
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tCOD removal efficiencies vary in the range of 22.1-29.5% in non-disintegrated and
22.4-28.0% in disintegrated reactor sets, without any obvious trend with respect to
MP dose. Normally tCOD is the second parameter next to VS to indicate the organic
removal efficiency in digesters. However, tCOD is not a good indicator in this study
because of the excessive amount of chloride ions in disintegrated reactors and the
spiked MPs, both of which interfere with COD analysis. Preliminary studies have
shown that PET MPs in sizes of 250-500 um get oxidized in COD solution during 2
hours of incubation at 150°C, with the observation of unexpectedly strong change in
color of COD digestion solution. As there is potential for the added MPs in sludge
to be transferred into COD vials, this study even though measured, refrained from

relying on COD-based removal efficiency evaluations.

The detailed listing and evaluation of suspended fraction of reactors (TSS and VSS)
are shown in Appendix C (Table C.1). Initial TSS and VSS values of disintegrated
reactors are lower than those of non-disintegrated ones as suspended particles in
WAS are largely solubilized with the disintegration process. Unexpectedly, the
disintegration process decreases the TSS and VSS removal efficiency. The
examination of PET MPs’ dose effect on TSS and VSS removal resulted in a
fluctuation within a small range both in disintegrated and non-disintegrated reactor
sets.

Table 4.6 shows the soluble fractions of reactors in terms of sCOD, soluble
carbohydrates and proteins. Obviously, sCOD removal (as well as those for
carbohydrates and proteins) are not parameters used in determining the digestion
efficiency; therefore, they may attain a positive or negative value. For this reason,
the removals shown in the table are just for demonstration purposes. Evaluating the
results in Table 4.6, it is obvious that the disintegrated reactors are richer in soluble
substate content at reactor set-up compared to non-disintegrated reactors. This is
strikingly obvious for all three parameters. Results also show that the effluents of
reactors at reactor take down had some amount of soluble organics remaining as
observed in most digesters, especially in disintegrated digesters. The increase in
COD solubilization was likely promoted by the proper temperature and constant
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mixing applied during 60 days of digestion process as it was in studies of Celik
Caglar (2021) and Kalaycioglu (2020). Similarly, soluble protein content of the
reactors increased (except R6) meaning that the biodegradation rate of protein is
slower than that of solubilization during the incubation period. In contrast, soluble
carbohydrate was readily destroyed in each set due to its easily degradable nature.
As opposed to the non-disintegrated ones, disintegrated reactors experienced an
absolute decrease in SCOD, carbohydrate and protein during the digestion. It can be
due to the fact that the combined disintegration has already solubilized a large
portion of organics in WAS prior to the digestion, making them readily consumable
by microorganisms. In general, reduction in organic content was the highest in ROP

as shown in Table 4.6.
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Table 4.7 shows the experimental methane yield and biodegradability of each reactor
set. Experimental methane yield was calculated based on methane production from
VS of WAS added into a reactor (Equation 3.5). The theoretical methane yield of
WAS used in this study was 586.5 mL CH4/g VS added, calculated by using Equation
3.6.

Non-disintegrated reactor sets had experimental methane yields that could only reach
half of the theoretical yield. Adding combined disintegration process increased
methane yield of WAS by 22.0%. The yield significantly rose with increasing PET
MPs doses in non-disintegrated reactor sets up to R3. Disintegrated sets, on the other
hand, did not differ from each other due to their overwhelming methane production,
resulting in no statistically significant difference at 95% confidence level (p>0.05).

Detailed results of statistical analyses are given in Appendix D.

Table 4.7. Experimental cumulative methane yield and biodegradability of each

reactor set

Reactor set Experimental methane yield Biodegradability
(mL CHa/g VS added) (%)
RO 291.4+1.4 49.7+0.2
R1 299.2+6.3 51.0+1.2
R3 305.7+1.8 52.1+0.3
R6 301.4+6.7 51.4+1.1
ROP 355.5+4.8 60.6+0.8
R1P 354.0+1.8 60.4+0.3
R3P 354.5+£5.2 60.5+0.9
R6P 357.6+4.1 61.0+0.7
SM n/a n/a

n/a: not applicable

4.3.3 Effects of PET MPs on ROS Formation

Figure 4.25 shows the amount of ROS in disintegrated and non-disintegrated reactor
sets relative to control, which is the reactor set without PET MPs addition (i.e., RO
and ROP). PET MPs appeared to induce the formation of ROS, regardless of whether

there is disintegration process. The literature attributes this mechanism to the
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interaction of MPs’ electron donor active sites with molecular dioxygen, which
presents at submicromolar concentrations in digesters. The electrons captured by
oxygen produces ROS molecules such as superoxide radicals and hydrogen peroxide
(Wei etal., 2019a; Y. T. Zhang et al., 2020).

In this study, non-disintegrated reactor sets produced up to 16% higher ROS
compared to the control and R6 was the only reactor set breaking the upward trend.
Disintegrated reactor sets got to a point of 23% increase in ROS production with the
highest PET MPs dose.
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Figure 4.25. Amount of ROS in each reactor set relative to control

In contrast to the literature, increasing level of ROS could not be linked to a decrease
in methane production in this work. This might be due to moderate ROS
concentrations that microorganisms can protect themselves through inherent
antioxidant system. Since oxidative stress causes cell death, measurement of an
endocellular enzyme (e.g., Lactate dehydrogenase (LDH)), which is released upon
damage of cell membrane could be useful to better understand the mechanism.
Besides, live/dead cells count assay would support the findings of ROS measurement
(Y. T. Zhang et al., 2020).

131



4.3.4 Characteristics of PET MPs After Anaerobic Digestion

4.3.4.1  Change in Mass

Figure 4.26 shows the change in mass of PET MPs during anaerobic digestion.
Please note that the y-axis is calculated mass per particle obtained as dividing the
total mass by number of particles. In non-disintegrated reactor sets, mass of a PET
particle significantly decreased (9.2%) at the end of 60 days compared to untreated
MPs (the ones did not enter the digestion process) and statistical results are given in
Appendix D. This might either result from the volatilization of conversion products
(CO2 and H20) or loosing fragments from surface of MPs. PET MPs in abiotic
reactors, on the other hand, did not experience a loss but instead a gain by 3.7%. This
reflects that, factors affecting MPs during anaerobic digestion are not limited to

microorganisms, but also the matrix and incubation conditions.

In disintegrated reactor sets, the control was the mass of PET MPs subjected to
combined disintegration prior to digestion. It is seen that the initial mass is already
less than the mass of untreated PET MPs by 43.8%, potential reasons of which are
already discussed in Section 4.2.4.1. The figure and independent samples t-test
results showed that digestion process did not provide a statistically significant further
loss in mass (Appendix D). Instead, cracks that appeared on the surface of MPs after
disintegration likely provided additional sites for accumulation of microorganisms
and other debris, resulting in weakness to measure the mass. Moreover, water
absorption may be another mechanism governing the increase in mass observed
especially in disintegrated PET MPs due to the increased roughness providing
additional site.
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Figure 4.26. Change in mass of a PET MP during anaerobic digestion

Furthermore, MPs extracted from abiotic reactors had a similar mass with those of
biotic reactors, indicating that the effect on mass might originate from an abiotic

factor other than microbial action.

4.3.42  Change in Morphology

Change in morphology of PET MPs after anaerobic digestion was analyzed using
SEM. Potential impact of microbial action was evaluated by comparing PET MPs
from reactors with the control samples. Figure 4.27 compares the PET MPs
recovered from a reactor with untreated PET MPs. It is obvious that PET MPs
digested for 60 days experience fragmentation on their surface, resulting in micro or
nano sized flakes to break off from their surface. This loss may further cause decrease
in mass of PET MPs, supporting the results of mass measurement given in previous
part.

In Figure 4.28, images of PET MPs from a disintegrated reactor and a disintegrated
WAS (i.e., control) are compared. The dominant effect of digestion on disintegrated
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MPs is more like a smash rather than fragmentation on surface, which mostly

appeared on surface of MPs from non-disintegrated reactors.

(d) (e) ()
Figure 4.27. SEM images of untreated PET MPs at x500 (a) and x3000 (d); untreated
PET MPs after anaerobic digestion at x500 (b) and x3000 (e); and untreated PET
MPs after abiotic anaerobic digestion at X500 (c) and x3000 (f)

Figure 4.27 and Figure 4.28 both also show the fate of MPs after abiotic anaerobic
digestion to demonstrate abiotic mechanisms responsible for changes on morphology
of PET MPs, eliminating microbial action. Unexpectedly, an intense fragmentation
was observed on surface of MPs after abiotic anaerobic digestion as shown in Figure
4.27 (c; f). This may be due to the interaction of MPs with HgCl> added into reactors
to create an inhibitory environment for microorganisms. Another reason for the
needle shaped fragments on the surface can be the accumulation of insoluble mercury
salts. Morphological changes on disintegrated PET MPs after abiotic digestion, on

the other hand, was not so strong as shown in Figure 4.28 (c; f).

134



Figure 4.28. SEM images of combined disintegrated PET MPs at x500 (a) and x3000
(d); combined disintegrated PET MPs after anaerobic digestion at x500 (b) and
x3000 (e); and combined disintegrated PET MPs after abiotic anaerobic digestion at
X500 (c) and x3000 (f)

4.3.43  Change in Polymer Chemistry

FTIR spectra of PET MPs after anaerobic digestion were evaluated based on changes
occurred on various bands specific to PET polymer, such as
formation/disappearance, increase/decrease and displacement. To interpret the sole
impact of anaerobic digestion, changes were determined by taking non-disintegrated
(i.e., untreated) PET and disintegrated PET as reference, for non-disintegrated and

disintegrated digested reactor sets, respectively.

Structural changes observed in three critical regions of PET were examined as it was
in Section 4.2.4. These regions are O-H and C-H stretching (Figure 4.29), C=0
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stretching (Figure 4.30); CH. wagging and complex lower wavenumber regions

containing ester bands (Figure 4.31).
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Figure 4.29. O-H and C-H stretching regions of PET
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Figure 4.31. CH2 wagging and ester bond regions of PET

As itwas in Section 4.2.4., changes in spectra of PET MPs were determined by taking
the ratio of absorption intensities at specific regions to that of a reference peak at
1506 cm™. Among the three regions examined, the highest changes were observed
between 2800-3100 cm™, which is assigned to C-H stretching. As shown in Figure
4.29, peak shifting, disappearance and intensity change were the mechanisms
observed. The regions shown in Figure 4.30 and Figure 4.31, on the other hand,

experienced mostly changes in absorption intensity.

Since this section of the study primarily aimed at understanding the impact of
anaerobic digestion rather than the disintegration, the focus was on two groups of
spectra consisting of (1) Untreated, AD-Non-disintegrated and AD-Abiotic-Non-
disintegrated, and (2) Disintegrated, AD-Disintegrated and AD-Abiotic-
Disintegrated. With this purpose, structural changes between these polymers were

compared within their own groups.

It can be observed from the comparison of the first group of spectra, anaerobic
digestion caused an intensity decrease in all three regions in the presence of
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microorganisms. Besides, this process also led to a shift in peak wavelength at 2910
cm™ ( Figure 4.29). In the absence of microbial activities, anaerobic digestion again
produced similar effects on both the intensity and wavelength of polymers. However,
the impact in the C-H stretching region was more intense with changes observed in

shape of the peak at around 3600 cm™ ( Figure 4.29).

The second group of spectra, taking the disintegrated PET as reference, showed that
digestion process carried out in the presence of microbial activity increased the
intensity in most of the bands, especially those in Figure 4.30 and Figure 4.31.
Moreover, the peak disappeared after the disintegration at 2852 cm™ was regenerated
after the digestion. When there were no microorganisms alive, on the other hand, the
intensity of disintegrated MPs were substantially reduced.

These findings concluded that the impact of digestion may significantly vary
depending on the polymer’s existing structure prior to processing. For the further
examination, one can see the entire FTIR spectrum of PET between 400 to 4000 cm™
Lin Appendix E (Figure E.2).

4.3.4.3.1 Change in Crystallinity and Carbonyl Index

Figure 4.32 shows the change in crystallinity of PET MPs after anaerobic digestion.
The ratio of absorption intensities at 1340 cm™%/1410 cm™ showed that crystallinity
of untreated PET MPs increased by 7.2% during digestion. The increase in
crystallinity was attributed to local structural rearrangement of PET due to
hydrolysis. This is because hydrolytic attack can cause chain shortening leading to
recrystallization from short polymeric chain segments in the amorphous region
(Donelli et al., 2010). When PET MPs were disintegrated beforehand, anaerobic
digestion did not further improve their crystallinity and even a 0.9% decrease was
observed. This decrease may be insignificant or may be the sign of destruction in

crystalline regions of the polymer.
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When the change in crystallinity was determined for both PET MPs extracted from
non-disintegrated reactors and disintegrated reactors relative to untreated PET MPs,
it is seen that the process leading to recrystallization differs. Already recrystallized
disintegrated MPs started to lose their integrity during anaerobic digestion,
indicating that the polymer reached to the further stages of degradation. Untreated
MPs, on the other hand, were in the stage of recrystallization the loss had not started

during anaerobic digestion, meaning that the degradation was in early stages.

These results conclude that the crystallinity level increased by combined
disintegration applied is reduced after digestion. On the other hand, when PET was
directly introduced into anaerobic digestion, its crystallinity increased, but the level
achieved at the end of both cases reached about the same crystallinity level.
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Figure 4.32. Change in crystallinity and carbonyl index (on the secondary axis) of
PET MPs

The ratio of absorption intensities at 1715 cm™/1506 cm™ showed that anaerobic
digestion increases carbonyl index of PET MPs regardless of whether there is
disintegration process (Figure 4.32). However, the level of impact differs. When

there is no disintegration process, carbonyl index of untreated PET increases by
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20.4% after 60 days of anaerobic digestion. PET MPs those disintegrated
beforehand, however, experience only 7.3% increase in carbonyl index after
incubation period. This increase validated the microbial interactions with the
polymer as also reported by Torena et al. (2021). Unlike disintegration, digestion
process involves the activity of microorganisms. Their extracellular enzymes are the
key to increase the hydrophilicity of the polymers by converting them to functional
groups (e.g., carbonyl or alcohol groups), which enhances the microbial attachment
and further biodegradation (Miri et al., 2022). Therefore, increase in carbonyl index
after digestion can be attributed to formation of carboxylic acid end groups as the

degradation product and hence the carbonyl bonds (Beltran-Sanahuja et al., 2020).

When the change in carbonyl index was calculated by taking untreated PET MPs as
the only reference material, the impact of anaerobic digestion appears to differ
depending on the presence of disintegration process beforehand. In this scenario,
which also takes into account the impact of disintegration, carbonyl index of PET
from disintegrated reactors decreases by 9.7%. The decrease most likely originates

from the disintegration process rather than the anaerobic digestion.

As a result, the chemical changes detected by FTIR analysis confirmed that PET was
biodegraded to some degree after anaerobic digestion process. Even though not
measured in this study, the contribution of some other parameters can also be
mentioned. For instance, chain scissions increasing the concentration of alcoholic
and acidic chain end groups likely increased the hydrophilicity of PET MPs, which
facilitates the microbial activities on the surface of MPs. Also, most studies in
literature undoubtedly associated changes in crystalline structure of polymers with a
decrease in molecular weight, which also very likely enhanced the microbial

attachment.
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CHAPTER 5

CONCLUSION

The aim of this study was two-folds: first, to develop a reliable and repeatable
analysis method for MPs in sludge; and second, to investigate fate and effects of PET
MPs during anaerobic digestion of alkaline-thermal disintegrated sludge. Creating
an appropriate analysis method for MPs consisted of logically sequencing the steps
given in the literature for the analysis of MPs and optimizing each step for sludge
samples, which was further supported by determining the recovery efficiency of the
method. Next, different sludge disintegration techniques were tested for solubilizing
WAS and deteriorating PET MPs. The prevailing technique was integrated with
anaerobic digestion to scrutinize combined effect on PET MPs and the corresponding

impact of MPs on methane yield, by also taking into account MP dose.

Based on the results obtained, the conclusions reached for MPs analysis are as

follows.

e Fenton Oxidation applied at theoretical amount of H.O, dosage and MR:10
for 30 min satisfactorily removed organic content of WAS (based on COD)
with minimum deteriorative impact on MPs. The following two-step density-
based separation provided capturing MPs with densities up to 1.5 g/cm®. MPs
were best visualized under fluorescence microscope when they were retained
on PCTE filter and stained by Nile Red, which was prepared in acetone and
diluted to 10 mg/L with n-hexane, and incubated for 15 min in dark.

e The developed method ensured recovery of PE, PA and PET MPs in sizes of
425-500 um from sludge at a rate of 94, 80, and 807%, respectively. So, the
method meets the 80% efficiency recommended by ASTM (2020).
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e The concentration of MPs in digester sludge was 270 MPs/g TS following
blank correction, which is in line with the values reported in literature for

dewatered sludge and digested sludge.

The developed method is unique in that it ensures high organic removal efficiency
in the sample, for the first time in literature, using a wastewater and sludge specific
parameter (i.e., COD). Hence, this method is thought to facilitate further handling of

MPs, such as identification and quantification.

The next step in this study consisted of finding the best sludge disintegration
technique providing improved WAS solubilization and a deteriorative environment

for PET MPs. In reaching these goals, the following conclusions were achieved:

e WAS solubilization was observed to be in positive correlation with treatment
time and alkali concentration up to a certain point. A 0.5 M NaOH application
to WAS for 120 min was 24.5% and 15.1% more effective in COD
solubilization, compared to 0.1 and 0.2 M, respectively. When the 0.5 M
alkali application was prolonged, COD continued to solubilize with a rate
slowing down over the five days and carbohydrate and protein content of
WAS did not further solubilize after the second day.

e As the duration of thermal hydrolysis at 127°C was prolonged to 120 min,
the degree of COD solubilization slightly increased.

e Individual applications of 0.5 M alkaline disintegration for two days and
thermal hydrolysis at 127°C for 120 min led to increase in soluble COD of
WAS 48.4 and 20.6 times, respectively. Combining these techniques
provided an even greater improvement in COD solubilization (54.8-fold)
compared to untreated WAS. As a result, sSCOD of untreated WAS increased
from 372.0 mg/L to 20,396 mg/L.

e 0.5 M alkaline disintegration for two days caused a strong peeling effect on
surface of PET MPs due to saponification process occurring in ester linkages
of the polymer, resulting in 56.5% decrease in mass compared to untreated
PET MPs (i.e., control). At the end of two days, alkaline disintegrated PET
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had the same level of crystallinity and decreased carbonyl index compared to
the control sample.

e Unlike alkaline disintegration, THP at 127°C for 120 min caused an impact
on lateral view of PET MPs which is expansion of the particle layers. THP
also induced mass loss by 42.7% compared to the control. Although not
quantitatively measured, this process caused color change, as well as particle
size reduction. Moreover, thermally hydrolyzed PET experienced more
distinguishable changes in its chemistry: first, their crystallinity increased by
10%, possibly due to chain scission leading chemi-crystallization; and
second, carbonyl index decreased by 29% due to destruction of carbonyl
band.

e Combining these techniques did not necessarily pose exaggerated impact on
PET MPs. For example, mass reduction was 43.8% compared to the control,
meaning that THP did not cause further decrease on alkaline disintegrated
PET, potentially due to water absorption on PET surface with many cracks.
Similarly, combined disintegration did not further improve the crystallinity
of thermally hydrolyzed PET. In contrast, an enhanced decrease was
observed in carbonyl index of PET by 37.7% compared to the control, which

is higher than the individual impacts.

After the disintegration studies had been completed, anaerobic reactors with
disintegrated and non-disintegrated substrates were installed. The conclusions

obtained from the BMP test are as follows:

e Disintegrated reactor sets produced statistically higher amounts of methane
than non-disintegrated ones regardless of PET MPs dose. More specifically,

ROP achieved 22.0% higher methane yield compared to RO.

In contrast to the limited findings in literature demonstrating negative impacts of
PET MPs on digestion efficiency, this study revealed an increasing trend in methane
yield with MPs dose. Statistical analysis showed that the dose of PET MPs

significantly affected the methane yield of non-disintegrated reactor sets. It increased
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up to the dosage of 3 mg PET/g TS. However, applying disintegration process ruled
out the difference achieved in methane yields of reactors with varying levels of MPs.
This means that the disintegration process overwhelmed the impact of MPs on
digesters, which was one of the research questions of this study.

e Ingeneral, PET MPs induced the formation of ROS, which is consistent with
the literature. However, increasing levels of ROS could not be associated
with methane yield in none of the reactor sets studied. This might be
potentially due to formation of ROS at moderate levels that microorganisms
can protect themselves.

e Disintegration process affected the way of impact posed on PET MPs by
anaerobic digestion. For example, in non-disintegrated reactor sets, unit mass
of PET MPs decreased by 9.2% at the end of 60 days compared to untreated
PET MPs, which is also supported by SEM images showing fragmentation
on the surface. In disintegrated sets, on the other hand, digestion process did
not provide further loss in mass of already disintegrated PET MPs. Instead,
water absorption to deteriorated surface of PET MPs caused an increase by
21.6%. Moreover, during anaerobic digestion, crystallinity of untreated MPs
increased by 7.2% while it decreased for disintegrated MPs by 0.9%. In
contrast, the digestion process increased the carbonyl index of both untreated
(by 20.4%) and disintegrated (by 7.3%) PET MPs but at different rates.

e Abiotic reactors revealed the impact of abiotic and biotic factors on fate of
PET MPs during anaerobic digestion. Disintegrated PET MPs exposed to
abiotic digestion experienced similar level of increase in mass with biotic
digestion, indicating that the disintegration process overwhelms the impact
of microorganisms. When untreated PET MPs were abiotically digested, their
mass increased by 4.5% contrarily to biotically digested MPs, indicating the

role of microorganisms.

With these findings it is concluded that combined alkaline thermal disintegration
provides a significant improvement in anaerobic digestibility of WAS. Moreover,
this treatment has such a great effect on PET MPs that their physical and chemical
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properties are substantially altered, as well as their impacts on digester performance

are no longer observed.
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CHAPTER 6

RECOMMENDATIONS FOR FUTURE STUDIES

Based on the literature review and the results of the laboratory work carried out in
this study, following recommendations can be made for future studies.

The concentration of MPs has been mostly reported in particle numbers per unit mass
or volume of sludge, both in the literature and in this study. However, treatment units
may lead MPs to be broken down, as it was observed during alkaline disintegration
in this study. This may result in an inaccurate comparison of MP concentrations in
samples taken from different units of a WWTP. Therefore, the reporting of MPs
should be reconsidered to be expressed on mass basis.

There is a possibility that Nile Red overestimates MP concentration due to its co-
staining effect on residual organic matter in the sample. Therefore, the recovery
efficiency of this dye should be tested by chemically analyzing a representative
amount of shiny particles on filter using a spectroscopic technique. Then, the MP
concentration determined using Nile Red should be corrected with this multiplier.
Furthermore, coapplication of a second dye which binds only to biological materials
such as 4',6-diamidino-2-phenylindole (DAPI) or Methylene Blue can be useful to

distinguish non-plastic particles.

Excessive ion concentrations due to alkali application caused disintegrated reactors
of this study to face with a lag period. Therefore, the ion effect caused to
underestimate the methane yield, which was actually highly promoted by combined
disintegration. Further studies should set up control reactors to correct the yield by

subtracting the delay caused by the ion effect.

The sequence of combined disintegration applied in this study is recommended to be

switched to thermal-alkaline treatment. Thus, the strong peeling effect observed on
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the surface of MPs after alkali application will not be suppressed by THP. Hence,

the increased surface area may facilitate microbial attack during anaerobic digestion.

Hydrolytic degradation causes chain scission at ester linkages of PET resulting in the
formation of carboxyl and hydroxyl end groups. Therefore, analyzing the
concentration of end groups can be a method to understand the rate of polymer

degradation.

Molecular weight of polymers is strongly influenced by the chain scission
mechanism and thus the crystallinity. Therefore, it would be good to measure it using

GPC to support the findings about change in crystallinity and degradation.

The level of chemicals leaching from PET both during disintegration and anaerobic
digestion can be measured to understand if there is a toxicity and/or stimulatory
mechanism associated with them. Moreover, a correlation can be investigated

between the dose and effect of leaching chemicals.

There are no studies encountered investigating the fate of MPs under thermophilic
anaerobic conditions. Prolonged exposure to an environment close to glass transition
temperature can yield totally different results, both in terms of methane yield and

polymer-related properties.
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APPENDICES

A. Calibration Curves
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Figure A.1. Calibration curve for COD measurement prepared by KHP solution
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Figure A.2. Calibration curve for protein analysis by Lowry Method for sludge

disintegration studies
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Figure A.3. Calibration curve for carbohydrate analysis by Dubois Method during

sludge disintegration studies
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B. Reactor Volumes

Table B.1. Volume of sludges and chemicals in each reactor

WAS, ADS, NaOH, KOH, H;SOs HCI, Loss*, D! ~ Tow

Label water, Volume,
mL mL mL mL mL mL mL
mL mL

RO 71.3 128.7 - - - - - 8.3 208.3
RO-E2 71.3 128.7 - - - - - 8.3 208.3
R1 71.3 128.7 - - - - - 8.3 208.3
R1-E2 71.3 128.7 - - - - - 8.3 208.3
R3 71.3 128.7 - - - - - 8.3 208.3
R3-E2 71.3 128.7 - - - - - 8.3 208.3
R6 71.3 128.7 - - - - - 8.3 208.3
R6 —E2 71.3 128.7 - - - - - 8.3 208.3
C3 71.3 128.7 - - - - - 8.3 208.3
C3-E2 71.3 128.7 - - - - - 8.3 208.3
ROP 71.3 128.7 6.2 1.7 - 725 6.9 - 208.3
ROP-E1 713 - 6.2 1.7 3.25 - 6.9 4.0 79.6
ROP-E2 713 1287 6.2 1.7 3.25 - 6.9 4.0 208.3
R1P 71.3 128.7 6.2 1.7 - 725 6.9 - 208.3
RIP-E1 713 - 6.2 1.7 3.25 - 6.9 4.0 79.6
RIP-E2 713 1287 6.2 1.7 3.25 - 6.9 4.0 208.3
R3P 71.3 128.7 6.2 1.7 - 725 6.9 - 208.3
R3P-E1 713 - 6.2 1.7 3.25 - 6.9 4.0 79.6
R3P-E2 713 1287 6.2 1.7 3.25 - 6.9 4.0 208.3
R6P 71.3 128.7 6.2 1.7 - 7.25 6.9 - 208.3
R6P-E1 71.3 - 6.2 1.7 3.25 - 6.9 4.0 79.6
R6P-E2 713 1287 6.2 1.7 3.25 - 6.9 4.0 208.3
C3P 71.3 128.7 6.2 1.7 - 725 6.9 - 208.3
C3P-E2 713 1287 6.2 1.7 3.25 - 6.9 4.0 208.3
SM - 128.7 - - - - - 79.6 208.3
SM - E2 - 128.7 - - - - - 79.6 208.3

*Loss in volume of WAS during thermal hydrolysis
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D. ANOVA Results

Table D.1. One-way ANOVA results to understand the impact of disintegration on
mass of PET MPs

Sum of Mean .
Squares af Square F SIg.
Between Groups ~ 160.917 3 53.639 214.556 .000
Within Groups 2.000 8 250
Total 162.917 11

Table D.2. One-way ANOVA results for comparing the mass of PET MPs subjected

to different disintegration techniques

Sum of Mean

df F Sig.
Squares Square
Between Groups 4.667 2 2.333 10.500 011
Within Groups 1.333 6 222
Total 6.000 8

Table D.3. One-way ANOVA results for the comparison of methane yields in non-

disintegrated reactor sets

Sum of Mean .
Squares af Square F SIg.
Between Groups  321.855 3 107.285 4.840 0.033
Within Groups 177.318 8 22.165
Total 499.173 11

Table D.4. One-way ANOVA results for the comparison of methane yields in
disintegrated reactor sets

Sum of Mean .
Squares af Square F Sig.
Between Groups ~ 23.321 3 7.774 0.442 0.729
Within Groups 140.604 8 17.576
Total 163.925 11
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Table D.5. One-way ANOVA results for the comparison of methane yields in RO

and ROP reactor sets

Sum of Mean

Sig.
Squares Square
Between Groups 6164.497 1 6164.497  486.582 0.000
Within Groups 50.676 4 12.669
Total 6215.173 5

Table D.6. Independent samples t-test results to understand the level of impact of
anaerobic digestion on untreated PET MPs (Groups Statistics)

Disintegration N Mean  Std. Deviation Std. Error Mean
Untreated PET 3 14.333 577 333

Mass  pET after 3 10.333 577 333
digestion

Table D.7. Independent samples t-test results to understand the level of impact of

anaerobic digestion on untreated PET MPs (Independent samples test)

Levene's .
Test t-test for Equality of Means
95%
. Confidence
F Sig. t f stlea?l.esz)- Dh"\geer?arrllce Sggfe’rierrrlzre Interval of the
Difference
Lower Upper
Equal
variances .000 1.000 8.485 4 .001 4.000 A71 2.691 5.309
assumed
Mass Equal
‘r@;'ames 8485 4 001 4.000 471 2691 5.309
assumed
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Table D.8. Independent samples t-test results to understand the level of impact of

anaerobic digestion on disintegrated PET MPs (Groups Statistics)

Disintegration N Mean  Std. Deviation Std. Error Mean

Disintegrated

PET 3 6.333 577 0.333
Mass  pisintegrated

PET after 4 8.000 1.826 0.913

digestion

Table D.9. Independent samples t-test results to understand the level of impact of

anaerobic digestion on disintegrated PET MPs (Independent samples test)

Levene's

Test t-test for Equality of Means

95% Confidence
Sig. (2- Mean  Std. Error  Interval of the
tailed) Difference Difference Difference

Lower  Upper

F  Sig. t df

Equal
variances 8.892 .031 -1.494 5.0 .195 -1.667 1.116 -4534 1.201
assumed
Mass Equal
variances
not
assumed

8.892 0.031 -1.715 3.8 .166 -1.667 972 -4.436 1.103
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