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Abstract
Pharmaceuticals and personal care products (PPCPs) are a group of emerging environmental
disrupting contaminants. PPCPs and their residues are widely detected in surface water,
groundwater, and sewage treatment plants (STPs) due to their universal consumption, low human
metabolic capability, and improper disposal. STPs are known as one of the major sources of
PPCPs released into the environment while activated sludge is the significant process of PPCPs
removal. Therefore, this study aimed to investigate the recent tendency of selected PPCPs in
waste water matrix, elimination routes in STPs and propose an innovative method to improve its
removal efficiency. The major tasks were (1) to establish an appropriate, sensitive and repeatable
analytical method to detect selected PPCPs concentrations in different units of STPs, (2) to
investigate the eliminate mechanisms of PPCPs in activated sludge treatment process, (3) to
determine the PPCPs adsorption behavior on rice husk-derived biochar, and (4) to study the
transformation routes of PPCPs under different redox conditions. The appropriate, sensitive and
repeatable analytical method with a low detection limit was established for trace analysis of
PPCPs in different water matrixes via liquid-liquid extraction (LLE), solid-phase extraction
(SPE), and gas chromatography-tandem mass spectrometry (GC-MS/MS). The method
established in this study was accurate and could be applied to a different water body. PPCPs
were detected at the ranges of 89-657 and 0-58 ng/L in STPs inlet and outlet, respectively. The
concentrations of PPCPs in the same city by different treatment units varied by 1-2 orders of
magnitude. The removal efficiency ranged from -5% to >97% of each unit of local STPs in Hong
Kong. Biodegradation and adsorption were considered as dominant removal mechanisms for
selected PPCPs at environment relevant concentrations under aerobic conditions. In particular,

octocrylene (OC) was mainly removed by adsorption. N,N-Diethyl-3-methylbenzamide (DEET),


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/ppcp

benzophenone-3 (BP-3), homosalate (HMS), and triclosan were mainly removed by
biodegradation process. The Biodegradation behavior of selected PPCPs under aerobic activated
sludge can fit the first-order kinetics model well with the R? ranged from 0.94 to 0.98. The
consistent ki ranged from 0.10 to 0.21. The adsorption of five PPCPs on rice husk-derived
biochar performed well in Milli-Q water with all removal rate >80%. Therefore, the conclusion
of the high potential of rice husk of adsorbed PPCPs could be drawn. Especially for BP-3, more
than 99% has been adsorbed removed. Under different redox conditions, all target pollutants
removal performance could have a positive response to the redox value increase. The pH and
redox values showed a negative relationship with each other. The bacterial community was more
active under the oxidation condition than that under the reduction condition. For triclosan, the
oxidation condition may increase the formation of triclosan-methyl. The addition of rice husk-
derived biochar in activated sludge may increase the removal efficiency of PPCPs and decrease
the PPCPs concentration in response to redox change.

Keywords: wastewater treatment plants, PPCPs, activated sludge, biochar, removal efficiency
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Chapter 1 Introduction

1.1 Background

Nowadays, pharmaceuticals and synthetic personal care products (PPCPs) been classified as a
group of contaminants that can be widely detected in natural waters. Extensive researches on
PPCPs in water has been conducted for several decades. The first study related to PPCPs of the
United States Environmental Protection Agency (USEPA) on conventional, non-conventional,
and toxic pollutants in the water began in 1982. PPCPs have presented in surface water,
groundwater, drinking water sources, and wastewater matrix at the level of nanogram per liter
(ng/L) to microgram per liter (ug/L) (Behera et al., 2011). Some residues also presented in
treated wastewater since the STPs are not designed to remove PPCPs. The discharge criteria
generally including organic substances and COD requirements (Dai et al., 2015; Tsang, 2015).
Therefore, impropriate treated wastewater has been identified as one of the major sources of
PPCPs releasing to the aquatic environment (Dey et al., 2019; Yang et al., 2017). The
widespread use of PPCPs and their residues in different environmental media has led to great
concern due to the potential harm to ecological systems and human health. Previous studies
found that veterinary diclofenac may have negatively affected the population and diversity of
birds, including the steppe eagle in South Africa and vulture in India (Cuthbert et al., 2016;
Galligan et al., 2014; Sharma et al., 2014). In addition, several metabolites and transformation
products of STP wastewater form together with parent compounds due to various chemical
reactions during treatment (Zepon Tarpani and Azapagic, 2018). The detection of PPCPs in
wastewater or drinking water has increased in recent years, partly due to advances in analytical

techniques and routine monitoring to completely understand the occurrence of these



contaminants and the correlation with the environmental impact and human health. The
environmental life of pentachlorophenol and its metabolites vary with their original degradation
in the environment and related to their natural degradation degree in the environment (USEPA,
2013). The USEPA has categorized pharmaceuticals and hormones in its Contaminant Candidate

List for safe drinking water (USEPA, 2009).

1.1.1 Classification of PPCPs

The production and application of PPCPs are for medical purposes and to improve the living
standards for both human beings and animals. But it is also defined as a general term for a class
of organic pollutants. These compounds including antibiotics, hormones, analgesics, anti-
inflammatory drugs, blood lipid regulators, -blockers, and cytostatic for pharmaceuticals; and
preservatives, bactericides, insect repellents, fragrances, and sunscreen UV filter for personal
care products (Table 1.1) (Dey et al., 2019). For pharmaceuticals, a large number of studies have
been targeted well in recent years (Aymerich et al., 2016; Papageorgiou et al., 2016). Therefore,
only commonly detected PCPs were discussed in detail for occurrence and removal study.

For the groups of personal care products, benzophenone-3 (BP-3), homosalate (HMS),
octocrylene (OC) are commonly consumed sunscreen UV filter species. Synthetic polycyclic
musks including galaxolide (HHCB) and toxalide (AHTN) with more production and application
than the nitro group in recent years. N,N-diethyl-m-toluamide (DEET) is the main active
ingredient of insect repellents and regularly detected. Triclosan and triclocarban are the two
typical antimicrobial agents frequently presented in wastewater. Parabens are typical

preservatives, which are widely applied in cosmetics, personal hygiene products, food, and
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medicine. They are very effective in preventing the growth of fungi, bacteria, and yeast that can

cause deterioration of the product.

Table 1.1 The classifications of common PPCPs and their representative compounds

Order Typical classes Representative
compounds
la Pharmaceutical Broad-spectrum antibiotics Penicillin
1b Hormones Estriol
1c Non-steroidal anti- Ibuprofen
inflammatory drugs
1d B-blockers Metoprolol
le Blood lipid regulators Gemfibrozil
2a Personal care Bactericides Triclosan
products
Triclocarban
2b Insect repellents DEET
2¢C Sunscreen UV filters BP-3
HMS
oC
2d Preservatives Parabens
2e Synthetic musks AHTN
HHCB

1.1.2 Pathway of PPCPs in environment

PPCPs can enter the environment through a variety of pathways (Figure 1.1), including STP,

industrial services, hospitals, aquaculture facilities, runoff from fields to surface waters, and

runoff into the soil through animal husbandry and manure applications (Boxall et al., 2012). The

PPCPs consumed in daily life mainly enter STPs through the sewage collection system. In the

treated sewage, PPCPs residues in the sludge can also release into the environment through

landfill and disposal. Therefore, uncompleted treated wastewater is identified as one of the major

sources of PPCPs released into the environment. The existing PPCPs in surface water can enter



the drinking water treatment plant through the inlet of the water treatment plant and may enter
human daily life in the tap water supply system (Jiang et al., 2013). Residues and metabolism of
PPCPs can enter the environment through natural hydrological cycles. Some pharmaceutical
ingredients that are not fully metabolized by humans and animals are excreted from the body
through feces and urine and finally discharged into the sewage system (Jiang et al., 2019).
Personal care products (PCPs), including shampoos, shower gels, toothpaste, sunscreens,
cosmetics, and hand sanitizers, can be released into sewer systems and surface waters through
human daily washing activities. In addition, swimming and other water recreation activities may
also contribute to discharge of PPCPs (e.g. UV filters) (Yang et al., 2017). Other PPCPs
exposure pathways include the disposal of unconsumed pharmaceuticals to landfills, veterinary
pharmaceuticals runoff in farms, disposal of improperly treated carcasses and irrigation using

reclaimed water (Bottoni and Caroli, 2018).
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Figure 1.1 The pathway of PPCPs in the environment

1.1.3 Environmental and health risks

The distribution of PPCPs is widely around the world and their residues in various
environmental media raise great worries due to the potential harm to the ecological system and
human health. In terms of persistence, toxicity, and bioaccumulation, the effects of PPCPs on the
environment and human beings are a major concern in the field. Many PPCPs can dissipate
rapidly in the environment, but their widespread application has led to their accumulation in the
aquatic environment and severe ecological impacts on aquatic organisms. (Kostich et al., 2014).

Commonly detected PPCPs in STPs, including sewage effluent and reclaimed water, is caused



by their universal consumption, low human metabolic capability, improper disposal, and
biologically active structures (Borova et al., 2014; Chen et al., 2013). In artificial wastewater
treatment matrices, PPCP can partially or incompletely biodegrade. Thus, excreted metabolites
may become secondary contaminants because the major components are further altered in the
receiving water body (Tanoue et al., 2012). When applying reclaimed water from sewage sludge
as an organic fertilizer, these pollutants may be taken as nutrients by plants (Cardinal et al., 2014;
Jiang et al., 2013; Overturf et al., 2015). Experimental results have been used to demonstrate the
conclusion that PPCPs are found in the tissues of plants when using compressed activated sludge
in soil or using sewage for irrigation (Chen et al., 2014). The individual PPCP has little impact
on human health, however, the accumulation effects of PPCP can be hazardous and
unpredictable (Rajapaksha et al., 2015). Toxic pathological effects of the sunscreen UV filter,
BP-3, on coral planulae in Hawaii and the U.S. Virgin Island were also investigated. BP-3
poses a danger to coral reef protection and threatens their resilience to climate change (Downs
et al., 2016). Martins et al. (2017) found that frog embryo exposure to triclosan may exert
adverse effects on the early life stages of frogs. 4-MBC may also induce oxidative stress and
trigger apoptosis in marine copepod Tigriopus japonicus, resulting in developmental,
reproductive, and lethal toxicity. Other results showed that environmentally relevant
concentrations of BP-3 can negatively impact freshwater insects (caddisfly) (Campos et al.,
2017). Ho et al. (2016) reported that triclosan exposure at 250 g/L does not have any effect on
normal embryogenesis or organogenesis; however, concerns about possible damage to lipid
metabolism persist. Human beings’ exposure to PPCPs through drinking water, plant tissue, and
fish due to manure amendments, wastewater irrigation, and sludge disposal have been discussed

in recent years (Gaffney et al., 2015; Mottaleb, 2015; Prosser and Sibley, 2015). In recent
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research, PPCPs were identified in human breast milk, blood, and children’s urine (Frederiksen
et al., 2017; Li et al., 2013; Yin et al., 2012). In addition, the existence of benzyl paraben and
BP-4 was the first evidence of their accumulation in the placenta. Parabens and UV filters have
been proven to accumulate in the human placenta, which suggests potential mother—fetus transfer
(\Valle-Sistac et al., 2016). This result was further studied by subsequent research. Fifteen tissue
samples from randomly selected individuals were analyzed (Vela-Soria et al., 2017). However,
no federal regulations for PPCPs in drinking or natural waters currently exist. According to the
USEPA, the adverse effects on human fitness associated with pentachlorophenol and personal
care products in drinking water have not been confirmed, and the contamination of PPCPs
remains a serious concern (USEPA, 2015; USEPA, 2018). The first guideline established for
PPCPs management for the Environmental Risk Assessment of Human medicines was published
by the European Medicines Agency (EMA, 2006). Thus, the occurrence of polychlorophenol and
its relationship with human health and the environment must be fully understood during routine
monitoring. Given manure amendments, wastewater irrigation, and sludge disposal, human
exposure to PPCPs through dietary intake has been discussed in recent years (Gaffney et al.,
2015; Mottaleb, 2015; Prosser and Sibley, 2015). Current research work on PPCPs mainly
focuses on determining the environmental concentration and environmental behavior. Research
on its environmental effects and ecological risks is still in its infancy, especially for reproductive
toxic effects and population dynamics under low-dose long-term exposure (Richardson and
Ternes, 2017). Existing PPCPs toxicity data are derived from the toxicity database and different

literature which lead the test species and the final value of the experiment is quite different.



Therefore, aquatic organisms (fish, large) should be characterized by different trophic levels.
The toxicity characterization of sputum phytoplankton truly reflects the environmental and

ecological risks of PPCPs in regional water environments (Wilkinson et al., 2016).

1.2 Innovation and objectives of the study

This work aimed to analyze the present situation of selected PPCPs and elimination routes in
sewage treatment plants (STPs) and water matrix. To establish an appropriate, sensitive and
repeatable analytical method for tracing low concentrations selected PPCPs belonging to three
different classes in different units of the wastewater treatment processes. The analytical method
was successfully applied in determining occurrence and transformation routes of multiple PPCPs
in wastewater treatment processes and study dominant elimination mechanisms of PPCPs in the
secondary process, and further, understand the removal performance of combined biochar and

biological treatment under different redox conditions.

The innovation of the study including:

(1) To investigate the removal mechanisms of 5 PPCPs (3 classes) in activated sludge

process simultaneously;

(2) To explore the feasibility of PPCP removal using rice husk-derived biochar; and

(3) To study the removal of PPCPs by activated sludge and biochar under different redox

conditions



The aims and objectives of this study expressed as follows:

(1) Establish an appropriate, sensitive and repeatable methodology for five common detected
PPCPs from the low magnitude of three different classes in STPs.

Liquid-liquid extraction (LLE), solid-phase extraction (SPE), and gas chromatography-tandem
mass spectrometry (GC-MS/MS) were combined to establish an appropriate methodology to
determine five PPCPs belonging to three classes (including insect repellents, bactericides and
UV filters). The parameter of analytical procedures including method detection limit, recovery
rate, repeatability, and limitation of quantitation was optimized. This analytical method has been
successfully applied in order to investigate the concentrations of PPCPs from different

wastewater treatment units in two local STPs.

(2) Determine the occurrence and removal efficiency of selected PPCPs in two local STPs,

namely, Shatin and Taipo.

The analytical method has been applied in the study of the occurrence of PPCPs from each
wastewater process, including influent, primary treatment, secondary treatment, and effluent.
The removal efficiency of primary treatment, secondary treatment and UV disinfection were also

investigated.

(3) Study the elimination routes of five commonly detected PPCPs at environmentally relevant

concentrations.

The removal mechanism for these PPCPs was investigated through lab-scale batch experiments
which simulated the polite scale aerobic tank in STP. The pseudo-first-order model for low

concentration removed by biodegradation behavior was applied also.



10

(4) Determine the elimination mechanisms of target pollutants under different redox conditions

with biochar.

Biochar adsorption kinetic study was established in the last part of the work. The kinetic study of
PPCPs on rice husk-derived biochar was investigated. The biological removal of selected PPCPs

was determined under different redox windows, including + 200, 0, and -200 mv.

The adsorption of five PPCPs at environmentally relevant concentrations under different redox
conditions was systematically investigated. Special work involved the following tasks: (a)
characterization of rice husk-derived biochar, (b) adsorption kinetics study of five selected
PPCPs on rice husk-derived biochar with different dosages, (c) the relationship between redox
conditions change and pH value, (d) the removal behavior differences between biological
removal and biological removal combined with rice husk-derived biochar, and (e) the impact of

pH on the biological and biochar removal rates.
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Chapter 2 Literature review

According to the specific chemical categories of pollutants, a series of treatment methods have
proven to be effective in reducing the concentration of PPCPs in STPs. However, in general, the
residues in the environment cannot be ignored given that STPs are one of the major sources of
PPCPs release in the water matrix. This chapter will discuss the commonly detected compounds,
occurrence and fate of selected pollutants in STPs, and limitations of existing treatment

technologies.

2.1 Occurrence and removal efficiency of PPCPs in sewage

N,N-diethyl-m-toluene amide (DEET) is the active ingredient in commonly used insect
repellents, which can be commercially obtained worldwide because of its popularity among
customers in the past 30 years. Several studies have recently reported the environmental-related
concentration and fate of DEET, especially in lakes, rivers, and soil. It is also known that this
substance poses a potential hazard to aquatic and terrestrial organisms. The concentration of
DEET in sludge is the highest, accounting for 40%-62% of the total concentration. DEET
mainly exists in the form of dissolution (detection frequency >92%) in the original inflow and
final effluent (VVeach and Bernot, 2011). Compared with the effluent (402 g/day), the sludge cake
content (17 g/day) is much lower. The removal efficiency rates of primary treatment, A%/O tank,
and secondary treatment are 4.9%, 25%, and 90%, respectively (Gao et al., 2016). Modeling the
fate of the environment may reveal that DEET flow into the environment is retained in the

receiving water (~79%) (Weeks et al., 2012).
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Triclosan is used in toothpaste, polymeric cutting boards, and functional clothes against bacteria.
About 500 t/year of triclosan are used in Europe (Tato et al., 2018). After consumption of daily
life, triclosan will eventually enter the wastewater. Therefore, wastewater treatment plants need
to treat considerable concentrations of triclosan (1-10 pg/L) in untreated wastewater. The
removal rate of triclosan in activated sludge is high at 85%-95%; one-third of this percentage
can be attributed to sorption to sludge, and the residual is due to biodegradation (Armstrong et al.,
2017; Atar et al., 2015). In that case, 24.1% and 27.2% triclosan were adsorbed on the generated
sludge, and 60% of the triclosan loaded were biotransformed. The formation of by-products (2,
4-dcp) during chlorination and UV disinfection resulted in triclosan losses of up to 9.9% and
13.0% respectively (Tohidi and Cai, 2017). The results showed that photodegradation and
biodegradation of triclosan occurred. Triclosan has the highest photolysis rate in surface water,
whereas the ratio of biodegradation in wastewater is higher than that compared with surface
water (Duran-Alvarez et al., 2015). Anaerobic and aerobic sludge digestion processes can
remove 23.0%-56.0% of triclosan. About 7.4% of triclosan in aerobic digestion is transformed
into methyl triclosan. Triclosan may undergo transformation/degradation in STPs. Some by-
products such as 2,4-dichlorophenol, 2,8-dichlorodibenzodioxin, and methyl triclosan are
considered toxic/persistent compounds. Ho et al. (2016) reported that exposure to 250 g/L
triclosan does not have any effects on normal embryogenesis or organogenesis; however,

triclosan may impair lipid metabolism and adversely affect the early life stages of frogs.

Environmental residues are an important but unquantified source of exposure to UV filters.
Salicylates, cinnamates, and anthranilates are considered safe and non-irritating sunscreen
ingredients in a chemical sunscreen. The frequency and concentration of organic UV filters in

PCPs change with time. A survey analyzed concentrations of more than 20 organic UV filters.
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The most frequently occurring UV filters is OC from 50 selected PCPs (account for 43%)
(Manova et al., 2013). Benzophenone-type UV filter can absorb or reflect UV radiation, and they
are widely applied in PCPs and synthetic polymer products (Manova et al., 2013). Some BPs
may be as much as 10% of the product weight. BP,4-methoxybenzophenone and 4-
benzoylbiphenyl are used as inhibitors to prevent the degradation of polymers and pigments,
such as plastics, packaging materials, glassworks, and textiles (Sankoda et al., 2015). BP-3
(>80%) is often detected in inlet and outlet waters with the concentration ranges from 23 to 1290
and 18 to 1018 ng/L (Tsui et al., 2014). The toxic and pathological effects of the sunscreen UV
filter, BP-3, on coral planulae in Hawaii and the Virgin Islands in the United States were
investigated. BP-3 poses a hazard to coral reef conservation and threatens the resiliency of
coral reefs to climate change (Downs et al., 2016). Martins et al. (2017) found that frog embryo
exposure to 4-methyl benzylidene camphor (4-MBC) leads to developmental malformations (up
to 3%). marine copepod T. japonicus suffers reproductive problems and lethal toxicity since UV
filter restudies may induce oxidative stress and trigger apoptosis. Risk assessment indicates that
at actual environmental concentrations, UV filters shows a serious pressure to marine
crustaceans and ecosystems (Chen et al., 2018). Other results showed that environmentally
relevant concentrations of BP-3 can negatively impact freshwater insects (caddisfly) (Campos et
al., 2017). Some analytes were detected in N influent samples. BP-3 and OC concentration were at
the range of 4-163 and 12-390 ng/L. The concentration tendency indicated that the UV filter was
discharged to STP showed a higher load during the summer period. The temperature was positively
correlated with the measured OC and BP-3 concentrations. However, BP-3 and OC were showed low
concentrations in some effluent samples. The removal efficiency of BP-3 and OC in these plants was

64% to >99% and 94% to >99%, respectively (Magi et al., 2013). In another case, HMS accounted


https://www.sciencedirect.com/topics/medicine-and-dentistry/octocrylene
https://www-sciencedirect-com.ezproxy.lb.polyu.edu.hk/topics/agricultural-and-biological-sciences/oxidative-stress
https://www-sciencedirect-com.ezproxy.lb.polyu.edu.hk/topics/agricultural-and-biological-sciences/apoptosis
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for about 78% of the total numbers of UV filters detected, with an average concentration (ng/m?)
ranges 9.3 to 55.7 in summertime and fourfold in winter (ranges from 5.76 to 11.46) in
secondary treatment process in urban areas (Shoeib et al., 2016). In addition to the
physicochemical information of UV filters, seasonal degradation pathways and metabolites need

to be further understood to help investigate their environmental distribution and fate.

2.2 Limitation of current treatment technologies in STPs

2.2.1 Typical physical processes

Typical physical processes including sedimentation, adsorption, and membrane filtration have
been applied in water/wastewater treatment plants to remove pollutants. Sedimentation is a
traditional water treatment process to remove suspended solids by gravity. The settling
performance is determined by the velocity of water in the sedimentation tank and retention time
of water in the tank. For PPCPs removal, sedimentation presents relatively low efficiency as
some PPCPs are hydrophilic (Dey et al., 2019; Yang et al., 2017). However, sedimentation can
remove target PPCPs attached to solids such as stones or sands. The adsorption behavior
becomes evident under porosity, abrasion resistance, and materials with small pore diameters
such as activated carbon or nanoparticles (Van Wieren et al., 2012). PPCPs were removed by
granular activated carbon and powdered activated carbon adsorption in the post-treatment system,
and no conversion products were produced (Kassotaki et al., 2016; Rodriguez et al., 2016).
PPCPs can be removed by activated sludge process (ASP) through adsorption (Ebele et al., 2017).
The removal rate of PPCPs during sludge adsorption varies. For example, Li and Zhang (2010)
found that the removal rate of three kinds of fluoroquinolones by sludge adsorption can reach

80%. The performance of sulfonamides can be negligible as they are highly water-soluble
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compounds. The disadvantage of this process is that it creates a potential pathway for PPCPs into
the environment by releasing sludge directly or applying it to farmland as fertilizer (Van Wieren
et al., 2012). Membrane filtration systems rely on physical mechanisms based on size exclusion,
adsorption onto the membrane, and charge repulsion to eliminate PPCPs (Yangali-Quintanilla et
al., 2011). Pressure-driven membrane processes NF and RO are used in water treatment plants.
Some PPCPs groups usually show significant removal, but these membranes are slightly
permeable to relatively small contaminants (Al-Rifai et al., 2011). After treatment, triclosan
removal efficiency can reach 80% at pH 8, whereas that of acetaminophen reaches only 30%-—
40%. These performance differences are believed to have relevance to their distinct molecular
weight ratio and hydrophobicity. Acetaminophen is hydrophilic (log Kow < 1) and has a smaller
molecular percentage than chosen membranes, whereas triclosan is highly hydrophobic (log
Kow> 4) and nearly twice the size of the acetaminophen molecule (Garcia-lvars et al., 2017). NF
can achieve removal efficiencies higher than 60% for diclofenac, naproxen, and 17a-
ethinylestradiol, whereas RO technology can eliminate about 95% of the proportion (Urtiaga et
al., 2013). The main elements that limit the large-scale application of the membrane are high
energy consumption and scaling (Léwenberg et al., 2014; Rodriguez et al., 2016).

Activated carbon is commonly used to reduce broad-spectrum dissolved organic substances
from the liquid phase. This huge flexibility in activated carbon appropriations is due to its
extensive physical surface properties and chemical properties of commercially and/or specially
treated carbon materials (Mohan et al., 2014). Farming and wood secondary products have been
studied as cheap and reproducible sources of activated carbon production, but they are often
accompanied by treatment problems (Yahya et al., 2015). Given the different shapes of activated

carbon, it can be divided into granular activated carbon and powdered activated carbon. In a
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large-scale pilot study in which PAC was applied in STP, six PPCPs (including ibuprofen,
paracetamol, and estrone) were poorly to moderately removed (<60%) (Mailler et al., 2015;

Teixeira et al., 2019).

2.2.2 Typical chemical processes

Advanced oxidation processes (AOPs) including ozonation, UV oxidation, and Fenton and
Fenton-like (conventional process) processes, which are used in the removal of PPCPs, are
discussed in this section. Ozone is one of the most widely used and most studied AOP methods
in PPCPs removal. The mechanism of ozonation is primarily based on the generation of hydroxyl
radicals; therefore, the ozonation rate of PPCPs is highly dependent on the concentration of
hydroxyl radicals. Currently, ozone treatment can be combined with other methods as pre-
treatment in drinking water. The O based AOPs used are as follows: Os/UV, Os/H,02, and

03/US/FeS0..

Ozone production process utilizes high energy with a very minimal conversion of 1%-2% in air
and 4%-8% in oxygen. Around 85% of energy is wasted as heat, and the reactor should be
protected from overheating. Another problem with ozone gas is its short half-life, which is
around 3-8 days in air or 15-20 min in the water at 20 °C-25 °C (Bagheri and Mohseni, 2015;
Lee et al., 2012). Moreover, the high cost and strong toxicity of some intermediate products have
restricted the widespread use of advanced oxidation (Al-Rifai et al., 2011). Fenton oxidation
processes offer a promising application for the removal of PPCPs in wastewater. Similar to the
ozonation process, the generated highly oxidizing hydroxyl species are responsible for the
degradation of organic pollutants (Bokare and Choi, 2014). Fenton oxidation processes have
gained popularity in the field of chemical treatment processes for wastewater. Hydroxyl species

can be generated easily compared with that in the ozonation process. A previous study



17

investigated the photo-Fenton decomposition of B-blockers and found that the initial compounds
and intermediates are moderately toxic (Veloutsou et al., 2014). In other studies, Fenton
oxidation was applied to remove PPCPs and pharmaceuticals (Annabi et al., 2016; Mackul'ak et
al., 2015). UV light treatment is also one of the AOPs. Currently, this method is used alongside
with H>O, for the removal of PPCPs (Guo et al., 2018; Yang et al., 2016). UV can destroy
chemical bonds of organic pollutants through photolysis. Photolysis alone has low efficiency in
degrading organic structures, but it can effectively eliminate toxic and refractory organic
compounds in wastewater with the aid of H202 (Lai et al., 2017). However, H.02/UV treatment
suffers from the high cost of H2O>, including acquisition, transportation, and storage (Bagheri
and Mohseni, 2015). Full mineralization of PPCPs can be achieved by prolonged exposure to UV
light and large amounts of energy, resulting in a general by-product that is more polar and water-

soluble than the parent compound (Yang et al., 2016).

2.2.3 Typical biological processes

Activated sludge originates from biological/chemical treatment in STPs. The sludge contains
several organic, inorganic, and microbial substrates separated from the liquid phase during
treatment. The digestion mode for removing organic pollutants can be divided into two types:
aerobic digestion and anaerobic digestion. The differences can be found in Table 1. Activated
sludge can rapidly degrade triclosan (61%-91%) (Chen et al., 2015). Compared with other
processes, the main removal mechanism of PPCPs is most often biological (45%), followed by

adsorption in activated sludge tank (33%) and UV radiation (22%) (Salgado et al., 2012).

The main limitation of the ASP is the disposal problem, which may lead to further pollution of

the environment. The sludge amount is hoped to increase from 11.5 million tons to 13 million



18

tons from 2010 to 2020 in Europe (Kelessidis and Stasinakis, 2012). The disposal routes,
including incineration, landfill, and composting, vary from country to country. However, the
agriculture sludge reuse rates in Denmark and Sweden are 50% and 25%, respectively; in these
countries, 50% is landfilled or allocated to construction work (Kelessidis and Stasinakis, 2012;
Malmborg and Magnér, 2015). If not eliminated properly, the PPCPs residues in sludge are
released to the environment through the land application (Martin et al., 2015). Membrane
bioreactors (MBRs) for wastewater treatment involve suspended growth biological treatment
methods (usually activated sludge) and membrane filtration equipment (usually low-pressure
microfiltration or ultrafiltration membrane). For most groups of PPCPs, the removal efficiency is
relatively high. Chtourou et al. (2018) found that UF-MBRs can efficiently remove triclosan by
89.7%. However, considering the cost of membrane materials and the energy requirements
associated with pollution prevention, membrane pollution remains a major challenge in
advancing MBR technology. Dealing with high-strength wastewater containing high
concentrations of pollutants often results in clogging of the membrane due to membrane
characteristics, biomass, and operation conditions (Sabrina et al., 2012). Biofilm is one of the
main technologies for biological wastewater treatment, which is based on the principle of soil
self-purification development. In pilot-scale research, two UV filters achieved >50% removal
efficiency of nine pharmaceuticals through biofiltration (McKie et al., 2016). Biofilters have
great potential for removing organic micro-contaminants because of their low space
requirements, low energy input, and low levels of by-products formation (Chen and Patel, 2012).
Biofilters may potentially be used for in situ biological regeneration to extend the life of
pollutants previously adsorbed on filter media due to their biotransformation (Cegen and Aktas,

2012). For example, a previous study applied zebra mussels (Dreissena polymorpha) in the


https://www-sciencedirect-com.ezproxy.lb.polyu.edu.hk/science/article/pii/S0048969716302194#bb0030
https://www-sciencedirect-com.ezproxy.lb.polyu.edu.hk/science/article/pii/S0048969716302194#bb0030
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biofiltration process for PPCPs removal in wastewaters (Binelli et al., 2015, 2014). For advanced
treatment technologies, chemical and physical processes are combined with biofiltration. For
example, slow sand filters and granular activated carbon are combined with biofiltration to
enhance the treatment efficiency of PPCPs from STPs or water reuse purposes (Azzeh et al.,
2015; Paredes et al., 2016; Pompei et al., 2017; Rattier et al., 2014). Biologically active filtration
has been combined with the ozonation process for PPCPs removal. The ability of ozone to
improve the biodegradability of organics and remove organics by biological filtration was
evaluated via biodegradable dissolved organic carbon analysis method (Lee et al., 2012).
However, in this process, the acute toxicity changes in the combined process were estimated
using luminescent bacteria. The ozone oxidation inhibition rate increased from 9% to 15%. The
concentration of carbonyl compounds (e.g., aldehydes and ketones) as by-products also increased

by 58%, thereby increasing toxicity (li et al., 2015).

Primary Biological Final L
sedimentation treatment sedimentation disinfection

]
—_— ' —_— | R —— —_— — Effluent

—— Direction to fMow

Screening Degritting

Return activated sludge

Figure 2.1 A simple flow diagram of conventional STPs



Table 2.1 Occurrence of selected PPCPs in sewage treatment plants
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Compound Influent Effluent Removal Region References
(ng/L) (ng/L) efficiency
(%0)
BP-3 232 34 85 Hong Kong (Tsui et al.,
2014)
HOMO 262 153 41 Hong Kong (Tsui et al.,
(HMS) 2014)
oC 8 0 =09 Hong Kong (Tsui et al.,
2014)
DEET 600-1200 60-624 69 =21 China (Liet al.,
2013)
66 40 40 China (Wang et al.,
2014)
Triclosan 802 202 77 India (Subedi et al.,
2017)
2300 48 =90 USA (Yu et al,
2013)
547 112 79 Korea (Behera et al.,

2011)
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Chapter 3 Materials and method for tracing PPCPs in wastewater

treatment process

3.1 Background and objectives

The premise of research on PPCPs is to have sensitive and reliable detection methods. Because
the environmental samples are complex systems, there is a wide variety of compounds that are
easily coupled to impurities in sewage samples. Therefore, it is very important to establish an
effective pretreatment method for extracting target substances and effectively removing
impurities. The PPCPs in the environment is mostly of ng/L-ug/L, it is normally to apply an
enrichment process before detection. Establish an appropriate, sensitive and repeatable analytical
method for qualifying selected PPCPs in different wastewater treatment processes is urgently
needed. The common method applied for sample extraction and enrichment in the water sample
is SPE (Rapp et al., 2017). Through the selective retention mechanism of the cartridge in the
solid phase extraction column, the impurity purification process can be completed
simultaneously in the extraction process. In addition, to reduce the effectiveness of inorganic salt,
LLE was also applied for this study. Recently, GC-MS/MS has been widely applied for
determining low levels (ng/L) pollutants in environmental samples (Abdul Mottaleb et al., 2015;
Lopez-Serna et al., 2018; Mottaleb, 2015). GC-MS/MS performs well in sensitivity and
separation efficiency than other commonly used techniques. The detection limit of GC-MS/MS
is significantly reduced compared with that of other technologies. To date, the simultaneous
analysis of multiple PPCPs in environmental water by GC-MS /MS is still limited because the

properties of various substances, such as multiple polarities, solubility, acid dissociation constant
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(pka), partition coefficient (Kow), and stability, may seriously affect simultaneous and subsequent
analysis under acidic and alkaline conditions. The objectives of Chapter 3 were (1) to establish
an accurate and efficient method for the trace analysis of five commonly detected PPCPs in each
unit of STP; (2) to apply this analytical method to study the concentrations of selected PPCPs
from different wastewater treatment processes; and (3) to apply this method to a batch

experiment study, which will be discussed in detail in the following chapters.

3.2. Materials and methods

3.2.1 Materials and chemicals

Analytical grade acetone, methanol (MeOH), dichloromethane (DCM), and ethyl acetate (EA)
were purchased from ACS Company. Milli-Q water was prepared with a Merck™ Ultrapure Lab
Water System. The derivatization reagent, N,O-bis(trimethylsilyDtrifluoroacetamide (BSTFA) +
trimethylchlorosilane (TMCS) (99:1), was purchased from Sigma-Aldrich.

The standards of PPCPs, including N,N-diethyl-m-toluamide (DEET), 2,4,4-Trichloro-2'-
hydroxydiphenyl ether (triclosan), 2-hydroxy-4-methoxybenzophenone (BP-3), 3,3,5-
trimethylcyclohexyl salicylate (cis- and trans- mixture (HMS), 2-ethylhexyl 2-cyano-3,3-
diphenylacrylate (OC), were all purchased from ACS Company with analytical grade
(purity>98%). Isotopically labeled 2-hydroxy-4-methoxybenzophenone-2',3',4',5',6'-d5 (BP-d5)
powder and benzophenone-d10 were obtained from Cambridge Isotope Laboratories
(purity >99%), applied as surrogate standard and internal standard, respectively. Information on

the physiochemical properties of the selected PPCPs is summarized in Table 3.1.
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Table 3.1 Summary of selected PPCPs and their physicochemical properties

Pollutant Another CAS No. Molecular Bulling  log Kow MwW Structure
name formula point atpH=7;  (g/mol)
(°C)
2,4,4'-Trichloro-2'- Triclosan 3380-34-5 C12H:Cl30, 120 4.76 289.54 Cl
hydroxydiphenyl Ether
¢ D—(} >7C\
Ha

N, N-Diethyl-m- DEET 134-62-3 C12H17NO 288 - 1.83/ 191.27 o
toluamide 292 2.02 /\N)KQ/
2-Hydroxy-4- Benzopheno  131-57-7 C14H1,04 224 - 3.8 228.25 OH O
methoxybenzophenone  ne-3 227 “

AT O

H; o
3,3,5- Homosalate ~ 118-56-9 C16H20s 161 - 6.1 262.35
Trimethylcyclohexyl 165
Salicylate (cis- and o]
trans- mixture) &O
OH

2-Ethylhexyl 2-Cyano-  Octocrylene  6197-30-4 C2HxNO, 218 6.9 361.48 O
3,3-diphenylacrylate,

2-Hydroxy-4- Oxybenzone  1219798- C14HgD403 - - o 0
methoxybenzophenone  -(phenyl-ds)  54-5 D =
-2'3' 4.5 6'-d5 D‘CI =G D e !
(Surrogate) g h o

D
Benzophenone-d10 - 22583-75-1  Cy13D100 305 192.28
(1.s) D Pop P

3.3.2 Stock solution preparation

Standard solutions of each individual PPCPs (100 mg/L) were calculated and dissolved in
acetone. The standard solutions were stored in amber glass bottles to avoid photocatalysis and
maintained at 4°C for no more than 2 months. The calibration curve was prepared by a mixture
of individual standards containing the concentrations from 1 pg/L to 1 mg/L (six points) based

on the concentrations detected usually in STPs. The surrogate and internal standard solutions
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were also prepared in 100 mg/L acetone for stock. All glass bottles and test tubes were washed in
Decon 90™ Liquid Detergent (Decon Laboratories™) for 24 h and kept in the furnace for 4 h at

550 °C before use to avoid possible organic contamination.

3.3.3 Sample collection and preparation

The sampling was conducted from May to August 2017. Influent, primary sedimentation,
secondary sedimentation, and after UV disinfection wastewater samples were collected from
Taipo and Shatin, which are two traditional local STPs of Hong Kong. All the 4 L amber glass
bottles were pre-cleaned to avoid possible contaminations. The operation parameters of two local
STPs and sampling locations can be found in Table 3.2 and Figure 3.1. Both two STPs are

secondary treatment plants, the sewage source composition is slightly different.

All samples were transported to the laboratory at 4 °C. The supernatant samples were filtered
through a 0.2 pum cellulose nitrate membrane. Filtrates were stored in the dark at 4 °C, then
pretreated (SPE) within 24 h. The operation conditions of the STPs are provided in Table 3.2.
Both Taipo and Shatin are secondary treatment plants. The sewage composition is slightly
different, Shatin is mainly treated domestic wastewater and Taipo is treated for the mixture of
domestic and introital wastewater.

Table 3.2 Sampling sewage treatment plants operation parameters

Name Plant type Population Major land use Average HRT (h)  SRT (day)
Equivalent (nearby) daily flow
(m3/day)
Shatin Major Secondary 600,000 Residential 250,000 19 15

Secondary treatment processes including
(1) screening of coarse material; (2) settlement of grit particles; (3) primary sedimentation of
suspended matter (4) biological treatment of sewage

Taipo Major Secondary 370,000 Industrial 94,300 16 20
Residential
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Secondary treatment processes including
(1) removal of coarse solids; (2) filter of grit; (3) primary sedimentation; (4) biological treatment for
primary sewage (5) anaerobic digestion for surplus activated sludge

(Source: https://www.dsd.gov.hk/TC/Home/index.html)

A sampling 5TPs /JJ’J%

— Effluent discharge direction

---- Tunnel

A: Shatin STP

B: Taipo STP
MNew Territories

Figure 3.1 Sampling locations of two STPs

3.3.4 Solid-phase extraction

A standard mixture of 100 ng/mL of each standard in acetone, the surrogate standard of 1 mg/L
oxybenzone-(phenyl-ds) in acetone, and internal standard of 1 mg/L of benzophenone-d10 in
acetone were prepared. SPE cartridge was obtained from Oasis HLB (6 mL, 500 mg, Waters).

The procedures were presented in following section:


https://www.dsd.gov.hk/TC/Home/index.html
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1) Added 100 pL of 1 mg/L surrogate standard to 250 mL of water sample;
2) Preconditioned the cartridge with 6 mL of DCM/MeOH (4:1 V/y), 6 mL of 5% acetone in
hexane at a rate of 1 drop per second, and 6 mL of Milli-Q water;
3) Loaded the sample with a flow rate of about 1 drop/s;
4) Reconditioned the HLB cartridge using 15 mL of Milli-Q water and evaporate it to dry under
vacuum
5) Eluted the HLB cartridge with 15 mL of eluant of DCM/MeOH (4:1 V1\)
6) Evaporated the eluant under 45°C water bath and dry the eluent with N2 gas
7) Dissolved the concentrated sample with 5% acetone in hexane to 1.5 mL
8) Added 20 pL of internal standard and evaporate it to dryness
9) Reconstituted the extract in 100 uL of BSTFA+1% TMCS and incubate the mixture in 70 °C
oven for 1 h.
10) Prepared for GC-MS/MS analysis

All experiments were carried out in duplicate. The 250 mL Milli-Q water was applied as a
blank sample, and control groups were spiked with a standard solution mixture of selected
PPCPs, which omitted SPE procedures. All other steps were the same. This method was

modified from the literature (Li and Zhang, 2010; Lépez-Serna et al., 2018).

3.3.5 GC-MS/MS analysis

The GC-MS/MS device was purchased from Agilent Technologies (7010 GC/MS Triple Quad).
The column was a DB-5 ms Ultra Inert with a length of 30 m, 0.25 mm ID, and 0.1 pm film
thickness for PPCPs analysis. The operation parameters were as follows: injection volume of 1

uL, oven heater of 300 °C, interface temperature of 280 °C, pressure of 11.65 psi, total flow of
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44 mL/min, septum purge flow of 3 mL/min, gas saver of 20 mL/min after 5 min, injection pulse
pressure of 20 psi until 0.25 min, and purge flow to split vent of 40 mL/min at 1 min. The
temperature program was as follows: 120 °C held for 1 min, ramp 1 from 15 °C to 180 °C, ramp
2 from 8 °C to 260 °C, ramp 3 from 20 °C to 300 °C, and held for 15 min. Time segment 1 was
from 9 min to 10.5 min, segment 2 was from 13 min to 14.8 min, segment 3 was from 15 min to
16 min, and segment 4 was from 185 min to 20 min. For optimal accuracy, each
chromatographic run was divided into four-time segments for improving the data collection

precision of MS (Table 3.3).

Table 3.3 lons monitored and SIM acquisition windows for the GC-MS determination

Pollutants Retention time (min) m/z (dwell time, msec) Time
Segment

DEET 9.481 119 (100) 1
190 (50)
191 (50)

I.S. 10.005 110 (100) 1
192 (50)
193 (50)

HMS 13.967 195 (100) 2
196 (50)
193 (50)

Surrogate 14.608 290 (100) 2
291 (50)
247 (50)

Triclosan 15.114 200 (100) 3
347 (50)
345 (50)

BP-3 14.642 151 (100) 3
227 (50)
228 (50)

oC 19.938 249 (100) 4
204 (50)
250 (50)
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Figure 3.2 GC-MS chromatogram of 10 mg/L mixture standard target pollutants

3.3.6 Quantification

The internal standard method was applied in this study. About 20 pL of 50 pg/L internal
standard was added to water samples before instrumental analysis. Compound identification was
confirmed by GC retention time and qualifier ions (usually molecular ion and one or two
fragment ions) as shown in Table 3.2. The ratio of the standard solution concentration to the IS
concentration was used as the ordinate of the standard curve. The selected PPCPs compounds
were quantified by comparing peak areas of the most intensive ion of each compound with the

peak area of the internal standard.
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3.3 Results and discussion

3.3.1 Limit of quantitation (LOQ) and repeatability

LOQ is defined as all acceptance criteria and quantitative values within £20% of the target
concentration. If the average within this range is within 20%, the researchers generally consider
the GC-MS control values to be acceptable. The value can be quantitated based on the signal-to-
noise approach. The signal-to-noise ratio was determined by comparing measured signals from
samples with known low concentrations of analyte with those of blank samples and by
establishing the minimum concentration at which the analyte could be reliably quantified. A

typical signal-to-noise ratio is 10:1 (Hao et al., 2007).

The recovery rate was calculated as follows:

Recovery (%) :E X 100

Where a: concentration of theoretical spiked concentration.
b: concentration of surrogate in the derivatized sample

A 10 ng/mL QC sample was used to evaluate analysis repeatability. The results were obtained
from mutually independent tests, which used the same method to aliquots of the same sample
under the same conditions (e.g. same operators and same equipment at the same laboratory over
a short time period). Moreover, 20 pL of the 50 pg/L surrogate was added to the sample prior to

instrumental analysis.

Table 3.4 PPCPs recovery from ultrapure Milli-Q water spiked mixture standard

Compound Units Batch DI Blank Recovery (%)

BP-3 ng/L <MDL 101-105
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DEET ng/L <MDL 92-102

HMS ng/L <MDL 85-96
oC ng/L <MDL 89-102
Triclosan ng/L <MDL 94-104
I.S. ng/L <MDL 89-97

Note: DI blank represents ultrapure Milli-Q water field blank samples

Table 3.5 The linearity range, correlation coefficient (R?), recovery, repeatability, MDL,
and LOQ of the target compound

Compound Correlation Repeatability MDL (ng/L) LOQ (ng/L)
coefficient (R?)  (RSD), n=5
®(ng/L)
DEET 0.998 5.6 0.1 0.56
BP-3 0.997 5.9 0.05 0.32
HMS 0.998 4.0 0.08 0.28
ocC 0.996 7.6 0.06 0.25
Triclosan 0.999 4.2 0.07 0.35

a: Concentration range is 1 ng/L to 1000 ng/L

b: calculated as 10 times the standard deviation of their responses in procedural blanks (b=5)

divided by the slope of calibration curves

3.3.2 Method detection limit (MDL)
The defined method detection limit (MDL) was the minimum measured concentration of the
substance, and the difference between the measured concentration and the method blank result

was reported with a 99% confidence level following the method of USEPA (USEPA 2016). The
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mean determined concentration plus three times the standard deviation of a set of method blanks

were calculated.

3.3.3 Method application for sewage sample from different treatment processes

The concentrations of the selected PPCPs in influent, primary sedimentation, secondary
sedimentation, and effluent from both Taipo and Shatin STPs were determined by the developed
analytical method in August 2017. The sample collection and pretreatment can refer to the above

sections.

Table 3.6 The concentration of target pollutants in two local STPs

DEET BP-3 HMS oC Triclosan

Shatin Taipo  Shatin  Taipo Shatin  Taipo  Shatin  Taipo  Shatin Taipo
Influent 118.0 89.1 334.3 292.0 657.1 1423 125.2 66.3 586. 791.3

6
Primary 1239 87.2 66.7 78.8 1976 256 66.6 231 174, 2281
treatment 3

Secondary  24.7 209 141 236 63.2 51 36.7 8.1 55.8 63.8
treatment
After UV 21.8 188 123 222 556 4.9 337 7.8 53.0 58.7
disinfection




900

800

700

Concentration (ng/L)

300

200

100

Figure 3.3 Removal efficiency of selected PPCPs in Shatin STP

600
500

400

Influent
Primary sedimentation
Secondary sedimentation

i Effuluent (after UV)
B =
L %%

DEET Triclosan BP-3 HMS ocC

Shatin STP

32



33

Influent
900 - Primary sedimentation
r Secondary sedimentation
800 |- Effuluent (after UV)
700 -
< 600 -
\g B ==
< 500 |-
S -
2 L
e 400
[<5]
e L
8 300 | _
i 7
200 >
100 -
0 eﬁﬁ 1 W 1 W 1 % 1 Iél%_‘
DEET Triclosan BP-3 HMS ocC

Taipo STP

Figure 3.4 Removal efficiency of selected PPCPs in Taipo STP

In this study, the concentrations of different units in STPs and removal efficiency of each
process were studied. For DEET, the ranges varied from 21.8 to 118 and 18.8 to 89.1 ng/L in
Shatin and Taipo, respectively. This slight difference between the two plants may be due to the
different sewage sources composition of the two plants. Shatin treated more residential sewage
than Taipo, which resulted in more DEET detected in Shatin. The removal efficiency in
secondary treatment was the highest. Similarly, concentrations dropped significantly below 20—
36 ng/L after the second treatment step. Effluents ultimately contained 20-23 ng/L DEET

(Aronson et al., 2012). Stinson (2007) compared DEET removal in four secondary STP treatment
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plants, and the elimination rates were 55%-99%, 78%-99%, and 90%—-99% (the median removal

rate was 24%).

The concentration of BP-3 ranged from 12.3 to 334.3 and 22.2 to 292 at the level of ng/L in
Shatin and Taipo, respectively. The HMS and OC concentrations varied from 55.6 to 657.1, 55.6
to 142.3, 33.7 to 125.2, and 7.8 to 66.6 ng/L. BP-3 is one of the dominant UV filters in the water
matrix. The inlet load is arranged in the order of BP-3 > OC. The concentrations of treated
wastewater (STP sewage) are quite low, and BP-3 and OC have also been detected in lakes and
rivers in central Switzerland (Limmat), receiving inputs from STP and recreational activities
(Balmer et al., 2005). In another study, UV filters at OC and HMS were detected in water during
three sampling periods, with concentrations ranging from 34 to 2128 at ng/L level, for a total
removal rate of 28%—43%. It was indicated that UV filters are not eliminated during treatment
and can be released into the environment by water reuse process (Li et al., 2007). This
concentration can be lower than that in other regions. For example, the total concentrations of
UV filters over the three sampling seasons were 62.9-412 (surface water), 122-5055 (STP inlet),
108-2201 (STP outlet) ng/L (Ekpeghere et al., 2016). In Canada, UV filters and stabilizers were
also studied in 9 STPs; results indicated 483 and 76.2 ng/L in the STP inlet, 28.4 and 4.84 ng/L
in the STP outlet, and 2750 and 457 ng/g (dry weight) in biological solids (Lu et al., 2017). The
median concentration of all detectable UV filters is <250 ng/L. BP-3 has more threat to fish than
OC, and a high bleaching risk in Hong Kong’s aquatic recreation districts has been reported
(Tsui et al., 2014). Biological treatment is the dominant unit to the removal of UV filter
compounds in STP in the previous study (Zhao et al., 2017).

As a commonly detected compound in STPs, triclosan has been studied extensively. The

concentration ranged from 53 to 586.6 and 58.7 to 791.6 at the ng/L level in the two local plants.



35

Unlike other PPCPs, the concentration of triclosan in Taipo was higher than that in Shatin. In
another study in Hong Kong, the average concentration of Shatin STW previous reported value
was 372.3 ng/L, with the least triclosan load in water. The mean influent concentrations in rainy
and dry seasons were 329.4+16.3 and 415.3 =18 ng/L (Tohidi and Cai, 2015). In sludge, the
maximum triclosan concentration was 8.47 pug/g, which indicated that activated sludge was the
dominant removal mechanism of triclosan (Juksu et al., 2019). A similar conclusion was drawn

in this study.

3.4 Summary

The occurrence of five commonly detected PPCPs in sewage treatment (influent, primary
treatment, secondary treatment, and effluent) was determined by LLE, SPE, and GC-MS/MS.
The method validation study results indicated that the five selected pollutants were separated
well within 30.0 min. Thus, the whole method was precise and repeatable, and it could be
applied in multiple wastewater matrices at a low detection limit. Five PPCPs were detected in the
inlet and outlet samples of STPs at several sites by using this method. Experimental results
showed that the method was effective (more than 50%) in monitoring PPCPs in different sewage
substrates. The concentration of target pollutants varied even in the same city. Moreover, the
results proved that biological treatment could remove most pollutants compared with primary

treatment and UV disinfection.
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Chapter 4. Removal routes of PPCPs in the activated sludge

4.1 Background and objectives

The present studies on PPCPs in STPs mostly focused on investigating the concentrations in
water and sludge. However, the removal mechanism of each treatment process was usually
determined as the basis of the on-site sampling results. Previous results revealed that efficiency
varies from 20% to 99%. Target pollutants were mostly eliminated in the biological treatment

process, but the removal mechanism of target pollutants in activated sludge remains unclear.

This chapter aimed to investigate the elimination routes of selected PPCPs in activated sludge
under aerobic conditions. The main objectives were as follows: 1) determine the removal routes
in ASP, including biodegradation, adsorption, volatilization, and hydrolysis of five PPCPs; and 2)

conduct biodegradation kinetics studies on five PPCPs.

4.2 Materials and methods

4.2.1 Experimental set-up

A mixed slurry sample of aeration tanks from Shatin STPs was utilized for the batch
experiment conducted with hydraulic retention time (HRT) of 10 h and sludge retention time
(SRT) of 12 days. In the batch experiment, five reactors, also included the two controls reactors
(2 L glass reactors) filled with 1.5 L of slurry sewage sampled from the biological treatment

process were running simultaneously for 48 h at 25°C following five controls. The removal

mechanisms for organic pollutants in activated sludge were biodegradation, adsorption,

volatilization, and hydrolysis (Li and Zhang, 2010; Min et al., 2018). The duplicate reactors with
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all removal routes were established. Treatment A included all four removal routes; treatment B
comprised three removal mechanisms (adsorption, volatilization, and hydrolysis) because the
biodegradation behavior was inhibited by 1% NaNs (Wu et al., 2009); treatment C considered
only volatilization and hydrolysis as the removal mechanism, and treatment D was conducted to
investigate the hydrolysis effect of PPCPs. Control E was responsible for investigating the
impact of PPCPs on the microbial community activity. On the basis of the concentrations of each

reactor, the removal routes could be calculated as follows:

Biodegradation = A - B

Adsorption=B - C

Volatilization=C - D

Hydrolysis = D

The standard solutions of target PPCPs were spiked into the rectors, each compound obtained a
concentration of 100 pg/L. Samples were obtained 12 times at 0, 0.25h,0.5h, 1 h, 2 h,5h, 10 h,
15 h, 24 h, 36 h, and 48 h. All glass bottles were covered with foil film to avoid possible

photolysis.

4.2.2 Sample preparation

In Chapter 3, the five commonly detected PPCPs were selected as target pollutants, namely,
DEET, triclosan, BP-3, HMS, and OC. 5 mL of the liquor samples were grabbed by a glass
syringe and centrifuged at 4000 rpm for 10 mins to separate the solid insoluble contaminants. 2

mL was collected into amber vials and rest filtered sample was discarded. The samples were then
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filtered by a 0.2 um cellulose nitrate membrane. The treated samples were stored at 4 °C in dark
and ready for extraction procedures. LLE was applied before SPE to decrease the salt

concentrations in samples and the efficiency of SPE. The procedure was as follows:

1) Added with 5 mL of EA

2) Vortexed the mixture for 30 s

3) Centrifuged the mixture at 1500 rpm for 15 min
4) Collected the EA layer by using a glass dropper
5) Repeated steps 1) — 4) for two times

6) Combined the EA layer and evaporate it to dryness under N> steam

7) Reconditioned into 1 mL of 4% acetone in hexane and ready for SPE

8) Proceeded with GC-MS analysis.

4.2.3 Sample preparation and instrument analysis

The sample preparations including centrifugation, filtration with 0.2 pum cellulose nitrate
membrane to sperate the bacteria in sludge and ready for preliminary concentrated and extraction
processes (Li and Zhang, 2010). The pretreatment extraction of samples, including LLE, and
SPE, were conducted as soon as possible after the sewage sample collected from the STPs
(within 48h). The water samples were prepared in duplicate. GC-MS/MS (Agilent) was applied
to analyze PPCPs using the selected ion monitoring mode. Detailed information on the analytical

method was reported in the previous section.
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The following equations were performed for the Pseudo kinetics zero-order models, first-order

models, and second-order models performed in equation (1), (2) and (3) to fit the biodegradation

data.
dc
Zero-order model: — = —K,
: dc
First-order model: - = —K, - C
dc 5
Second-order model: —= = —K, - C~

Co: the concentration of selected PPCPs at time 0

Ct: the concentration of selected PPCPs at time t

Thus, half-lives (t12), when C; = 3 Co, t12 can be calculated as

4.3 Results and discussion

4.3.1 Elimination mechanism of PPCPs in ASP

During the 48 h of investigation of the five target pollutants,

1)

)

3)

In2 1

o' T, o respectively.

hydrolysis and volatilization were

ignored based on the results of treatments C and D with the removal efficiency around 1%. Only

biodegradation and adsorption are discussed in detail in this section. The different performances

of specific pollutants were investigated by comparing the physical and chemical characteristics

of the target pollutants.
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43.1.1 DEET

More than 79% of DEET can be removed by biodegradation, and adsorption contributes around
6% removal. The adsorption equilibrium was reached around 16 h in the ASP (Figure 4.1). On
the basis of the estimated physical properties for DEET, DEET was not significantly adsorbed to
sludge; its Henry’s Law constant (2108 atm-m®mol) suggested that it could not significantly
volatilize during aeration (USEPA 2011). The study of bacteria degrading DEET indicated that
in pure culture process, DEET may be transferred to identifiable metabolites. N,N-diethyl-m-
toluamide-N-oxide, Nethyl-m-toluamide-N-oxide, and N-ethyl-m-toluamide were identified as
three metabolites by the soil fungi (Cunninghamella elegans) study by Seo and coworkers (2005).
N,N-diethyl-m-toluamide-N-oxide, Nethyl-m-toluamide-N-oxide were tested toxicity to Daphnia
magna during the continuous time for 48 hours and 96 hours. N-ethyl-m-toluamide and DEET
were found had similar toxicity with each other, whereas N,N-diethyl-m-toluamide-N-oxide was
much less toxic than N-ethyl-m-toluamide. It was reported Pseudomonas putida DTB, which
was able to utilize DEET as a sole carbon and energy source. DEET can transfer to 3-
methylbenzoate, followed by rapid conversion to 3-methylcatechol without metabolites

appearing (Rivera-Cancel and coworkers, 2007).

4.3.1.2 Triclosan

In this study, approximately 71.4% of triclosan was biodegraded, and 24.8% of the pollutant
was found to be adsorbed on sludge (Figure 4.2). Triclosan is relatively hydrophobic (log Kow =
4.76), and its high sorption constant (log Kq = 4.3) suggests that triclosan will be absorbed onto
sludge biomass (Singer et al., 2002). Therefore, biodegradation and sorption were considered as

the mechanisms of triclosan removal. In a laboratory-scale study with a bioreactor, 75% of
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triclosan was removed under aerobic conditions within 150 h (Chen et al., 2011). Sampling in the
same STP (Shatin STP, Hong Kong), Tohidi and Cai (2015) found a sharp decrease in the
triclosan concentration after biological treatment, thereby indicating the involvement of two
probable processes: biodegradation of triclosan and sorption to biomass. Their results
demonstrated that 79% of triclosan is biodegraded in a typical secondary treatment plant ASP,
whereas 15% is adsorbed to the sludge. As a result, the 6% residues discharged into the
receiving surface water (Luo et al., 2014; Singer et al., 2002). However, in another study,
activated sludge’s ability to biodegrade triclosan was reported to be dependent on biomass
acclimatization, resulting in a mean biodegradation rate of 97% (Stasinakis et al., 2007). It was
investigated that triclosan has been removed in the biodegradation process with different rates
depending on the experiment conditions (Veetil et al., 2012). To conclude, both mentioned

biodegradation and adsorption processes could be involved in triclosan reduction in ASP.
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4.3.1.3 UV filter

The transformation routes of UV filters in activated sludge are rarely studied (Figure 4.3-4.5).
The biodegradation and adsorption rates of different kinds of UV filters vary. The biodegraded
and adsorption rates of HMS, BP-3, and OC accounted for 40.5% and 12.9%; 72.3% and 17.7%,
and 11.7% and 50%, respectively. The different results may be due to the hydrophobic
coefficient and sorption constant. Compared with other studies, sorption onto biomass played a
significant role in the removal of organic sunscreens. The removal of OC, the adsorption
accounted for 52%-90% of the STP inlet removal rate. On the other hand, biodegradation played

a dominant role in BP-3 (Liu et al., 2012a). The ranges of different studies were generally similar
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and could be explained by high degradation rates (60%—-90%) for the UV filter. Sorption onto
sludge was the dominating factor driving elimination for OC with Kq values higher than 5000

L/kgSS (Kupper et al., 2006).

4.3.2 Biodegradation mechanism of PPCPs

It was known that pseudo-first-order degradation kinetics was observed for all compounds
down to nanograms per liter level, the removal rates could be predicted for various reactor
configurations (Tchobanoglous et al., 2003). Therefore, the reduce of sludge biomass will reduce
the degree of biological removal efficiency. The sewage separation and source treatment are
conducive to eliminating persistent micropollutants in the process of centralized end-of-pipe
treatment. This has a positive effect on the typical reactor configuration of organic removal in
municipal wastewater, and the deduction formula of predictive removal behavior allows the
determination of the pollutant type according to their degradation (Joss et al., 2006).

The first-order R? and t1/> values ranged from 0.94 to 0.98 and 3.30 h to 6.93 h, respectively. In
the comparison of the zero-, first-, and second-order models, the biodegradation kinetics of the
five PPCPs matched the first-order kinetics model well (Figure 4.6-4.10). However, only a few
studies provided information about the half-life of the selected PPCPs. A previous study
estimated ti» to be 54-86 h in activated sludge diluted 10 times (Chen et al., 2011). The
biodegradation t1» for BP-3 was 10.7 days in diluted activated sludge under oxic conditions (Liu

etal., 2012b).
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4.3.3 Sludge adsorption mechanisms of PPCPs

Activated sludge contains not only microbial cells, but also extracellular polymers (EPS), which
are macromolecules composed of polysaccharides, proteins, proteins and nucleic acids (Tian et
al., 2006). The anionic (e.g., -COO~, -SH~, -S04, -HPQO4") and cationic (e.g., -NHs") represent
a large number of functional groups, which are involved in adsorption of various organic
compounds or other compounds (Wang et al., 2018). In the previous studies, it was reported the
metal fixation ability and dye removal of EPSs from activated sludge (Maderova et al., 2016;
Zhang et al., 2016). The bacteria are present at the isoelectric point in the activated sludge when
the pH ranges 2-4. Therefore, their surface will be negatively charged at higher pH. Some
pretreatment processes can alter the adsorption capacity of microbial biomass (e.g. autoclaving)

because high-temperature treatment destroyed the cell leads to the surface area increasing of



50

biochar (Maderova et al., 2016). The potential for pollutants adsorbed on sludge needs to be

further investigated to understand the interaction between PPCPs and EPS.

4.4 Summary

Selected PPCPs at environmentally relevant concentrations removal routes were studied in ASP
with the major conclusions as follows:

It can be drawn to the conclusion that biodegradation and adsorption were the dominant
removal mechanisms of selected pollutants, whereas volatilization and hydrolysis can be
negligible. Kinetics study results indicated that the selected five PPCPs fitted the first-order
model (R% 0.942-0.980) with the rate constants ranging from 0.10 h* to 0.21 h* (Table 4.1).
Removal mechanisms greatly affected by the physicochemical properties (e.g. acid dissociation
constant, distribution coefficient between water and octanol) of specific compounds. The
elimination routes can vary even the target pollutants belongs to the same group. Among the five
target PPCPs, DEET, triclosan, and BP-3 were predominantly removed by biodegradation in the
activated sludge system. OC was mainly removed by adsorption. Generally, they all be removed
most in the sewage treatment process, but still existing after treated. Since the types of pollutants
are constantly updated, it is necessary to improve existing treatment methods. Adding
environmentally friendly new materials such as biochar to increase the absorption rate shows

great potential. The hypothesis will be discussed in the following sections.
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Zero-order kinetics:

First-order kinetics:

Second-order

kinetics:

C,—Cy =Kyt C, = Cye Fat c,
C, =
1+H, ¢

Target  Co-Ci Ko R2  Co-C: ki(h twr R*® Co Kax R?
pollutant  (ug/L) ug/(L-h) (ug/L) D) (h) (ng/L 1073
S ) (L/p

g-h)
BP-3 73.1 1.33 0.74 66.47 015 462 096 955 6.25 0.85
DEET 81.0 1.75 0.73 79.74 0.10 6.93 098 101.2 244 0.97
oC 11.8 0.25 0.68 12.68 011 6.30 097 995 256 0.96
Triclosan 75.2 1.50 0.65 76.45 014 495 098 1053 6.18 0.87
HMS 41.3 0.71 0.68 35.99 021 330 094 1005 421 092

Lo InZ
ti2 can be calculated as -, e FaC

respectively.
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Chapter 5 Removal of PPCPs in ASP under difference redox

condition with biochar

5.1 Background and objectives

Biochar, like ordinary carbon, is the product of the pyrolysis of biomass energy raw materials.
Its main component is carbon molecule has become a popular amendment in wastewater
treatment. (Tan et al.,, 2016). The biochar with the properties of cost-effective pollutant
stabilization, carbon sequestration, water retention, and enhanced enzyme and microbial activity
(Gwenzi et al., 2017). Proper application of biochar plays an active role in mitigating global

warming because it can stably ‘lock’ carbon for hundreds of years. More importantly, in addition

to its wastewater and soil improvement function, some by-products produced in its production

process are of great economic attraction.

The adsorption performance of biochar is affected by the biomass and pyrolysis
process/temperature. During pyrolysis process, biochar produced at the temperature around
300 °C (low temperature) contains more oxygen-containing functional groups, while biochar
produced at 500 °C - 700 °C (high temperature) contains a larger surface area and many
micropore (Ahmad et al., 2014; Mohan et al., 2014), which influence their capacity for

immobilization.

Biochar shows great potential as a water remediation sorbent because of its raw materials
widely availability, low cost and large surface area (Tan et al., 2015). Because the ability of
biochar to remove various contaminants depends on their physical and chemical properties,

which are strongly influenced by biomass composition, pyrolysis temperature process, and
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pyrolysis conditions (Ahmad et al., 2014; Reddy and Lee, 2014; Yao et al., 2013). Therefore,
selecting appropriate biochar for pollutant removal is essential for wastewater treatment
applications. Another advantage of biochar application is that toxic metabolites produced by
biotransformation are not exist during the adsorption process. For example, 4-cresol and 2,4-
dihydroxybenzophenone are two metabolites of biodegradation of BP-3 under oxic and anoxic
conditions. The biotransformation of BP-3 to 2,4-dihydroxybenzophenone by demethylation of
the O-demethylation occurs in cultures under different redox conditions (Liu et al., 2012b).
Therefore, biochar technology has minimal toxic effects and improved treatment efficiency. Rice
husk is agricultural waste, but recent studies have transformed such solid waste into biochar for
carbon sequestration. On the basis of the results of Chapters 3 and 4, adsorption can be one of the
dominant mechanisms to remove target pollutants in sewage. Biochar was selected as the

treatment technology to enhance adsorption efficiency.

Investigating the removal mechanisms of PPCPs under different redox conditions plays a
significant role in determining wastewater treatment processes and predicting the fate of these
selected pollutants once released into the environment, such as groundwater recharge, riverbank
filtration, and flood condition. Also, the redox condition can affect the biochar removal
performance by changing pH value in the solution (Liu et al., 2012). Different metabolites are
produced under aerobic and anoxic conditions, such as BP-8 or DEET residues of N,N-diethyl-
m-toluamide-N-oxide (Greskowiak et al., 2006). Therefore, the degradation behavior in both
aerobic and anaerobic processes are different. In addition, under anoxic conditions, some
pollutants are easier to remove than under aerobic conditions, although there is general evidence

that higher oxidation potential under aerobic conditions is beneficial to its degradation.
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The objective of Chapter 5 aims to investigate the removal behavior of five PPCPs under
different redox conditions to understand the complete removal routes of PPCPs in full-scale STP.
The impact of redox condition on pH, removal rate and microbial community were also been
determined. In this section, the rice husk (agricultural waste) biochar produced at 550 C was
applied as wastewater remediation material to study the difference of pollutants removal
performance under redox conditions. A highly sophisticated automated biogeochemical

microcosm system was utilized for a 56h continuous study.

5.2 Materials and method

5.2.1 Rice husk-derived biochar preparation

Biomass of rice husk was collected from Guizhou Province, China, washed with deionized
water, air-dried. The sample then grounded and sieved under 1 mm metal sieve. Rice husk-
derived biochars were produced at 550 °C with a heating rate of 7 °C min in accordance with the

described method by Lou et al. (2016a, 2016b).

5.2.2 Rice husk-derived biochar adsorption of PPCPs kinetics study

The target pollutants and standard solution preparation method are the same as discussed in
Chapter 3. A batch experiment was set up to determine the adsorption kinetics and removal
efficiency of biochar in aqueous media. The rice husk-derived biochar was added into Milli-Q
water with the dosages of 0.25%, 3%, and 5% in a 40 mL reagent glass bottle (Sophia and Lima,
2018). The final concentration of spiked target pollutants in solution was 100 pg/L. A blank

group (no PPCPs) and control group (no biochar) were also established for QC. The optimum pH
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(pH 7-8) for PPCPs adsorption and shaking speed of 150 rpm were maintained during the kinetic
experiment. The residence time was varied at 0, 15, and 30 min and 2, 4, 8, 10, 15,and 24 h. A 3
mL mixture was sampled by a syringe (10 ml) and filtered through a 0.45 cellulose membrane.
After each run, the samples were analyzed for five PPCPs concentrations as described above. All

samples were prepared and sent to GC-MS/MS for 48 h.

5.2.3 Removal kinetics of PPCPs under different redox condition with biochar

The study applied an automated biogeochemical microcosm system (bioreactor) which
occupied an automatically pre-setting redox windows and a dynamic recording system. The
mechanisms and technical details can be found in Yu and Rinklebe (2011). It has been applied
for previous studies for soil remediation studies (Frohne et al., 2015; Rinklebe et al., 2016a).
However, it is the first time that this system has been applied to the study of PPCPs in sewage.
The simple scheme of the system can be found in figure 5.4. All microcosms were covered by
aluminum foil to avoid possible photolysis. Two 2 L continuous glass stirred-tank reactors were
coupled with 1.5 L of liquor collected from a conventional STP ASP tank in Wuppertal,
Germany (Klarwerk Buchenhofen). The plant served around 360,000 residents, with a capacity
of 3,564,455 m3 per year. Oxidizing conditions were considered as > 100 mV in this study. The
En value of fresh activated sludge was 200 + 30 mV as determined by testing with the En sensor
from the system. Defined En (redox potentials) windows were examined from +200 mV to 0 mV
and -200 mV, which were set 24 h before sampling and maintained by the automated flushing of

N2 and synthetic air/Os.

Standard solutions of target PPCPs were pre-spiked into the rectors (final concentration for 100

ug/L). All systems were covered by foil film to avoid possible photolysis. The kinetic study was
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sampled at different times of 0, 1, 2, 3, 4, 8, 16, 24, 32, 40, 48, and 56 h. As explained in Chapter
4, five PPCPs (DEET, triclosan, BP-3, HMS, and OC) belonging to three were selected as the
target pollutants. Subsequently, 5 mL slurry samples were collected by syringes. The samples
were centrifuged for 10 min at 4000 rpm and filtered through 0.2 mm cellulose nitrate
membranes (Whatman Inc., Maidstone, UK) immediately under N2 atmosphere. In order to avoid
any effect of oxygen, the entire sample separation was carried out in an anaerobic work station
(MK3 Anaerobic WorkStation, Don Whitley Scientific, Shipley, UK), which maintained the
oxygen concentration within 0%-0.1% automatically. The slurry samples were stored at 4 °C and
prepared for extraction procedures. The sample preparation procedures were conducted as

described in Chapters 3 and 4.

5.3 Results and discussion

5.3.1 Rice husk-derived biochar characterization

Selected properties of rice husk-derived biochar produced at 550 °C and pH 7.3 (pH determined
in 1:20 soil-water suspension) are shown in Table 5.1. Biochars with high concentrations of Ca,
K and Mg may promote specific zm-interactions and increase the adsorption of aromatic
compounds (Oh et al., 2013). Therefore, the main reason for biochar adsorption in this study is
n-interactions and electrostatic attraction was believed to be the major adsorption mechanism.
Scanning electron microscopy (Sem, Quanta 250 FEG) was performed to study the
morphological and elemental composition of the rice husk-derived biochars produced (Figure 5.1)
(Ahmad et al., 2014). Also, the Figure 5.2 indicated that the rice husk-derived biochar is very
porosity and high potential and large number of surface area. Based on the BET analysis, the
surface area is 1.37 m?/g and average pore size of 6.9 (d, mm) which is similar with the results

from Leng et al. (2015).



5.3.1.1 Scanning electron microscope (SEM)

Figure 5.1 SEM-energy dispersive X-ray spectroscopy (EDX)

Table 5.1 Quantitative results of the rice husk-derived biochar samples

Element Weight% Weight % Atom % Atom %
Line Error Error
C 57.01 +0.31 66.67 +0.36
0] 32.66 +0.41 28.67 +0.36
Na 0.18 +0.03 0.11 +0.02
Mg 0.12 +0.04 0.06 +0.02
Si 4.94 +0.09 2.47 +0.05
K 2.21 +0.11 1.00 +0.05
Ca 1.34 +0.06 0.48 +0.02

Total 100.00 100.00
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Figure 5.2 The SEM image of rice husk-derived biochar

5.3.1.2 Raman analysis of biochar structure

The ratios peak area (I) of the integrated intensity of major Raman bands indicates the alteration
in biochar structure (crystalline or graphite-like carbon structures). The ratio (the Ip/lg ratio)
between the D band (1300 cm) and G band (1590 cm) of the material explains the ratio of
defective structure to ordered structure (Li et al., 2006). The high Ip/lg ratio normally represents
a small number of ordered carbon structures in biochar. In this study, the Ip/lg ratio values
obtained as 0.89 which indicated that a relatively high percentage of structural defects (Teo et al.,

2016).
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Figure 5.3 Curve-fitting of a Raman spectrum of the rice husk-derived biochar

5.3.2 Rice husk-derived biochar adsorption of PPCPs kinetics study

The majority of previous studies applied 0.25%, 3%, and 5% rice husk-derived biochar dosages
for wastewater and sewage treatment (Kalderis et al., 2017). In this work, the adsorption
percentage ranged from 37.04% (0.25% biochar of DEET adsorption) to 99.21% (0.25% biochar
of triclosan adsorption) (Figure 5.5-5.9). The standard derivation ranged from 0.002 to 7.42,

which indicated that the experiment had good repeatability.
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For DEET, the different biochar amounts changed the removal performance. The adsorption
behavior occurred before 10 h. The removal rate increased with increasing biochar amount
applied in the solution (5%> 3%> 0.25%). However, before 6 h, the removal rate of 3% biochar
dosage was higher than that of 5% biochar dosage. Compared with sludge adsorption, UV filter
is much easier adsorbed on biochar than biomass. BP-3 achieved the highest adsorption removal
(~99%), and HMS and OC showed a good response to biochar adsorption. These results
indicated that the different amounts of biochar exerted no significant effect on BP-3 removal. For
HMS, the highest removal rate appeared in 0.25% biochar, which was opposite to that of OC.
The performance for triclosan was highly similar to that for BP-3; that is, a high removal rate

without any difference in biochar amount was obtained.

Hydrophobic interactions between the adsorbate and adsorbent can increase the removal ability.
The amount of chlorophenol adsorbed increased with the increase of adsorbate and
hydrophobicity of adsorbent (Yang et al., 2016). The O/C ratio (Table 5.2) indicates of the
hydrophobicity of the biochar surface. Stronger the aromaticity and hydrophobicity of biochars
the lower this ratio. It is due to the degree of carbonization and the loss of polar functional
groups. (Kasozi et al., 2010). However, the ratio hypothesis cannot explain the adsorption
capacity, suggesting that hydrophobicity is not the main mechanism. PPCPs, one kind of
aromatic compounds, can be adsorbed onto the surface of biochar through a stable, non-covalent
ndonor-acceptor mechanism, which lies between the regions of the electron-absorbing atoms of
Cl and the surface of biochar with high-density m-electrons (Inyang and Dickenson, 2015).
Biochars prepared at 500 °C—-700 °C usually have a non-uniform charge distribution, which leads

to m-electron hotspots and a lack of surface areas (Zhu and Pignatello, 2005).



Table 5.2 The removal rate comparison of different biochar dosage
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Biochar DEET BP-3 HMS ocC Triclosan
dosage
Total removal 0.25% 63.1% 98.8% 98.1% 97.5% 99.2%
efficiency
3% 53.2% 98.5% 95.7% 97.7% 98.6%
5% 68.5% 99.7% 95.4% 98.3% 98.3%
6 hours 0.25% 35.5% 99.4% 93.3% 97.6% 99.4%
removal
efficiency
3%% 48.2% 98.8% 86.3% 94.8% 98.9%
5%% 46.0% 99.% 81.1% 98.4% 98.8%
Pump and
valve system
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Figure 5.4 The simple scheme of microcosm
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Figure 5.5 The adsorption Kinetics study of rice husk-derived biochar on DEET
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Figure 5.6 The adsorption kinetics study of rice husk-derived biochar on BP-3
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Figure 5.8 The adsorption kinetics study of rice husk-derived biochar on OC
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Figure 5.9 The adsorption Kinetics study of rice husk-derived biochar on Triclosan

5.3.3 Removal kinetics of PPCPs under different redox condition with biochar

5.3.3.1 pH value and redox value comparation

During the whole experiment, pH value ranged from 5.80 to 8.14 for both activated sludge
reactor and reactor with rice husk-derived biochar. The pH decreased with increasing En. At the
redox windows of +200 mv and -200 mv, the pH values were around 5.80 and 8.14, respectively.
In general, biochar produced at the temperature of 550 °C, increases the pH because of the

removal of -OH functional groups (Ahmad et al., 2014). It was known that pH is a key
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environmental-related factor that affects microbial community activity in wastewater (Qambrani
et al., 2017). Therefore, determine the relationship between pH and microbial activity is an

essential parameter of PPCPs behavior in ASP.

5.3.3.2 Removal route of target pollutants under different redox condition

Previous studies rarely focused on the kinetics of PPCPs under different redox conditions from
STPs. The performance of PPCPs removal under different redox conditions was affected by
microbial community activity, biochar properties, and pH. The adsorption rates of all five PPCPs
decreased compared with the adsorption experiment of biochar in Milli-Q water. This
phenomenon is commonly investigated during the adsorption process of various pollutants (e.g.
organic compounds, heavy metal) by carbonaceous materials (Alamin and Kaewsichan, 2016;
Sener et al., 2016) and is due to the saturation of the available sorption sites on the adsorbent

surface (Gao and Wang, 2007).

A previous study proved that pH and salinity play significant roles in biodegradation (Baena-
Nogueras et al., 2017). pH decreases with increasing redox value. Alteration in En toward
reducing conditions is commonly accompanied with an increase in pH (Rinklebe et al., 2016b;
Shaheen and Rinklebe, 2017) possibly because of the production of CO2 and organic acids
from microbial activities and decomposing organic matter, and this finding might explain the low
pH under oxidation conditions (Wang et al., 2013).

As shown in Figure 5.3.2 (a), redox and DEET concentration showed a negative correlation.
Under oxidation conditions (+200 mv redox window), the activated sludge reactor was not as
sensitive as the reactor with biochar. In addition, the adsorption rate increased compared with the

reactor only added in activated sludge. In the three redox windows, a strong negative relation


https://www-sciencedirect-com.ezproxy.lb.polyu.edu.hk/topics/earth-and-planetary-sciences/organic-acid
https://www-sciencedirect-com.ezproxy.lb.polyu.edu.hk/topics/earth-and-planetary-sciences/microbial-activity
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was found between redox and DEET concentration. This result may be due to the fact that DEET
is easily biodegraded, and its removal rate is related to microbial activity. This conclusion was
similar to the conclusion in Chapter 4.

The group of UV filters, including BP-3, HMS, and OCs, could be removed by different redox
conditions. HMS and BP-3 showed no significant differences. Similar results were reported for
BP-3. Biodegradation of the BP-3 was studied in the lab-scale reactor to determine its removal
routes under oxic and anoxic conditions. Biodegradation experiments were conducted in the
reactors with ten times dilution of activated sludge and digested sludge. BP-3 can be degraded by
microorganisms under different redox conditions. The biodegradation half-life for BP-3 had the
following order: anoxic unamended (4.2 d) < sulfate-reducing (4.3 d) < Fe ** reducing (5 d) <
nitrate-reducing (8.7 d) < oxic (10.7 d). An interesting result indicated that anaerobic
biodegradation is an important way to reduce BP-3 concentration (Liu et al., 2012b). Another
study indicated the recalcitrance of OC to anaerobic degradation in mesophilic anaerobic
digestion. However, biodegradation possibly occurred during stabilization because
concentrations of selected pollutants were reduced in sludge stabilization water samples. The
final biosolid still presents high concentrations of OC (465 ng/g) but remain lower than raw

sludge (Ramos et al., 2016).

Triclosan can be removed efficiently under aerobic, anoxic, and anaerobic conditions (>70%).
Biochar adsorption can increase the removal of triclosan in activated sludge. Sludge granulation
affects the activity and accumulation of microorganisms, which is an important basis for the
effective operation of a bioreactor (Neoh et al., 2016). In addition, granular sludge has
abundant microbial morphology, in which microbial community constitutes a highly efficient

metabolic network completed by a single microorganism (De Vrieze and Verstraete, 2016).
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As shown in Figure 5.13, oxidizing conditions led to a slight removal efficiency than reducing
conditions. Similar results could be found in other studies. Under different reduction and
oxidation conditions, anaerobic and aerobic sludge digestion processes eliminated up to 23.0%
and 56.0% of triclosan, respectively (Tohidi and Cai, 2017). Triclosan was removed to some
degree (>50%) during anaerobic and anoxic treatments even though it was not significantly
biotransformed in water matrix, indicating the presence of other removal mechanisms, such as
sorption. Since triclosan is strongly hydrophobic (Log Downm = 3.95, 4.94) and is likely to
adsorbed (Kq = 3.61 L gss!) on sludge solids irrespective of the redox conditions (Inyang et al.,
2016). In a laboratory scale bioreactor, diluted activated sludge removed 75% of triclosan in 150
hours under aerobic conditions, while no removal was observed under anaerobic or anoxic
conditions. Under aerobic conditions, about 1% of triclosan-methyl is converted to triclosan. In
contrast, the conversion observed under anoxic conditions (nitrate reduction) was less observed
and none under anaerobic conditions (Chen et al., 2011;Suarez et al., 2010). Therefore, triclosan
with the -methyl functional group can be regarded as the by-product of biodegradation of
triclosan. Under oxygen-deficient conditions, triclosan was desorbed over time from anaerobic
and anoxic sludge solids. It is assumed that the biotransformed of triclosan by sludge biomass is
achieved by rapid adsorption on the sludge solids surface, and then diffusion and infiltration
(absorption) into microbial cells (Tsezos and Wang, 1991). The concentration fluctuation
indicated that by-products such as triclosan-methyl and triclosan could be converted to each

other. Therefore, triclosan may be converted to triclosan-methyl under aerobic conditions.


https://www.sciencedirect.com/topics/chemical-engineering/sludge-digestion
https://www-sciencedirect-com.ezproxy.lb.polyu.edu.hk/science/article/pii/S0960852416308112#b0160
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5.4 Summary

The permeability of PPCPs to microbial cell components is a function of the biodegradation
rate and contact time of PPCP. If PPCPs are not biodegraded by the bacteria, the poorly
absorbed PPCPs are easily desorbed from the sludge surface, then the adsorption efficiency of
PPCPs on the sludge surface is weak and reversible. By the results of Chapter 5, it was found
that triclosan can be removed efficiently (>70%) under oxidative and reduced conditions, but
oxidizing conditions can enhance removal efficiency. 50% of triclosan can be removed by
adsorption during oxidative and reduced treatments, while biotransformation was not significant.
Triclosan is hydrophobic (Log Kow = 4.76) and favor its adsorption on sludge biomass and
biochar. HMS (log Kow = 6.16) has the highest removal efficiency amongst the 5 PPCPs in
different redox condition (99-101%). DEET achieved the highest removal rate under oxidative
condition (200 mv, log Kow =1.83, 96.3%). Higher removal of OC (97.1%) was found
under reduced condition (0 mv). No significant difference was observed in BP-3 removal under

different redox conditions (possibly due to equilibrium between metabolites, e.g. BP-1 and BP-8).

Chapters 4 and 5 studied the transformation and fate of PPCPs under anaerobic, anoxic and
aerobic conditions. It is important to investigate the behavior of PPCPs under different redox
conditions for determining wastewater treatment processes and predicting the fate of these
selected pollutants once released into the environment, such as groundwater recharge, riverbank
filtration and flood condition. Different metabolites are produced under aerobic and anoxic
conditions, as previously reported pollutants, such as BP-8 or DEET residues of N,N-diethyl-m-
toluamide-N-oxide. Therefore, the degradation behavior in anoxic and aerobic processes are

different. In addition, under anoxic conditions, some pollutants are easier to remove than under
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aerobic conditions, although there is general evidence that higher oxidation potential under

aerobic conditions is beneficial to its degradation.
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Figure 5.11 DEET concentration and redox correlation
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Table 5.3 The removal of efficiency of selected PPCPs under different redox condition
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Elimination Redox value DEET BP-3 HMS oC Triclosan

efficiency

Total removal  +200 mv 95.3 81.1 99.4 81.1 56.9
+200 mv with biochar 96.3 88.2 99.4 88.2 811
0 mv 82.5 88.1 78.5 88.1 348
0 mv with biochar 87.0 97.1 98.7 97.1 65.0
-200 mv 79.1 96.1 98.1 965 62.2
-200 mv with biochar 98.4 97.6 98.9 96.2 937

Removal rate +200 mv 86.8 79.6 98.2 79.6 57.9

after 16 h
+200 mv with biochar 88.0 81.7 99.7 717 66.6
0 mv 83.8 84.1 78.3 841 284
0 mv with biochar 98.4 94.1 97.4 93.1 656
-200 mv 79.7 97.0 98.9 970 628
-200 mv with biochar 98.3 97.6 99.8 97.6 99.6
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Chapter 6 conclusion and perspectives

6.1 Conclusion

PPCPs have become a great concern in the worldwide water environment because STPs usually
cannot remove them completely. Therefore, this study aimed to analyze the current situation of
the selected PPCPs in the water matrix and their elimination routes in various wastewater

treatment processes.

An appropriate, reliable and sensitive method was applied to trace analysis selected five PPCPs
in different wastewater treatment processes (influent, primary treatment, secondary treatment,
and effluent). LLE and SPE were applied for efficient and reproducible to extract five PPCPs in
both sewage and activated sludge slurry. The recovery rate, repeatability, MLQ, LOQ were also
determined. The whole method was accurate and could be widely applied in water and slurry
samples for selected commonly detected PPCPs.

The concentrations of DEET ranged from 21.8 to 118 and 18.8 to 89.1 at ng/L level in Shatin
and Taipo, respectively. The concentrations of BP-3 ranged from 12.3 to 334.3 and 22.2 ng/L to
292 at ng/L level in Shatin and Taipo, respectively. The HMS and OC concentrations varied
from 55.6 to 657.1, 55.6 to 142.3, 33.7 to 125.2, and 7.8 to 66.6 ng/L. The concentration of
triclosan ranged from 53 to 586.6 and 58.7 to 791.6 ng/L in the two local plants. The same
PPCPs concentrations in different treatment processes vary 1-2 orders of magnitude in the same
region. The PPCPs' consumption patterns varied strongly affected by sewage source composition.
PPCPs in wastewater were considered origin from human activity daily consumption.

In ASP, biodegradation and adsorption were investigated as dominant elimination mechanisms

of selected pollutants. DEET, BP-3, and triclosan were predominantly removed by
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biodegradation. The biological activity of the selected PPCPs under aerobic conditions fitted the
first-order kinetics model well (K values: 0.10 h't to 0.21 h%).

The rice husk-derived biochar adsorption study of different PPCPs was established. The rice
husk-derived biochar dosages of 0.25%, 3%, and 5% are commonly applied for wastewater and
sewage treatments. In this study, the adsorption percentage ranged from 37.04% (0.25% biochar
of DEET adsorption) to 99.21% (0.25% biochar of triclosan adsorption). The standard derivation
ranged from 0.002 to 7.42, which indicated that the experiment had good repeatability.
Hydrophobic interactions between the adsorbate and adsorbent can increase the sorption ability.
The amount of chlorophenol adsorbed increased with the increase of adsorbate and
hydrophobicity of adsorbent. The O/C ratio indicates the hydrophobicity of the biochar surface.
The lower this ratio is, the stronger the aromaticity and hydrophobicity of biochars are due to the
greater degree of carbonization and the loss of polar functional groups. The redox study in the
bioreactor indicated that the pH values ranged from 5.80 to 8.14 for both activated sludge reactor
and reactor with rice husk-derived biochar. These results indicated that pH decreased with
increasing En.

The performance of PPCPs removal under different redox conditions was affected by microbial
community activity, biochar properties, and pH value. In general, the adsorption rate of all five
PPCPs decreased compared with the adsorption experiment of biochar in Milli-Q water. Since
the pore is limited and competition adsorption of different compounds occurred when the
wastewater composition is complicated. This phenomenon is typically observed in the adsorption
of different species by carbonaceous materials. Oxic conditions can achieve higher removal
efficiency than reducing conditions. For BP-3, no significant difference was observed between

different redox conditions.
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6.2 Perspectives

This work aimed to study the current situation of selected PPCPs and elimination routes in

STPs and water matrix. The following recommendations are proposed for the next stage research:

First, the removal efficiency of an important unit for selected pollutants in wastewater treatment
processes was investigated in this study. The method for the long-term trace analysis of PPCPs
concentrations in sludge samples should be developed. Other pollutants should be monitored in
future studies.

Second, although the selected PPCPs were removed by biodegradation efficiently, the by-
products of target pollutants should be monitored accordingly. Information about the metabolites
and their corresponding transformation activities was limited. For example, the by-products of
BP-3, including BP-1 and BP-8, are more toxic than BP-3. Isotope-labeled analysis should be
applied during the trace analysis of these procedures.

Third, some UV filters exhibited high adsorption affinity to the inactivated sludge. FT-IR
spectrometry should be utilized to understand the adsorption since the behavior is suspected to be
relevant to EPSs.

Finally, the removal routes of the selected PPCPs under different redox conditions were studied.
However, the microbial activity influenced by the redox condition should be determined later.
Since the removal behavior of PPCPs in sludge is highly related to microbial activity. The
interactions of the microbial community, pH, biochar, and PPCPs concentration under different
redox conditions warrant further studies. Also, different types of biochar with the various
modified method should be optimized for PPCPs removal. In terms of society and educational

meaning, PPCPs are indispensable for improving human living standards. However, in order to
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protect water resources and the marine environment from these kinds of pollutants, relevant
departments may consider proposing alternative products. For example, DEET-free mosquito
repellent and triclosan-free disinfectant were appeared in the commercial market. Therefore, in
addition to efforts to improve the treatment efficiency of sewage treatment plants, there is still a

long way to raise awareness of PPCPs.
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