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Silver nanoparticles (AgNPs) are widely used in commercial products because of their
excellent antimicrobial activity. Entrance of AgNPs and its released Ag ions (Ag®) into
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environmental problems. This study aimed to study inhibitory effect of AgNPs and Ag* on AO
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Chapter 1 Introduction
1.1 Rationale

Silver nanoparticles (AgNPs) have been increasing in production and use in many
applications such as medical, biomedical, food industry, household appliances, textiles
and environmental fields due to their great antimicrobial role [1, 2]. At low level (mg/L)
silver could cause toxicity to biological organisms [3-5]. Exposure to AgNPs resulted
in oxidative stress, inhibition of enzymes, gene expression and damage of bacterial cell
integrity [6, 7]. With increasing production and use, AgNPs were expected to be washed
out from consumer products and unavoidably occurred in WWTPs [8, 9] where AgNPs

could release Ag* and increase toxicity of AgNPs [10].

Nitrification plays significant role in removal of ammonia in wastewater
treatment plants (WWTPs). It comprises of two steps that take place in aerobic
condition. The first step is the microbial conversion of ammonia to nitrite, while the
second step is the oxidation of nitrite to nitrate. The first and rate-limiting step of
nitrification is the ammonia oxidation process which is performed by ammonia
oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA) [11-13]. Ammonia
oxidation is considered as a rate-limiting step because it is done by autotrophic
microbes owning very slow growth rates and sensitive to environmental conditions
including ammonia, pH, oxygen, light and toxic substances such as silver nanoparticles
(AgNPs) and silver ions (Ag™) [6, 14, 15]. Occurrence of AgNPs and Ag™ release might
adversely inhibit this process and consequently reduce discharged water quality
resulting in environmental pollution. Several studies have placed focuses on toxicity of

AgNPs on nitrifying sludge [3, 7], but there was no study to examine influence of



AgNPs and Ag" on AO from nitrifying sludges enriched with different levels of
ammonium (NHs"—N). Low and high NH4"—N levels (NAS 0.5 mM and NAS 30 mM)
could represent for different NH4*—N loads received by various WWTPs such as
municipal and industrial. Also, possible predictions can be made to measure negative
effects of AgNPs and Ag" on AO in these systems. To fulfil the gap, this study
investigated inhibitory effect of AgNPs and Ag™ on AO from low and high NH4*-N

enriched nitrifying sludges.

Prior studies discovered that both AgNPs and Ag* clearly affected a wide range
of organisms including nitrifying microbes [3, 16]. Among previous works, roles of
AgNPs or the released Ag* to overall toxicity of AgNPs suspension were found
differently due to varying experimental conditions including tested conditions, types of
AgNPs, and nitrifying cultures. This inconclusive phenomenon was inadequate to
finalize environmental treatment technology and management. More study in this area

is needed to support the conclusion.

Cell entrapment technique appears to be a good method to mitigate impact of
AgNPs and Ag" on ammonia oxidation process. Basically, cell entrapment technique
or immobilized cells is the technique to immobilize certain microorganisms in a porous
material to prevent microorganisms from directly contacting to toxic substances [15,
17]. In addition, high amount of cells can be loaded and the prepared entrapped cells
can be recycled. Moreover, the materials such as polyvinyl alcohol (PVA), sodium
alginate (SA) can be massively produced and they are not toxic to cells that entrapped
in these polymeric materials. Currently, only one study reported using calcium alginate

(CA) and PVA to reduce toxicity effect of AgNPs on nitrification [15]. The roles of



barium alginate (BA), polyvinyl alcohol (PVA), and the mixture of polyvinyl alcohol
and barium alginate (PVA-BA) entrapped cells in mitigation of inhibition of AgNPs

and Ag* on AO ammonia oxidation process is still a research gap.

1.2 Research objectives

The overall objective of this study is to investigate inhibitory kinetics of AO influenced
by silver nanoparticles (AgNPs) and silver ions (Ag™) and then mitigate the inhibitory

effect by using cell entrapment technique. The specific objectives are as follows:

a) to compare inhibitory kinetics of ammonia oxidation process from nitrifying
cultures enriched at different ammonium concentrations influenced by AgNPs
and Ag",

b) to investigate role of Ag" in toxicity of AgNPs suspension influencing on
ammonia oxidation process, and

c) to mitigate toxic impact of AgNPs and Ag* on ammonia oxidation process using

entrapped cells.

1.3 Research hypotheses

a) Silver nanoparticles (AgNPs) caused inhibition of ammonia oxidation process
via releasing silver ions (Ag*) and both AgNPs and Ag* damaged membrane
integrity resulting in inhibition of ammonia oxidation.

b) Ammonia oxidation process of entrapped cells using barium alginate (BA),
polyvinyl alcohol (PVA) and the mixture of PVA and BA (PVA-BA) perform
better than suspended cells on ammonia oxidation with silver nanoparticles

(AgNPs) and silver ions (Ag™") since these entrapment matrices reduce contact



between nitrifying cells and AgNPs and Ag™. As a result, membrane integrity

of entrapped cells was less damaged compared to suspended cells.

1.4 Scope of study

» Nitrifying sludges were enriched using activated sludges collected from 2

municipal WWTPs in Bangkok, Thailand.

* The experiments were conducted in batch modes, aerobic condition, and room

temperature by using fresh inorganic synthetic wastewater

» Concentrations of AgNPs (average size of 2-12 nm, in spherical shape) of 1, 10
and 100 mg/L were used in this study, whereas concentrations of Ag* were from
0.05 - 0.5 mg/L. The AgNPs were obtained from PrimeNANO (Chulalongkorn

University, Thailand).

« Initial NH4*-N concentrations were in the range between 0 and 400 mg/L

» Barium alginate, polyvinyl alcohol, and the mixture between them were used as
entrapment materials for entrapping nitrifying cells from NAS 30 mM for

inhibition tests, SEM, live and dead assays.

1.5 Thesis organization

The dissertation was presented from Chapter 1 to Chapter 7.

Chapter 1 was the introductory chapter which presents rationale, research

objectives, research hypotheses, and scopes of this entire study.



Chapter 2 summarized the previous works which provided the background
understanding relating to this current study including understanding of silver
nanoparticles, ammonia oxidation process, entrapment techniques, calculation of

Kinetics and the principal use of some laboratory equipment.

Chapter 3 was materials and methods in which brief explanation of the

experiments was described.

Chapter 4 compared inhibitory kinetics of AO in suspended cells using NAS

0.5 mM and NAS 30 mM influenced by AgNPs and Ag"*.

Chapter 5 presented inhibitory kinetics and mechanism of AO from NAS at
initial ammonia concentration of 30 mM influenced by AgNPs and Ag*. The findings
demonstrated that AgNPs and Ag* adversely influenced on AO. Inhibitory data from
AgNPs and Ag* experiments and the amounts of Ag* released from AgNPs experiment
was investigated. Scanning electron microscopy, transmission electron microscopy,
and fluorescent microscopy (with live/dead assay) techniques were used to determined

toxicity mechanism of silver species (AgNPs and Ag™).

Chapter 6 presented the results and discussion of inhibitory kinetics of AO in
entrapped cells using NAS 30 mM influenced by AgNPs and Ag*. The AO entrapped
in BA, PVA, and PVA-BA entrapment matrices was tested. Scanning electron
microscopy, transmission electron microscopy, and fluorescent microscopy (with
live/dead assay) techniques were used to determined toxicity mechanism of silver

species.



Chapter 7 summarized the key findings and recommended for the future study.

Possible application of the outcomes in this study was also suggested in this chapter.



Chapter 2 Literature review
2.1 Silver nanoparticles
2.1.1 Synthesis and characterization of silver nanoparticles

Nanoparticle has the size between 1 nm and 100 nm and silver nanoparticles (AgNPs)
whose particles made from silver. Silver nanoparticles exhibit much better physical,
chemical and biological characteristics than metal silver because AgNPs have
extremely small sizes and high surface to volume ratio and these characteristics make
AgNPs become a highly effective antimicrobial agent [1]. Currently, there are several
ways of AgNPs synthesis. Silver nanoparticles can be produced by physical approach
such as evaporation-condensation. In this physical method, AgNPs was produced by
evaporating silver ions (Ag®) solution into a carrier gas followed by a cooling process
for the formation of AgNPs. By using this method, there was no or less chemical
residues in the produced AgNPs, however, this method is time and energy consuming
[1]. Silver nanoparticles can also be chemically synthesized by making reactions take
place between silver nitrate and reducing agents such as citrate, ascorbate, and sodium
borohydride. Among the chemical methods, AgNPs were frequently synthesized by
reducing silver nitrate in combination with utilizing capping agents to control particle
size and enhance stabilization of AgNP suspension. Sodium borohydride and citrate
were the two most commonly used reductant and stabilizing agent in production of

spherical AgNPs with the size less than 20 nm [18].

Silver nanoparticles after synthesis is often characterized for size, shape, zeta

potential and liberation of Ag* because these characteristics potentially influence on



toxicity of AgNPs. Size of AgNPs is scanned by using spectrophotometry in the range
of wavelength of 250 to 700 nm. The peaks obtained from the spectra of absorption
between 400 nm and 425 nm indicate the synthesized AgNPs are in nano sizes (1-100
nm). The peak appears because of surface plasmon resonance. The surface plasmon
resonance is the collective oscillation of conductive electrons around the silver
nanoparticles when exposing to radiation (light). The surface plasmon resonance
absorbs specific wavelengths of light which is known as the surface plasmon band.
Different sizes of AgNPs peak at different wavelengths, for example, AgNPs with a
size of 15 nm was peaked at the wavelength of 440 nm [19], whereas a size of 25 nm
peaked at 420 nm [20]. Furthermore, more accurate sizes, distribution of sizes and
shapes of the synthesized AgNPs can also be confirmed by using transmission electron
microscopy or TEM [21]. Zeta potential is measured by using Zetasizer NanoZS [19].
Zeta potential provides information regarding surface charge of synthesized AgNPs.
The surface charge would be zero when no oxide layer is found on the surface of
AgNPs. The surface charge should be negative value (negative zeta potential) when
there is presence of oxidized layer on the AgNPs. The zeta potential also provides
information regarding chance of AgNPs would form aggregates or being well-dispersed
in suspension. Higher value of zeta potential, AgNPs would be likely to remain in
suspension, whereas lower value of zeta potential, AGNPs would be likely to aggregate

to each other [22].

The silver ions associated with AgNPs are also measured because ionic silver is
one of the most toxic cationic metals to bacteria [23]. In order to measure dissolved
silver from AgNPs, the suspension of AgNPs is centrifuged using ultracentrifuge

machine at very high speed at 165,000 x g for 1-2h at 4°C. The AgNPs pellet is removed



and the supernatant is collected. Then, the supernatant is dissolved in 5% HNO3 before
using atomic absorption spectroscopy (AAS) for determination of liberated silver [21].
In other study, Ag*™ could be also determined using inductively coupled plasma-mass
spectrometry (ICP-MS) after suspension of AgNPs were filtered through Amicon
centrifugal ultrafilter devices using porous cellulose membranes limiting AgNPs sizes

from 1-2 nm [24].

2.1.2 Production and use of AgNPs

The production of products containing AgNPs have been yearly increasing. For the time
period from 2006 to 2013, the products that contain AgNPs have been increased 15
times (from 25 products increased to 383 products) and AgNPs accounted for 23.5% of
the total products containing nanomaterials [25]. Healthcare was the largest sector that
contributed to 30% of worldwide market revenue in 2014. It is expected that AgQNPs
market around the world will reach 2.45 billion by 2022 [25]. In the US, an estimator
reported that AgNPs were produced from 2.8-20 tons per year [26]. Other study
estimated that there were approximate 0.6-55 tons of AgNPs annually produced in
European countries [27]. In the same study, it was also calculated that approximate 5.5-
550 tons of AgNPs were globally produced. The literature revealed that the production

of AgNPs rapidly increase over years due to demand of use.

Silver nanoparticles are broad-spectrum antibacterial and are very powerful
against Gram negative and Gram positive as well as drug-resistant bacteria [28]. It
could be also an effective antifungal, antiviral and anti-inflammatory activity [29, 30].
Silver nanoparticles show low toxicity to humans and other animals at low

concentration [4]. Therefore, AgNPs have been used in many applications such as
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medical, biomedical, food industry, household appliances, textiles and environmental
fields [1, 2]. In medical applications, AgNPs are embedded into wound dressings,
bandages, topical ointments and creams, and coated on medical devices to prevent
attachment of harmful organisms [31]. Nano silvers are used in biomedical fields such
cancer therapy, diagnosis, drug delivery, biosensors, biological labels and cell imaging
[32]. Food processing sectors also utilize AgNPs for food packaging, and food contact
materials [33]. Household appliances such as washing machines, computers, wall
painters, tables and kitchen wares are also related to the use of AgNPs. Textiles
including clothes, towels, socks, jackets, shoes, beddings and so on also use a large
amount of AgNPs to kill bacteria and to protect users [34, 35]. Silver nanoparticles are
applied in environmental fields such as water purification, wastewater treatment, and
water disinfection [36, 37]. In addition, AgNPs have been also used widely in catalysis.
It is used as fuel cell catalyst, fuel additive catalyst and hydrogen production
photocatalyst to enhance the reactions of producing final desired products [38]. With
increasing use, discharge of wastewater containing AgNPs into environments are

unavoidably.

2.1.3 Occurrence, fate and transport of AgNPs in environment

Silver nanoparticles have been proved to release during consumption due to intensive
uses. For example, washing process using washing machine released approximate 0.05
mg/L silver, and roughly 45 pg Ag g per gram of consumer’s product was liberated
[39]. It was also reported that 1 gram of sock could release 0.3-377 ug Ag into the
environment. There were 322 mg silver per kg fabrics were released silver coated

fabrics into synthetic sweat [40]. Former studies presented that silver was detected
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ranging from 4 pg/L to 1 mg/L and 2 to 195 mg/L in influent concentration and biosolid
concentration of WWTP, respectively [41-43]. Previous studies also estimated that
approximately 300 tons of silver annually leached and ended up in worldwide
environment [44]. The other study estimated that silver from textile and plastic
production would end up in wastewater treatment systems (WWTS) with an amount of
190-410 tons per year. From WWTSs, silver would be transported to other
environmental compartments with different proportions, for instance treated
wastewater containing 20-130 tons of silver per year would move to natural receiving
waters, while 80-190 tons of silver annually end up in soil from wastewater treatment
sludge. Approximate 8-17 tons of silver per year would be emitted into the atmosphere
due to solid waste incineration [5]. It is clearly indicated that AgNPs after discharge to
the environment, it could be further transported to media such as water, soil and air.
Silver nanoparticles after release will first move into WWTS. In reality, silver has been
globally detected in WWTPs [45-47]. In WWTPs, AgNPs would interact with
microbes and cause concerns for microbial activity in WWTPs since AgNPs are well
known as an excellent biocide [48] leading to reducing efficiency of WWTP
performance [8]. In environment, AgNPs fate and transport would be governed by
presence of sulfide (S%), pH, dissolved oxygen (DO) and organic matter [8]. Silver
nanoparticles would be likely to dissolve in the conditions of high DO and low pH (pH
< 6), whereas AgNPs tended to precipitate in form of silver sulfide (Ag2S) in absence
of dissolved oxygen [5]. In WWTPs where DO, S? and organic matters are abundant,
forms of silver could be Ag*, Ag»S and aggregated AgNPs. These forms of silver could
contribute to reducing or enhancing toxicity of AgNPs in WWTPs depending on

environmental conditions. In short, AgNPs occurred in WWTPs where they may have
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a variety of fates in wastewaters, including being converted into ionic form, forming a
complex with other ions, molecules, or molecular groups, agglomerating or remaining

in nanoparticle form [49, 50] which could influence on toxicity of AgNPs.

2.1.4 Factors effect on toxicity of AgQNPs

Prior studies pointed out that several factors have influence on toxicity of AgNPs
including size and shape of the nanoparticles (NPs) [10, 51, 52]. Size relates to surface
areas, smaller size has more surface areas and better contact and interact with bacterial
cells compared to bigger size [51, 53, 54]. Silver nanoparticles with the size smaller
than 10 nm interact with bacteria and produce electronic effects which enhance the
reactivity of AgNPs. For instance, the former study reported that AgNPs of 7 nm
showed the best antibacterial effect against Escherichia coli and Staphylococcus aureus
compared to AgNPs of 29 and 89 nm [53]. Silver nanoparticles with smaller size could
release more Ag* thus exhibiting more toxicity than AgNPs with larger size [55]. It is

clearly indicated that bactericidal effect of AgNPs is size-dependent.

Shape also shows influence on toxicity of AgNPs [52]. Prior findings indicated
that truncated triangular shape showed inhibition on bacteria at silver content of 1 ug,
whereas the silver contents were much higher to show the inhibitory effect on bacteria

for spherical shape (12.5 pg) and rod shaped particles (50 to 100 ug).

Forms of silver speciation also influence on the toxicity. In WWTPs, silver may
be present in forms of nanoparticles or ions [5]. Silver ions could produce additional
toxicity effect on microorganisms because AgNPs have been considered as continuing
source of Ag* [10]. Five milligram per liter of AgNPs (average size of 7 + 3 nm)

released 7.8 + 0.7 pg/L dissolved silver in the effluent [56]. In other study, AgNP
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(averaged size of 50 nm) concentration of 10 mg/L liberated 1.2, 0.7, and 0.7 mg Ag™
per liter for flocculent sludge, granular and the biomass free control, respectively [7].
It was clearly showed that size of AgNPs effects on its dissolution, AgNPs with smaller

size released more Ag* than larger size [55].

Types of AgNPs also influence on dissociation of Ag™ from AgNPs. Lee et al.
(2012) reported that sol-type and powder-type AgNPs (0.05-1.00 mg/L) released Ag*
in oxidation condition by 36% and 49% respectively [24]. In addition, types of coated
AgNPs also influence on dissolution of Ag ions. The dissolved silver concentrations
increased after 4 h exposing to biomass. At 2 mg/L of initial AgNPs, the dissolved silver
concentrations were 21.6 £ 8.3, 16.1 + 9.5, and 63.5 = 2.2 ug/L, respectively, whereas
the ionic silver concentrations were found at 160.9 + 10.3, 37.9 £ 1.3, and 150.0 + 3.2
Hg/L in the treatments amended with 20 mg/L AgNPs of the PVP, GA, and citrate

coated AgNPs, respectively [6].

Dissolved oxygen is another factor that has strong effect on toxicity of AgNPs
because under presence of oxygen, AgNPs release Ag* and reactive oxidative species
(ROS) which could enhance toxicity of AgNPs [8]. However, under absence of oxygen,
AgNPs could be agglomerated with sulfide to form silver sulfide particles (Ag2S) [57].
In reality, it is very hard to differentiate toxicity between AgNPs and liberated Ag™*
because the quantification result is often addressed in terms of total silver which is both
come from the nano form and from the ionic form [58]. Thus, separation of toxicity of

Ag* from AgNPs is an interesting research area.

pH is an important factor that could effect on AgQNPs speciation. There are more

AgNP dissolution at acidic pH than at neutral pH [59]. Prior research found that there
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was only 2% of commercial AgNPs transformed to Ag™* at pH 6-9. However, increasing

pH could raise level of Ag™ dissociation from AgNPs [60].

Coatings (capping agents) influence on toxicity of silver nanoparticles. Coatings
can be done using inorganics (metal oxide), organics (starch, citrate), and polymers
(polyvinyl alcohol). In this study, starch coated AgNPs was used. Uncoated AgNPs are
easy to agglomerate, thus coating can help to reduce matter of agglomeration and to
form stable suspension. It was previously reported that AgNPs in well-dispersed form
was more toxic than in aggregated form [57]. Coating also effects on toxicity of AgNPs
through influencing on dissolution of AgNPs. There were less Ag* liberated from
coated AgNPs than the uncoated ones [6]. Experiments have been conducted to prove
this point. Toxicity of three types of coatings materials on AgNPs including citrate,
gum arabic, and polyvinylpyrrolidone against Nitrosomonas europaea has been tested.
The experimental results indicated that different coating AgNPs influenced differently
on ammonia oxidation of N. europaea. At 2 mg/L, citrate, gum arabic, and
polyvinylpyrrolidone AgNPs inhibited ammonia oxidation (AO) by 91.4 + 0.2, 67.9 +
3.6, and 29.5 + 9.4%, respectively [6]. Coating also has changed zeta potential values
of AgNPs which also related to toxicity of AgNPs. Zeta potentials of -23.0 + 1.1, -21.0
+ 13, and 116 + 1.8 mV were recorded for citrate, gum arabic, and
polyvinylpyrrolidone AgNPs, respectively [6]. Higher zeta potential resulted in less

inhibitory effect of AgNPs on AO of N. europaea.

Silver nanoparticles may have a variety of fates in wastewaters, including being
converted into ionic form, forming a complex with other ions, molecules, or molecular

groups, agglomerating or remaining in nanoparticles form [49].
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Sludge characteristics also show effect on toxicity of AgNPs. For example,
flocculent sludge was able to remove AgNPs from 30-58%, whereas granular sludge
could only remove 2.5-9.4% [7]. Flocculent sludge could be more effectively in
removal of AgNPs, but short-term exposure to AgNPs showed that AO rate was
reduced by 21-25%, while no inhibitory effect was observed for the granular sludge at
AgNPs of 1, 10, 50, and 100 mg/L [7]. Toxicity of AgNPs and Ag" in WWTSs was

reduced due to adsorption or precipitation [61].

2.1.5 Toxicity of AgNPs on microorganisms

Toxicity of AgNPs has been intensively studied in recent years. Silver nanoparticles
exhibited negative impact on nitrifying cultures in short-term experimenting. Toxicity
of different silver species including AgNPs, Ag*, and colloid AgCl, on ammonia
oxidizing cultures was investigated [62]. The findings reported that the silver species
inhibited differently on activity of microorganisms including heterotrophic and
autotrophic activities. Autotrophic activity of nitrifying bacteria was seriously inhibited
by AgNPs, whereas Ag* and colloid AgCl. showed less inhibitive effects compared to
AgNPs. Heterotrophic activity was more sensitive to toxicity of Ag* than AgNPs and
colloid AgCl.. The less inhibitory effect of AgNPs on heterotrophic activity was also

reported in the other study [63].

The above studies clearly showed that ammonia oxidizing culture was more
sensitive to AgNPs. However, AgNPs inhibited differently on nitrification potential
rates and abundance of AOB members such as Nitrosomonas europaea, Nitrosospira
multiformis and Nitrosococcus oceani due to due to dissimilarities in physiochemical

characteristics of each species [64]. This study pointed out that AgNPs could influence
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distinctively on ammonia oxidizing cultures enriched at different NH4*-N and SRT
since these factors have significant effect on community, abundance, and activity of
nitrifying cultures. However, no study was conducted to investigate impact of AgNPs

on different ammonia oxidizing cultures.

Study on long-term effect (60 days) of AgNPs (0.1 mg/L) on membrane
bioreactor (MBR) activated sludge indicated that the quality of influent and effluent
water as well as nitrifying bacterial community structure were not significantly different
before and after exposed to AgNPs. However, silver resistance gene silE and

extracellular polymeric substances (EPS) increased in response to AgNPs addition [61].

Long-term effect of AgNPs (5 mg/L and 50 mg/L) on aerobic granular sludge
was studied [65]. The results indicated that AgNP did not show any significant impact
on microbial activities of the sludge from day 0 to day 35. However, AgNPs partially
inhibited the ammonia oxidizing rate (33.0%), respiration rate (17.7% and 45.6%) and
denitrification rate (6.8%) at day 69. It was showed that ammonia oxidation activity
was more sensitive to AgNPs than denitrification. The more sensitive of nitrifying
activity than denitrifying activity on exposure to AgNPs was also previously reported
[66]. In addition, microbial functional enzymes such as the ammonia mono-oxygenase
and nitrate reductase activities were decreased under presence of AgNPs. However,

community of microorganisms in the aerobic granular just slightly changed [65].

Silver nanoparticles were more toxic on ammonia removal than other
nanoparticles such as copper nanoparticles (CuNPs), zinc oxide nanoparticles (ZnO
NPs), titanium oxide nanparticles (TiO2 NPs), alumina particles (Al.Os NPs), and gold

nanoparticles (AuNPs). Addition of CuNPs (0.1-10 mg/L, 220 £ 25 nm) into
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wastewater biological nutrient removal did not show any impact on ammonia oxidation
[67]. Exposure of ZnO and TiO2 nanoparticles (<100 nm) of 1-100 mg/L inhibited
only 3.6-12.5% of sludge’s oxygen uptake rate and did not cause change in microbial
community in short term test (24 h). The study found that ZnO and TiO> at 10 mg/L
resulted in insignificant community change in activated sludge in long-term (13 days)
operation [68]. Alumina nanoparticles (Al.O3 NPs, 20 £ 5 nm) from 1 to 50 mg/L
produced marginal effect on nitrification, denitrification and phosphorus removal in
biological wastewater treatment plant. This was supported by the fact that Al,Oz NPs
were mostly absorbed onto activated sludge where these NPs did not show serious
impact on viability and integrity of surface of activated sludge [67]. It was reported that
ammonia oxidation rates of AOB cultures were not influenced due to addition of AUNPS
[69]. The insignificant effect of AUNPs was indicated by indifference in the ammonia
oxidation rates between the control and the AuNPs treatments. In contrast, AgNPs did
partially influence on ammonia oxidation rate of AOB culture and the level of impact

of AgNPs was increased when AgNPs concentration increased.

Long-term studies also indicated that ammonia oxidation activity was higher
sensitivity than other microbial activity to AgNPs and AgNPs were more toxic than

other nanoparticles. This is one of the reason AgNPs was selected in this study.

Silver nanoparticles not only show toxic impact on microorganism but also
exhibit negative influence on animals and even human organs. Prior studies indicated
that AgNPs influenced on Oryzias latipes by damaging chromosomes [70] and rat by
causing negative effect on liver and kidney [71]. Silver nanoparticles showed several

inhibitory effects for human cells such as HepAD38 [72], Cytochrome P450 [19], and
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skin cells [73] by inhibiting DNA or RNA formation, interrupting oxidation-based

biological process and damaging skin through penetration process.

2.1.6 Mechanisms of AgNPs toxicity on microorganisms

Several mechanisms have been proposed for toxicity effect of AgNPs on
microorganisms in the previous studies. Silver nanoparticles, with its large surface area,
will easily contact with microbes. After that AQNPs attach to the membrane of the cells
and penetrate into the cells. Silver nanoparticles or silver ions interrupt the respiratory

chain of bacteria resulting in death of cells [74].

The other study proposed that AgNPs toxicity closely related to the release of
Ag* [75]. Therefore, the toxicity of AgNPs comprise of toxicity impact of AgNPs itself
and its dissociated Ag*. There were three possible toxicity mechanisms with AgNPs
and released Ag* [75]. Firstly, AgNPs could directly contact with cell membrane and
destroy the membrane of the cells. Secondly, Ag* was taken up by bacteria then Ag*
inside the bacteria would disrupt production of ATP and replication of DNA. Thirdly,
AgNPs and Ag* could generate reactive oxygen species and these generated species

would cause cell death.

A novel mechanism was proposed for the effect of AgNPs on a model bacteria
Escherichia coli. AgNPs induced apoptosis-like response including early and late
apoptosis for E. coli. Early apoptosis involved accumulating ROS, increasing levels of
intracellular calcium, and exposing phosphatidylserine in the outer membrane, whereas
late apoptosis made up by disrupting membrane potential, activating caspase-like

protein, and degrading DNA [76].
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Relating to toxicity effect of AgNPs on nitrifying bacteria, prior studies found
that AgNPs could bind to cell membrane, destroy function of membrane, and generation
of ROS species [10, 77, 78]. Pure culture study indicated that AgNPs damage cell wall
of N. europaea and make the nucleoids disintegrated and condensed next to cell
membrane [10]. Silver nanoparticles were found to negatively influence on the
expression of adenosine triphosphate (ATP) synthase, ammonia monooxygenase
(AMO) and hydroxylamine oxidoreductase (HAO) which are functional genes of the
ammonia oxidizer N. europaea [10]. It was also found that AgNPs released Ag* and
then both of them caused oxidative stress via enhancing production of ROS species [7].
Silver ions was released because of oxidation of metal silver by peroxide intermediates
(H202) [79]. Prior study indicated that Ag* produced more ROS species than AgNPs,
thus resulting in more toxicity of AgNPs [7]. Silver ion is susceptible to uptake by ion
transporters because it shares properties with Na* and Cu* [4]. Silver ions at low
concentration resulted in a post-transcriptional interruption on membrane-bound
nitrifying enzyme function [7]. Further increased in Ag* caused heavy metal stress
response led to membrane disruption [6]. Ag ions caused cell death due to leakage of
significant amounts of proton through the membrane of Vibrio cholera [80]. Moreover,
Ag" are able to combine strongly with thiol groups then inactivating electron-transport

chain causing cellular oxidation and DNA replication [51, 81].

Mixed culture study of nitrifying culture also showed that AgNPs formed pits
and damaged bacterial cell walls and caused cell death [15]. Bacterial cell damage was

indicated by the release of extracellular lactate dehydrogenase [7].



20

2.2 Ammonia oxidation process

In most WWTPs, nitrification is applied to remove aerobically ammonia which is one
of the main waste products released from daily activities from humans and animals.
Autotrophic nitrification is a two-step process with the first step is the aerobic
conversion of ammonia to nitrite and then nitrite is oxidized to nitrate due to microbial
activity. Both steps occurred in aerobic conditions and the involved microorganisms
use inorganic nitrogen and carbon dioxide as their energy and carbon source. The first
step, aerobic ammonia oxidation (AO), is the sensitive step because ammonia is
oxidized by autotrophic microorganisms. For very long time, researchers of AO have
surely confirmed that ammonia oxidizing bacteria (AOB) are the sole microorganisms
who oxidize ammonia to nitrite. Until recently, several studies have indicated that with
the diverse and abundant occurrence of AOA in WWTPs through detection of archaeal

amoA genes [11, 82-84] leading to a suggestion that AOA potentially involved in AO.

Anaerobic ammonia oxidation (anammox) process is the process in which
ammonium is converted to dinitrogen gas (N2) in anoxic condition using nitrite as
electron acceptor [85]. This process could be found in wastewater [86]. However, it is
important to keep DO lower than 0.2 mg/L to ensure anaerobic ammonia oxidation

process to take place because anammox bacteria are very sensitive to DO [87].

2.2.1 Microorganisms involved in ammonia oxidation

Now, two distinct groups of ammonia oxidizing bacteria (AOB) and ammonia
oxidizing archaea (AOA) belonging to the phylum Proteobacteria and
Crenarchaeota/Thaumarchaeota, respectively, have been recognizing and potentially

involving in AO [11, 13, 88, 89].
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2.2.1.1 Ammonia oxidizing bacteria

Ammonia oxidizing bacteria have been intensively studied. Deep knowledge in this
group of microorganisms has been achieved. Phylogenetic relationships within AOB
have been established based on 16S rRNA and amoA genes sequences. All AOB are
classified as the members of the B- and y-subclass of Proteobacteria based on
comparative 16S rRNA sequence analysis. The - subclass of Proteobacteria comprise
of the genera Nitrosomonas-Nitrosococcus mobilis, Nitrosospira, Nitrosolobus and
Nitrosovibrio, whereas the genus Nitrosococcus fall within the vy-subclass of
Proteobacteria [90]. Many ideas suggested that Nitrosospira, Nitrosolobus and
Nitrosovibrio should be reclassified into the single genus Nitrosospira, while the
nitrosomonads can be further subdivided into the Nitrosomonas europaea/Nitrocuccus
mobilis cluster, the Nitrosomonas marina cluster, the Nitrosomonas oligotropha cluster
and the Nitrosomonas communis cluster [91]. Comparative analysis of amoA sequences
suggested that N. europaea/Nc.mobilis cluster, the N. marina cluster, the Nitrosospira-
cluster are retained, while the members of the N. oligotropha cluster and the N.

communis cluster form no monophyletic assemblages [91].

Ammonia oxidizing bacteria in industrial WWTP

Ammonia oxidizing bacteria are found in industrial WWTPs and they fall in 4 clusters
which are N. europaea/Nc. mobilis cluster, N. communis cluster, N. oligotropha cluster
and unknown Nitrosomonas cluster [11]. Different clusters inhabit in various ammonia
concentrations indicated through affinity constant for ammonia. Affinity constant for
ammonia of 50 -100 uM can be considered high and representatives for this

environment are members of N. europaea/Nc. mobilis. This explains why N.
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europaea/Nc. mobilis are commonly found in WWTPs receiving high NH4*-N loads.
N. communis cluster have been classified as AOB with moderate affinity constants for
ammonia (14 - 43 uM). The member of N. oligotropha cluster, and N. oligotropha
cluster are low in affinity constants for ammonia (1.9 — 4.2 uM) was found in WWTP
with low NH4*-N load (10 mg N/ L) [11, 92]. In industrial wastewater systems, AOB

are often the main players in nitrification process [12].

Ammonia oxidizing bacteria in municipal WWTPs

Municipal WWTPs often receive low NH4"-N strength wastewater (5 — 13 mg N/L),
only members of N. communis cluster and N. oligotropha cluster were frequently found
in all 7 municipal WWTPs in Bangkok, Thailand [11]. Similarly, previous study proved
that N. communis cluster and N. oligotropha clusters frequently occurred in various
environments, but N. europaea cluster just appeared in some systems [93]. In eight
municipal WWTPs in China, majority of AOB belonged to Nitrosomonas genus, with
the species of N. ureae, N. oligotropha, N. marina, and N. aestuarii were predominant
[94]. It has been generalized that N. oligotropha cluster were common AOB in

municipal WWTPs.

2.2.1.2 Ammonia oxidizing archaea

Recently, scientists pay their attention to the third domain of life which is the domain
Archaea. They find that archaea are relatively highly abundant in various environments.
Having widely distributed, it potentially plays role in biogeochemical cycles for

example nitrogen and carbon cycles on earth.

Ammonia oxidizing archaea are continuously discovered from WWTPs. In

Bangkok, Thailand, sludge samples from three industrial and four municipal WWTPs
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were collected for investigation of ammonia oxidizing communities. The study showed
that AOA and AOB amoA genes were approximately equal in some municipal WWTPs
and AOA amoA gene copies in municipal WWTPs outnumbered those industrial
WWTPs [11]. The author and coworkers reasoned for more abundance of AOA amoA
genes in municipal WWTPs that was because NH4*-N concentration is generally low
compared to that in industrial plants leading to a conclusion that the occurrence of AOA
was negatively correlated with effluent NH4*-N concentration. It was found that most
of the sequences (80 amoA sequences) retrieved fell into a soil lineage (Group 1.1b) and
some sequences belonged to marine lineage (Group 1.1a). The AOA found in this study
were formerly found to be widely distributed in moderately thermal and marine
environments. With abundance of AOA in WWTPs, the study suggested that AOA
should potentially involve in nitrogen removal in WWTPs. Some estimation of activity
of AOA in AO was performed in this study with certain assumptions. In this regard,
AOA was predicted to contribute from 27 to 97% of AO in two out of four full-scale
municipal WWTPs. However, AOA sometimes found in industrial wastewater but at
lower abundance than AOB. And these AOA sequences belong to soil lineage group
[94]. Laboratory scale study showed that high NH4*-N enriching reactors with NH4*-N
of 10 mM (140 mg N/L) and 30 mM (420 mg N/L), AOA amoA genes decreased
significantly, and after 360 days of operation AOA amoA genes were less than
detection limit (1.7 x 102 copies mg sludge™), whereas AOB amoA genes abundance
significantly increased. However, AOA could be detected in those reactors by PCR
technique implying that AOA was still there but at low level of abundance [95]. This
study supported evidence that AOA favored low ammonium condition and therefore

they often occurred in a less abundant than their counterpart AOB.
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2.2.2 Metabolism of AOB and AOA

All AOB share a common pathway that AOB possess an ammonia monooxygenase
(AMO), which derives electrons from the ubiquinone pool to oxidize ammonia to
hydroxylamine. Right after that hydroxylamine is oxidized to nitrite by a
hydroxylamine oxidoreductase (HAO), which delivers electrons back (via iron-based
electron transfer system-cytochrome c proteins) into the ubiquinone pool for respiration

and further activation of AMO [96].

In AOA, AMO is consistently found in AOA metagenomes, but a putative HAO
has not been identified [96]. It is hypothesized that archaesal AMO either produce
hydroxylamine or doesn’t produce hydroxylamine. If the archacal AMO oxidizes
ammonia to hydroxylamine similar to the bacterial pathway then hydroxylamine would
subsequently be oxidized to nitrite by one or multiple novel enzymes, for example,
putative multicopper oxidases, which could function similarly to the bacterial HAO.
The four electrons would then be transferred to a quinone reductase (QRED) via small

blue copper-containing plastocyanin-like electron carriers [96].

Alternatively, the archaeal AMO may act as dioxygenase and insert two oxygen
atoms into ammonia, producing nitroxyl (HNO) from the spontaneous decay of
HNOHOH. The nitroxyl may be then oxidized to nitrite by one of the multicopper
oxidases-like proteins (MCO-like proteins) acts as nitroxyl oxidoreductase (NXOR)
with the extraction of two protons and two electrons in the presence of water. The

extracted electrons are then transferred to QRED [96].
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2.2.3 Targeting AOB and AOA using functional amoA genes markers

Molecular techniques are used to study ammonia-oxidizing microbes in the
environment. Ammonia-oxidizing bacteria can be identified by targeting 16S rRNA
genes or amoA genes [91]. Using 16S rRNA genes was better than amoA genes in terms
of resolution in construction of tree topologies even though the resulting tree topologies
using the two genes were highly similar [91]. However, identifying ammonia-oxidizing
community using amoA genes also has advantages over using 16S rRNA genes.
Previous study reported that using amoA genes reduce the risk to target taxonomically
related organisms since amoA genes mainly target ammonia oxidizing microorganisms
who can oxidize ammonia in environmental samples [97]. Communities of AOB and
AOA in samples can be distinguished using amoA genes because this functional gene

marker is sufficiently divergent between AOB and AOA [98-100].

2.2.4 Environmental factors affecting ammonia oxidizing process

2.2.4.1 Ammonium concentration

Ammonia, the main substrate in the ammonia oxidation process by AOA and AOB, has
the most critical effect on shaping communities and abundance of ammonia oxidizing
archaea and bacteria [84]. In culture dependent studies, AOA could survive in various
NH.4"-N concentrations range from low (0.14-0.18 pg/L) [101] to high (0.14-140 mg/L)
[102]. In WWTPs, AOA dominated AOB at low NH4"™-N concentration (5.40-38.6
mg/L) such as in municipal WWTPs but not found in industrial WWTPs. The
occurrence of AOA was found to be negatively correlated with effluent NH4*-N
concentration. Ammonia oxidizing bacteria (AOB) can adapt in various types of

environments with a wide range of NH4"-N concentrations from low to high [14]. Thus,
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AOB can be found in both municipal and industrial WWTPs. However, AOA was

commonly found in low NH4*-N condition and rarely found in industrial WWTPs [12].

2.2.4.2 Dissolved Oxygen

Ammonia oxidation process is the process to convert ammonia to nitrite under aerobic
condition. Therefore, dissolved oxygen (DO) is required for this process. The
concentration of DO has crucial effect on the rates of ammonia oxidation in WWTS
[103]. The growth rate of nitrifying bacteria was at minimum rate at DO of 0.5 mg/L.
These microbes required DO at 1 mg/L to normally function. Dissolved oxygen at 2
mg/L, specific oxygen uptake rate was maximum and remained stable [104].
Theoretically, the amount of oxygen consumed per one milligram NH4*-N were 4.57

mg O [103].

However, requirement of DO for AOA and AOB may be different. From the
enrichment cultures AOA exhibited low half saturation constant for oxygen (Ks), for
example culture AR, N. maritimus and Ca. N. koreensis have Ks values of 0.064 mg/L
(2.01 puM), 0.125 mg/L (3.91uM), and 0.332 mg/L (10.38 uM), respectively [101, 105,
106] while the values for N. europaea range from 0.219 — 0.555 mg/L (6.9 to 17.4 uM)
[107]. At the sediment-water interface where low oxygen was found in estuarine
wetlands, nitrification rate was observed positively correlated with diversity and
abundance of AOA but not AOB [108]. In pond sediments, DO is suggested to be the
key factor determining the predominance of AOA [89]. These studies implied that AOA
were less impacted by DO than AOB thus playing primarily role in AO in estuarine

wetland sediments. Interestingly, AOA had also been found coexistence with anaerobic
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ammonia oxidation (Anammox) bacteria in three anammox WWTPs with relatively

higher abundance [89].

Different from ammonia oxidation process which always requires DO,
denitrification process and anammox process use nitrate and nitrite as terminal electron
acceptor therefore the presence of DO above 0.2 mg/L could seriously negatively
influence on these process [87, 109]. However, it should be noted the anoxic processes
will be replaced by aerobic processes when oxygen is present since oxygen is a better
electron accepter for metabolism than nitrite and nitrate. The concentration of oxygen
at the surface of the cells may be more significant for the anaerobic processes than the

bulk concentration [109].

2.2.4.3 pH and alkalinity

pH has strong effect on nitrification process in sediment of streams. The study found
that nitrification rate reached maximum value at pH 7.5, and at this pH value
nitrification rates were two times higher than the other values. pH has only inhibitory

effect and non-toxic [103].

Nitrifying activity in activated sludge is heavily dependent on pH. A study
showed that the activity was good at pH range of 7.5-8.5 and the pH below 6.5 or above
10, there was limited or no activity. However, microorganisms depend on pH
differently. Each species may exhibit its ability to tolerate with certain pH. For instance,
AOA can survive in low [110, 111], neutral [101, 105, 110], and slightly alkaline pH
[105]. It was reported that pH plays an important role in growth and activity of AOA.

For instance, N. maritimus has optimum pH in the range of 7.4-7.6. Below this range,
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for example, at pH 6.7, N. maritimus had no activity, and at pH 7.0 there was no growth

[101].

Alkalinity is important factor in ammonia oxidation process because this
process is carried out by chemoautotrophic microorganisms which use inorganic carbon
as carbon source. It was reported that 7.1 mg alkalinity (as CaCO3) are consumed for
every mg NH4*-N oxidized. In the nitrification process, majority of alkalinity is
consumed to neutralize acidic environment generated during oxidation of ammonia to
nitrite and nitrate. However, due to slow growth rates of ammonia oxidizers, small

amount of alkalinity is utilized [103].

2.2.4.4 Temperature

Temperature at which nitrification activity could be observed was 4 to 45°C [103] and
optimum for growth of nitrifying bacteria 28-36°C, specifically optimum temperature
for Nitrosomonas sp. is 35°C and at the temperature between 54 and 58°C will cause

dead.

Ammonia oxidizing archaea could sustain in different profiles of temperatures
ranging from cold (5°C) [112] to hot (72 °C) [113]. AOA could also tolerate a wide
range of temperature in which the temperature may fluctuate from 5 to 17°C. For
instance, the growth range temperatures of Ca. N. viennensis, culture EN123, Ca. N.
devanaterra, and Ca. N. koreensis in 20-47 °C, 32-37 °C, 20-30 °C, and 15-30 °C,

respectively [101, 105, 110].
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2.2.4.5 Organic compounds

Nitrification rates were affected by additions of dissolved organic carbon acetate at the
concentration of 30 mg C/L, but lower than that value there was no effect [114].
Pyruvate addition up to 0.1-10 mM has showed positive effect on growth of archaeon
Candidatus Nitrososphaera viennensis while addition of other organic compounds such
as peptone, yeast, extract, glucose, lactose, arabinose, malate, sucrose, galactose,
acetate, trimethyline, ethanolamine, and methanolamine showed no growth activation
[110]. In contrast, Konneke et al. (2005) found that the addition of organic compounds

in very low concentrations appeared to inhibit the growth of the strain SCM1 [101].

In the environment, organic load from paper and pulp mill effluent in sediment
has showed effect on abundance of AOB and AOA.. Observation of gene abundance of
total AOB and AOA found that total gene abundance of AOB was reduced, whereas
there was an increase in that of AOA in paper and pulp mill impacted effluent. This
leads to a conclusion that organic load could play important role in niche differentiation
between AOA and AOB [115]. Relating to effect of organic matter on AOA, it was
reported that both acetate and leaf litter did not have effect on AOA communities
structures, but stimulated their growth. However, addition of leaf litter and acetate did
have effect on communities of AOB and promoted their growth in early stage of
incubation. Supplement of leaf litter had more obvious effect on growth of AOB than

acetate [116].

In agriculture, the availability of nitrogen and organic carbon were found to
positively correlate with diversity indexes of archaeal amoA genes [117, 118]. Strauss

(2000) found that nitrogen availability is one of the most important factor influencing
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nitrification and carbon may be an important factor when it is in form of relatively labile

and under high C:N ratio environmental conditions [114].
2.2.4.6 Light intensity

High light intensity of 500 umol photons m2 s™* completely inhibited AOA and AOB,
and at lower light intensity of 60 and 15 pmol photons m 2 st inhibited AOA, with no
evidence of recovery, but less or not inhibited AOB [119]. White light of 30 umol
photons m~2 st strongly inhibited the growth of AOA, no effect on AOB [120]. The
less density of AOA compared to AOB over years and the AOA reached highest density

in winter suggested that AOA abundance was potentially related to sunlight [89].
2.3 Nitrification inhibitor - Allylthiourea

Allylthiourea (ATU) is a metal chelating agent that has been successfully used in AO
research. It was previously found that ATU at 86 uM completely inhibited activity of
nitrifying sludge containing mainly AOB [121] and ATU at 0.2 uM could inhibit 50%
ammonia oxidizing activity of Nitrosospira multiformis, a member of AOB [86]. Most
recently, a study revealed that AOB activity was totally suppressed at ATU of 100 uM
[122]. Allylthiourea exhibits less negative effect on activity of AOA. In enriched
cultures, ATU at 172 uM partially inhibited growth and activity of archaeon Candidatus
Nitrosoarchaeum limnia strain SFB1 [123]. Shen and his colleagues (2013) found that
the AO activity of pure culture of Nitrososphaera viennensis was inhibited by 50% at
ATU 193 uM [124]. In addition, ATU 50 and 100 uM was found to stimulate growth
of AOA by 32% and 34% in terms of amoA gene abundance [102]. The literature

revealed that ATU exhibits more effective inhibitory effect on AOB rather than AOA.
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Therefore, it is assumed that ATU can be used to roughly observe AO activity of AOA.

In this study, ATU is sometimes used to confirm the ammonia oxidation activity.

2.4 Solid retention time

Solid retention time (SRT) is the average amount of time that microbes present within
a reactor calculated by dividing total mass of biomass in the treatment system for total
mass of biomass lost or wasted daily. Thus, removing a measured amount of biomass
from the reactor contents can change SRT. Solid retention time represents basic
relationship to bacterial growth rate [125], so it is important operational parameter to
study for design calculations and for the control of biological treatment systems. Solid
retention time has influenced on nitrification activity. The highest ammonium removal
efficiency (84%) was obtained at the SRT of 10 days while increasing SRT to more
than 15 days lowered the removal of NH4*-N [126]. Long SRT resulted in reducing
nitrification activity due to partial inactivation of biomass [127] although long SRT
generally resulted in greater biomass concentration. However, short SRT resulted in
washing out of biomass especially slow growth rates as ammonia oxidizers thus causing

stress for AO process.

2.5 Cell entrapment technique

Cell entrapment technique, immobilization of microorganism in a porous polymeric
matrix, is a potential method to use for bioremediation using microorganism.
Previously, immobilized cell method has been applied to efficiently treat non-toxic
substance such as organic carbon [128], hazardous substances such as atrazine and
lindane in contaminated agricultural soils [17, 129]. In addition, cell entrapment

technique could be used to reduce toxicity effect of AgNPs on nitrifying activated
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sludge, for example, the entrapment matrices successfully reduced the adverse effects
of AgNPs on nitrification activity [15] or mitigated toxicity effect of disinfectants on
chemical oxygen demand (COD) removal [130]. Immobilized cells showed better
removal performance and toxicity reduction than suspended cells because it provides
high cell loading, the cells are less exposed to toxins and it can be recycled [129, 130].
However, there is limitation when applying cell entrapment technique. One major
limitation with cell entrapment is that mass transfer could be limited activity of the
entrapped cells [131]. Crosslink structures and small pore-size are the main cause of

limitation of mass transfer and permeability.

2.5.1 Cell entrapment using alginic acid sodium salt

Brown sea-weed is a biological source of alginic acid extraction. Alginate is a series of
linear copolymers containing blocks of (1,4)-linked B-D-mannuronate (M) and o-L-
guluronate (G) residues in which G residues (GGGGGG), M residues (MMMMMM)
are arranged consecutively and one after another (GMGMGM). It is found that only G-
blocks of alginate involve in cross-linking with divalent cations such as calcium ions to
form hydrogels [132]. For this reason, the mechanical characteristics of alginate gels
could be enhanced by increasing the length of G-block and molecular weight.
Molecular weight of alginate is increased to improve the physical nature of hydrogels,
however, an alginate solution from high molecular weight exhibits high viscosity which

could harm to microorganisms due to high shear forces [132].

The interaction between divalent cations and alginate forms a gel structure by
ionic cross-linking. This type of linking is generated because divalent cations bind

solely to G-blocks of the alginate chains, the G-blocks of one polymer then form
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junctions with the G-blocks of adjacent polymer chains resulting the egg-box model of

cross-linking [133].

Sodium alginate (SA) is cheap and it can be massively produced [134]. It was
used in various functions such as gelling agents, suspending agents, and emulsion
stabilizers [135]. Sodium alginate is a hydrophilic polysaccharide and spherical gel
particles were formed when SA was mixed with divalent cations such as calcium ions
(Ca?"). The gel of sodium alginate is heat stable up to 150 °C. The binding of Ca?* by

alginate or calcium alginate (CA) was illustrated in Figure 2-1 [134].

Sodium alginate Calcium alginate

Figure 2-1 Formation of gel network between sodium alginate and calcium ions
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Calcium alginate (CA) is the commonly used entrapment matrix because it is a
natural polymer and not harmful to entrapped microbes and environment [136].
Calcium alginate prepared by a procedure previously described [15, 136]. Briefly,
sodium alginate solution of 2 % (w/v) was mixed with the concentrated nitrifying
activated sludge (NAS). The mixture was dropped into a calcium chloride (CaCly)

solution of 3.5 % (w/v) to form CA spherical beads with a diameter of 3 or 6 mm.

Siripattanakul-Ratpukdi et al. (2014) used CA to entrap nitrifying cells to
examine toxicity effect of AgNPs on nitrification process in the entrapment matrix
using respirometric experiment. In this experiment, oxygen depletion was monitored
instead of reduction of ammonium concentration. The results indicated that CA-
entrapped cells could mitigate inhibitory effect of AgNPs (0.05-5.00 mg/L) on
nitrification activity up to 100%. This is the pioneer study to indicate that entrapped
cells could be potentially used for real application for reducing toxicity effect of AgNPs

on nitrification activity in wastewater contaminated with AgNPs.

Change from calcium chloride (CaClz) to barium chloride (BaClz) could
improve the quality of the gel beads produced. For instance, BaCl, was used instead of
CaCly in preparation of the gel beads to produce barium alginate (BA) in the previous
study [137]. The study found that BA beads proved to have better physic-chemical
properties than the more commonly used CA beads. The immobilized cells in BA gel
retained a high yield and activity [137]. The result of this study lead to an idea to use
BA instead of CA to entrap nitrifying sludge in reducing toxicity impact of AgNPs and

Ag" since AgNPs is a release source of Ag”™.
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Recently, BA entrapped cells technique was used to treat wastewater (COD)
better than free cells [138]. For the BA-entrapped cell preparation, sodium alginate 2%
(w/v) was dissolved into sterile distilled water and thoroughly mixed with prepared
activated sludge. The mixture was manually dropped into a barium chloride solution of
5% (w/v) using a sterile syringe to form spherical beads with a size of 3-5 mm. The
beads remained in the solution for 2 h for hardening. Siripattanakul-Ratpukdi and
Tongkliang (2012) was one of the first researchers using BA-entrapped cells in treating

pollutants in wastewater.

However, the use of BA-entrapped cells in mitigation of inhibitory effect of

AgNPs and Ag* on AO is not reported in the previous studies.

2.5.2 Cell entrapment using polyvinyl alcohol

Polyvinyl alcohol (PVA) is produced from polyvinyl acetate through hydrolysis. It is
an man-made polymer that has been used in many fields of application such as
industrial, commercial, medical, and food sectors because it is non-toxic to humans,
and easily biodegradable [139]. PVA is completely dissolved at water temperature
approximate 100°C which is maintained for at least 30 min. All PVA grades water
solubility, stability to variation of temperature, resistance to chemical and
biodegradability [140]. The demonstration of chemical structure of PVA [139] is

presented in Figure 2-2.

In environmental aspect, PVA is not harmful to activated sludge
microorganisms [15, 141] and it can be abundantly produced at a low cost [137].
Polyvinyl alcohol when mixed with boric acid will form a cross-linked polymer [142].

Sodium borate acts a cross-linking agent to bind PVA chain together (Figure 2-3). PVA
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generated a crosslink with boric acid for a period from 10 min to 2 h to form a spherical
structure which content water. Then the gel beads were solidified by esterification of
PVA with phosphate (sodium phosphate buffer 1 M). The PVA cell entrapment
preparation procedure was according to the previous work [143]. A PVA solution of 10
% (w/v) was mixed with the concentrated nitrifying cells homogenously. The mixture
was dropped into a saturated boric acid solution to form 3 or 6 mm spherical beads. The
formed spherical beads were transferred to 500 mL of 1 M sodium orthophosphate
buffer (pH 7.0) and left for 1-2 h to obtain hardened PVA beads. Previously, PVA-
immobilized cells were used to effectively remove organic carbon [128], atrazine and
lindane [17, 129]. PVA-entrapped cells could be highly effective in removal of
ammonia under presence of AgNPs [15]. However, removal of ammonia under

presence of Ag* using PVA-entrapped cells is a gap in current research.

Figure 2-2 Structure of polyvinyl alcohol
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Figure 2-3 Cross-linking of polyvinyl alcohol with boric acid.

The network is formed by borate chelate ions and hydroxyl groups on adjacent

polymer strands.

2.5.3 Cell entrapment using mixture of PVA and BA

Successful application of immobilization techniques to biological wastewater treatment
must satisfy the requirements of carriers having strong consistency, durability, and high
cell viability as well as low cost [144]. A combination between PVA and CA was
proposed for entrapping phenol degrading Pseudomonas to removal phenol using the
fluidized bed reactor [145]. PVA has been widely used because it provides the strength
and high crosslinking capacity to the matrix whereas alginate reduces the agglomeration
and increases the surface properties [145, 146]. Combination of PVA and SA would
result ina compound in which the carboxylate group of SA is reported to form hydrogen
bonding with the hydroxyl group of PVA [147]. Combination of SA (1%), PVA (8%),
CaCl; (1%) could maximize the activity of the cells entrapped [148]. This study pointed
out that SA from 0.5-3.0% and PVA from 4-12% showed the highest activity of
immobilize cells. This could mean that a wide range of concentration of SA and PVA

are suitable for selection for entrapping cells. This combination also resulted in more
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stability of the produced gel beads and could be stored for a long time [148]. Since BA
was better than CA in terms of physical and chemical properties [137], it is suggested
to use BA to replace CA in producing gel beads for entrapment of NAS to study
inhibitory kinetics of AO influenced by AgNPs and Ag*. Currently, study of application
of cell entrapment using mixture of BA and PVA in protecting ammonia oxidation
process from toxicity impact of AgNPs and Ag™ is not available. Conducting research
in this areas is a need to expand understanding in the field of using entrapped cells for

treating wastewater containing AgNPs or Ag™.
2.6 Kinetics calculation

Monod kinetics is often used to model microbial kinetics as showed in Equation 2.1.

(2.1)

—u —> b
H=Hunax Ks+S

where W is specific biomass growth rate (gVSS/gVSS.d), pmax IS maximum growth rate
of biomass (gVSS/gVSS.d), b is the specific biomass decay rate (gVSS/gVSS.d), S is
substrate concentration and Ks is the half saturation constant. In short-term experiment

(60 h), the term decay rate b could be neglected.

For studying the kinetics of ammonia oxidation, the term p and pmax could be
replaced by g (ammonia oxidation rate in mg N/L/h) and max (maximum ammonia
oxidation rate in mg N/L/h) since activity was more sensitive for quantitative

measurement than biomass [149].
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2.7 Inhibition models

Competitive, uncompetitive and noncompetitive are the main types of enzyme
inhibition. For competitive inhibition, the inhibitor and substrate compete for reactive
site on the enzyme. In this type, the reaction rate will not change, while the Ks will

increase. The equation 2.2 is given to describe the competitive inhibitor.

S
I
S+K, A+ —— (2.2)
FK @)

S max

For the type of uncompetitive inhibition, the enzyme-substrate, but not the free
enzyme, is bound by the inhibitor. In this model, rmax doesn’t change but Ks will

increase. The model of this type of inhibition is described as in the equation 2.3.

1
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In non-competitive inhibition type, the inhibitor binds to any sites on the
enzyme resulting in changing enzyme composition and stopping forming of products.
In this model, rmax Will decrease but Ks will not change. The equation 2.6 describes

Kinetics of non-competitive inhibition.
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I
(rmax /(1+ K,))S (2.4)
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where rs is the specific substrate utilization rate (gS/L.h), rmax i maximum substrate
utilization rate (gS/L.h), S is substrate (g/L), | is the concentration of inhibitor (g/g), Ks
is half saturation concentration coefficient, known as equilibrium or affinity coefficient,
Ki (g/L) represents the inhibitory coefficient, E is enzyme, ES is enzyme substrate

complex.

2.8 Atomic absorption spectroscopy

This research used atomic absorption spectrometry (AAS) to quantify silver
concentration in the aqueous sample. This instrument is used for quantitative analysis
of chemical elements (more than 70 different elements of metals) using the absorption
of optical radiation by free atoms in the gaseous state. The absorption spectrometry is
used to assess the concentration of the analyte in the being measured samples by
comparing to the known standard concentrations. In this technique, the main principle
is that the electrons of the atoms can be excited for a short period of time by taking up
a certain amount of quantity of energy from the radiation of a given wavelength. The
wavelength is specific to a specific electron transition in a specific element. Each
wavelength corresponds to one element and this makes the technique highly selective
to an element. A detector is used to measure the radiation flux with a sample and
without sample in the atomizer and these two values of absorbance are used to calculate

concentration or mass of the analyte.
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2.9 Scanning electron microscopy

The scanning electron microscopy (SEM) is used to obtain information such as external
morphology, composition of chemicals, crystalline structure and direction of materials
of being observed sample. This technique uses focused beam of high-energy electrons
to initiate various signals (electron-sample interactions) at the surface of solid
specimens. As a result, two-dimensional image is obtained at the areas range from one
centimeter to five microns in width (magnification from 20X-30,000X, spatial
resolution from 50-100 nm). In principle, source of accelerated electrons in an SEM
carry significant amounts of kinetic energy come into contact with the solid sample.
After contact with the solid sample the incident electrons are decelerated and the energy
is dissipated into different signals such as secondary electrons, backscattered electrons,
diffracted backscattered electrons, photons (characteristic X-rays), visible light, and
heat. For imaging of samples, secondary electrons and backscattered electrons are used
in which secondary electrons are specifically used for displaying morphology and
topography on samples whereas backscattered electrons are used for showing contrasts
of samples. Photons or characteristic X-rays are utilized for elemental analysis.
Therefore, energy-dispersive spectroscopy (EDS) system is often coupled with SEM
for quantitative or semi-quantitative determination of composition of elements using a
sensitive X-ray detector to separate the characteristic X-rays of different elements into
an energy spectrum, and a software is then used to analyze the energy spectrum to
determine the amount of particular elements. This study focuses on using SEM and
EDS for obtaining information regarding cell morphology, and AgNPs-cells

agglomeration, respectively.
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2.10 Transmission electron microscopy

Transmission electron microscopy (TEM) works using a beam of electrons transmitted
through the specimen and interact with the specimen when it pass through. The
interaction between the electrons and the specimen forms a two-dimensional image of
the specimen with a maximum magnification of one nanometer. With this resolution,
TEM can be utilized to analyze quality, shape, size, density of quantum wells, wires,
and dots. In this study, TEM is used to analyse size and shape of AgNPs, and AgNPs-

cells interaction.

2.11 Fluorescence in situ hybridization

Fluorescence in situ hybridization (FISH) is a molecular cytogenetic technique that is
used for visualization of particular nucleic acid sequences in specific cellular or
chromosomal sites by hybridization of complementary fluorescently labeled probe
sequences with intact cells. Principally, the complementary DNA sequence will be
bound to single-stranded DNA in FISH technique. Therefore, a DNA probe for a
specific chromosomal region will recognize and hybridize to its complementary DNA
sequence on a metaphase chromosome or within an interphase nucleus. FISH procedure
comprises of crucial steps of sample preparation and fixation, denaturation of probe and
sample, hybridization of a fluorescently labeled probe to sample (annealing), post-
hybridization washing and detection. The probe signal can be seen by using fluorescent
microscopy. Commercially synthesized oligonucleotide probes which are fluorescently
5’ labeled by AF and CY3 (ThermoHybaid, Ulm, Germany) were used. In the current
study, FISH was applied to analyze spatial distribution of microbial communities in the

nitrifying cultures.
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Chapter 3 Materials and Methods

3.1 The entire experimental framework

The overall framework for this entire study was indicated in Figure 3-1. There were
three main experiments in this research. Experiment 1 was to compare inhibitory
Kinetics of ammonia oxidation activity from low ammonium reactor (NAS 0.5 mM)
and from high ammonium reactor (NAS 30 mM). The experiment 2 was to understand
inhibtory kinetics and mechanism of ammonia oxidation from NAS 30 mM. The third
experiment was to reduce the toxic impact of silver nanoparticles and silver ions using

entrappment tecnique.

Nitrifying sludge (NAS 0.5 mM and NAS 30 mM)

|

Experiment 1: Comparative inhibitory kinetics of AO from NAS
0.5 mM and NAS 30 mM influenced by AgNPs and Ag™

|

Experiment 2: Inhibitory kinetics and mechanism of AO from
NAS 30 mM mnfluenced by AgNPs

l

Experiment 3: Intubitory kinetics of AO from entrapped NAS 30
mM influenced by AgNPs and Ag*

l

Goal: To understand inhibitory kinetics and mechanism of AO
mfluenced by silver nanoparticles (AgNPs) and silver 1ons (Ag™)
and then mitigate the impact by using cell entrapment technique

Figure 3-1 The experimental framework of the entire study
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3.2 Description of the experiments

3.2.1 Experiment 1

This experiment investigated inhibitory effect of AgNPs and Ag* on AO from low and

high NH4*—N enriched nitrifying sludges.

In this study, the concentrations of AgNPs were 1, 10 and 100 mg/L. The concentration
of AgNPs of 1 mg/L was selected because it was relevant to the concentration detected
in WWTPs [150], while the concentrations of AgNPs at 10 and 100 mg/L were selected
based on a prediction that AgNPs will be increasingly accumulated in the future [63].
The concentration of Ag* was selected based on the concentrations of Ag* released

from the stock AgNPs of 1, 10 and 100 mg/L.

Framework of experiment 1 was presented in Figure 3-2. The ammonia
oxidation from NAS 0.5 mM and NAS 30 mM were used to expose to the same initial
concentrations of AgNPs and Ag* and the reduction of initial NH4*—~N concentration
was monitored as the indicator of the toxic response. Before taking the cultures for the
Kinetics experiments, live/dead assays were performed to test viability of the enriched
microbes to support for explanation of the inhibitory Kkinetics data. Ammonium
consumption and nitrate production were quantified using Salicylate—hypochlorite
method [151], and Colorimetric method 4500 [152], respectively. Live and dead assays
were performed using staining kit (LIVE/DEAD® BacLight™ Bacterial Viability,
Molecular Probes, Invitrogen) and observing under confocal laser scanning microscopy
(CLSM) [62]. These analysis methods were used consistently in the entire work. More

details of the experimental methodology could be found in Chapter 4.
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[N-NEH,"] = 0-80 mg/L

[Ag ion] =0, 0.05, 0.10,
0.50 and 5.00 mg/L

[N-NH,"] = 0-260 mg/L

l

l

!

!

Ammonia, nitrite + nitrate: kinetics parameters Ammonia, nitrite + nitrate: kinetics parameters

| !

Comparative inhibitory kinetics of AO from nitrifying sludges influenced by
AgNPs and Ag*

Figure 3-2 Comparative inhibitory kinetics of AO from nitrifying sludge influenced

by AgNPs and Ag*

3.2.2 Experiment 2

This experiment was designed to elaborate inhibitory kinetics and mechanism of AO
activity from NAS 30 mM influenced by AgNPs and Ag*. The experimental steps were
presented in Figure 3-3. Firstly, the inhibitory kinetics of ammonia oxidation influenced
by AgNPs were conducted. During the experiments with AgNPs, the Ag* release was
monitored. The experiments with Ag* were then performed with the concentrations
equal to the release. By comparing toxicity effects of AgNPs and Ag™, role of Ag™ in
overall toxicity of AgNPs suspension was clarified. Later, the community of microbes
in NAS 30 mM was estimated using Fluorescent 16S rRNA targeted oligonucleotide
probes and in situ hybridization (FISH). The FISH result confirmed NAS 30 mM was
dominated by ammonia oxidizing microbes thus supported for the reduction of
ammonia oxidation activity of this culture under presence of silver species (AgNPs and

Ag"). Scanning electron microscopy (SEM) was used to observe morphology of cells
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and aggregation of cells and AgNPs. Transmission electron microscopy (TEM) was
applied to examine physiology of cells after exposed to silver species. In addition,
microbial viability was also observed using confocal laser scanning microscopy
(CLSM) to reaffirm the damage of membrane integrity after exposed to AgNPs and
Ag*. Additional details of methodology of the experiment 2 could be found in Chapter

5.

Nitrifying sludge (NAS 30 mM)

! | FISH | |

[AgNPs] =0, 1, 10, 00 mg/T [Ag™]=0.005 01,035 5mgL
—* Ag”release o
[N-NH,"] = 0-80 me/L [N-NH{7] = 0-260 mg/L
Ammonia, nitrite + Ammonia, nitrite +
nitrate, SEM, TEM. nitrate, SEM, TEM,
Live/Dead Live/Dead

U U

Inhibitory kinetics and mechanism of AQO influenced by AgNPs

Figure 3-3 Inhibitory kinetics of AO from NAS 30 mM influenced by AgNPs and

Ag*
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3.2.3 Experiment 3

This experiment was conducted to mitigate harmful impact of AgNPs and Ag* on
ammonia oxidation activity using cells from NAS 30 mM entrapped in barium alginate
(BA), polyvinyl alcohol (PVA) and the mixture of BA and PVA (PVA-BA). The
experimental framework was displayed in Figure 3-4. In this experiment, the
concentrations of entrappment materials were selected based on published papers. The
amounts of AgNPs, Ag™ and MLSS, sampling intervals were identical to those used in
the experiment 2, and thus influence of AgNPs and Ag* on entrapped cells could be
compared to those in the suspended cells obtained from the experiment 2. Similar to
the previous experiments, ammonium reduction, nitrate production were monitored to
evaluate reponse of ammonia oxidation activity to AgNPs and Ag*. SEM was used to
observe microbial cells and internal structure in the gel beads. Live/dead assays were
also performed for examining viability of microbial cells after exposed to AgNPs and
Ag*. The entrapped cells were shaken on rotary shaker at the speed of 200 rpm for 30
days to examine the stability of the entrapped cells in synthetic wastewater. At the same
time with the stability test, concentrations of AgNPs were also quantified using
spectrophotometer to examine the amount of AgNPs remaining in well dispersed form.

Additional description of methodology of this experiment could be found in Chapter 5.
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NAS 30 mM
‘ Entrapped in different entrapment materials
BA PVA BA-PVA
SA (2%) (w/v) BaCl; (3 10 % (w/v) SA (1%, wiv), PVA (10%,
%a) wiv), BaCl; (5%)

4 4 ]

[AgNPs]=0, 1, 10, 100 mg/L; [Ag ions]: 0, 0.05, 0.10, 0.50 mg/L;
[NH*-N] =0, 10, 30, 50, 70, 100 and 150 mg/L

Parameters: ammeonia, nitrite + nitrate, Live/dead, and SEM

4

Evaluate effectiveness of entrapment materials in protection of AQ from
toxicity of AgNPs and Ag™

Figure 3-4 Framework of inhibitory kinetics of AO in entrapped cells influenced by

AgNPs and Ag*

3.3 Source of AgNPs and Ag*

Silver nanoparticles (5,000 mg/L) were provided by PrimeNANO technology (Prime
Nanotechnology Co. Ltd., Chulalongkorn University, Thailand). It was chemically
synthesized from silver nitrate (AgNO3) using sodium borohydride (NaBH4) and starch
as reducing and capping agents, respectively. Silver nitrate (AgNO3z, Merck, Darmstadt,
Germany) was used as source of Ag*. The stock solution of Ag* (100 mg/L) was
prepared by dissolving 0.1573 g of AgNOs in 1,000 mL sterilized distilled water. The

solution was used immediately after preparation.

3.4 Nitrifying cultures

Nitrifying culture can be developed by enriching inoculums containing ammonia
oxidizing microbes from environments (for example, activated sludge from municipal

WWTPs). The inoculum is enriched using media containing only inorganic synthetic
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wastewater (SWW) to limit growth of heterotrophic bacteria which often outcompete
autotrophic ammonia oxidizing microbes in natural environments and promote growth
of ammonia oxidizing microbes. Ammonium, solid retention time (SRT) and hydraulic
retention time (HRT) are three main factors having effects of abundance, ammonia
oxidation activity and communities of ammonia oxidizing microbes. Variation of these
factors can generate different ammonia oxidizing cultures which could possibly
represent for various naturally environmental conditions. The pure culture of ammonia
oxidizing microbes only convert ammonia to nitrite, whereas nitrifying culture
complete the nitrification process in which ammonia is converted to nitrite and then
nitrate. Microorganisms including ammonia oxidizing microbes, nitrite oxidizing
microbes and other bacteria (heterotrophs) coexist in nitrifying culture, while only
ammonia oxidizing microbes exist in pure ammonia oxidizing culture. Communities of
a nitrifying culture are more relevant to environmental conditions than that of pure
ammonia oxidizing culture. The cells obtained from nitrifying cultures are called

nitrifying cells.

Two mixed ammonia oxidizing cultures were developed in laboratory condition by
varying NHs*—N and SRT. The low NH4*-N enriched nitrifying sludge (NAS 0.5 mM)
was enriched at initial NH4*—N concentration of 7.2 + 1.1 mg/L and at an equal of SRT
and HRT of 28 days. The high NH4*—N enriched nitrifying sludge (NAS 30 mM) was
enriched at influent NH4*—N of 429 + 62 mg N/L (NAS 30 mM) at SRT which was
equal to HRT of 4 days. Low and high NH4"—N levels could represent for different

NH4"—N loads received by various WWTPs such as municipal and industrial.
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3.4.1 Low ammonium enriched nitrifying activated sludge

NAS 0.5 mM: the seed sludge was collected from a municipal WWTP in Bangkok,
Thailand. The collected sludge was cultivated in batch reactor with solid and hydraulic
retention time of 28 days (SRT = HRT = 28 days) at initial NH4*-N concentration of
7.2+ 1.1 mg/L. The reactor operating conditions (DO and temperature) were similar to

those with NAS 30 mM.

3.4.2 High ammonium enriched nitrifying activated sludge

NAS 30 mM: The seed sludge was taken from a continuous flow nitrifying culture-
enriching reactor. The reactor has been operating with both hydraulic retention (HRT)
and solid retention time (SRT) of 4 days with no sludge return. The collected seed
sludge was then cultivated in a batch reactor, with SRT and HRT of 14 days, at initial
NH4*—N concentration of 429 + 62 mg N/L. The dissolved oxygen (DO) concentration
was maintained above 2 mg/L, and pH was adjusted between 7.0-7.8 using 5 N NaOH

by pump. The batch reactor fed with inorganic synthetic wastewater (SWW).

The composition of SWW contained 1.9821 g/L (NH4)2SO4, 0.2 g/L NaCl, 0.2
g/L KoHPO4, 0.4 g/L MgCl..6H20, 0.1 g/L CaCl.2H20, 0.5 g/L KCI, and 1 g/L
NaHCOs3 with an addition of inorganic salt solution (1 mL). The inorganic salt solution
comprised of 40 g/L MgSQO4 7H20, 40 g/L CaCl, 2H>0, 200 g/L KH2PO4, 1 g/L FeSO4
7H20, 0.1 g/L. NazMo00Og4, 0.2 g/L MnCl» 4H,0, 0.02 g/L CuSO4 5H0, 0.1 g/L ZnSO4

7H20, and 0.002 g/L CoCl; 6H20.

3.4.3 Preparation of cleaned cells for AgNP and Ag* experiments
The enriched NAS 0.5 mM and NAS 30 mM cultures in batch reactor were harvested

and centrifuged at 5,000 rpm for 20 min and clear supernatant was removed to collect
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the settled cells. The collected cells were re—suspended and centrifuged to wash in
SWW. The washing process was repeated for five times to obtain cleaned cells, which

were used for inhibitory kinetics experiments with AgNPs and Ag™.

3.5 Synthetic wastewater for AGNP and Ag" experiments

The composition of SWW for inhibitory kinetics tests with AgNPs and Ag* comprised
of (NH4)2SOs4, 1 g/L NaHCOs3, 0.1 g/L KoHPO4, and 0.025 g/L MgSOg4, and 0.025 g/L
NaCl. The media was previously used for studying impact of AgNPs on AO activity

(Gu et al., 2014).

3.6 Chemical analysis

3.6.1 Measurement of ammonia

Ammonium was analyzed by using Salicylate-hypochlorite method. In this test,
ammonia reacts with salicylate and sodium hypochlorite under presence of sodium
nitroprusside to form indophenol blue. The indophenol blue was then determined by
spectrophotometer [151]. Firstly, five ml of sample was filtered through 0.45-um filter
paper. Dilution of the sample was appropriately made if estimated concentration of
ammonia is greater than 1 mg N/L. Secondly, for color development, the filtrate was
then added with 1 ml alkaline-hypochlorite solution, 0.6 ml salicylate-catalyst solution.
The prepared samples were then stirred well and put in the dark at least one hour before
the measurement of absorbance but not more than 24 hours. The samples then were

measured at the absorbance of 640 nm.

3.6.2 Measurement of nitrite
The parameter measurement was followed Colorimetric method [152]. Sample was pre-

treated by filtering or diluting into the range of 0-1 mg/L of nitrite. Then, 5 ml of
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pretreated sample was used for the measurement. The color development reagents
comprise of solution 1 (dissolve sulphanilamide in hydrochloric) and solution 2
(dissolve N-(1-Naphthyl)-Ethylenediamine Dihydrochloride in DI water) were added.
Let the color to be developed at least 1 h after chemical addition. Developed color was
measured for absorbance at 543 nm with UV visible spectrophotometers (Thermo

Electron Corporation, Hexious o, Cambridge, UK).

3.6.3 Measurement of nitrate
Nitrate in the samples was converted to nitrite using vanadium chloride (VCls, 0.8 g in

100 ml HCI 1M)[13]. Nitrite was then measured using the method described above.

3.6.4 Measurement of MLSS

The MLSS samples were analyzed according to Standard Method 2540-D (Total
Suspended Solids Dried at 103-105°C) [152]. Briefly, approximate 200 mL of a well-
mixed sample was filtered through a weighed standard glass-fiber filter by using
vacuum pump. The residue retained on the filter was dried to a constant weight at 103
to 105°C for 1 h. The increase in weight of the filter represents the total suspended

solids.

3.6.5 Live/dead assays

For sample preparation, the suspended cells are collected by centrifuge at 10,000 g for
10-15 min. Then the supernatant was discarded. The pellet was re-suspended in NaCl
0.85% and then centrifuged for 10 min at 10,000 g to settle the cells. This washing
process was repeated for five times. Then the clean cells were suspended in 1 ml of
NaCl 0.85%. A control dead cells was prepared by killing nitrifying cells by autoclaved

at least 121°C for 15 min.
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For preparation of staining solution, the staining solution was prepared by
mixing at the ratio 1:1 of Component A (SYTO 9 dye, 1.67 mM / Propidium iodide,
1.67 mM in DMSO) and Component B (SYTO 9 dye, 1.67 mM / Propidium iodide,
18.3 mM in DMSO). For staining the samples, 3 puL of the dye mixture was added for
1 mL of the bacterial suspension. The stained samples were mixed thoroughly and

incubated at room temperature in the dark for 15 min.

For the observation of stained cells, 5 puL of the stained bacterial suspension
were trapped between a slide and an 18 mm square coverslip and then placed in the
containing chamber of the confocal laser machine. The excitation/emission maxima
for these dyes are about 480/500 nm for SYTO 9 stain and 490/635 nm for propidium
iodide (PI). The background remains virtually non-fluorescent. Ten microscopic fields
were selected for calculation of live and dead proportions using ImageJ software
(ImageJ 1.4.3.67, Broken Symmetry Software). The proportions of dead cells were

presented by mean + SD.

3.7 Kinetics calculation
NH4"—N oxidation rates were calculated using equation 3.1 which compared change of
NH4*—N reduction versus time, whereas the Monod kinetics parameters including gmax

and Ks were calculated from Monod equation as indicated in equation 3.2.
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B dS (3.1)
17

_ C‘Imaxs (3.2)
K. +S

where q is NH4"—N oxidation rate (in milligrams of N per liter per hour, mg N/L/h);
gmax i the maximum NH4"—N oxidation rate (in milligrams of N per liter per hour, mg
N/L/h), S is initial NH4*—N concentration (in milligrams of N per liter, mg/L), Ks is the
half—saturation constant for ammonia (in milligrams of N per liter, mg/L), t is time (in
hour, h). gmax and Ks were calculated using SigmaPlot version 11.0 (Sigmaplot,
SYSTAT, Inc., USA). Under the presence of AgNPs or Ag* equation 3.2 can be

modified to equation 3.3

I
[(1+==))8
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Where Ki is inhibitory constant (in the unit of mg AgNPs per liter or mg Ag* per liter),
i can be AgNPs or Ag*. Level of toxicity of a substance to a target microorganism can
be indicated by a Ki value. A higher toxicity level would have a lower Ki value. Ki was
calculated by using Enzyme Kinetic Modules incorporated in the SigmaPlot version

11.0 (Sigmaplot, SYSTAT, Inc., USA).
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3.8 Inhibition calculation
The percentage of inhibition of AO activity was calculated based on equation 3.4 which

compared rates of AO in the controls and in the AgNPs or Ag* treatments.

—q;) X100
Q.

Inhibition (96) = (%

(3.4)

where qc is NH4"—N oxidation rates in the controls (in milligrams of N per liter per hour,
mg N/L/h), gi is the NH4s*~N oxidation rate under presence of AgNPs or Ag* (in

milligrams of N per liter per hour, mg N/L/h).

3.9 Data analysis

For the experiments conducted in triplicate the mean + standard deviation (SD) values
were presented in which mean was calculated by averaging the values from at least
three replications of inhibitory kinetic data or from 10 CLSM-images of live/dead
assays or 22-FISH-images. One-way analysis of variance (ANOVA) was used to test
the significant differences among the treatments. Tests were considered significantly
different at p < 0.05. Ducan test was further applied to consider the difference among
the being tested treatments [153]. Statistical analyses were performed by using IBM

SPSS statistics for Windows, Version 19.0 (IBM Corp., Armonk, NY, USA).



56

Chapter 4 Comparative Inhibition of Silver Nanoparticles and Silver
lons on Ammonia Oxidation of Nitrifying Sludges

4.1 Introduction

Nanoparticle has the size between 1 nm and 100 nm and silver nanoparticles
(AgNPs) whose particles made from silver. Silver nanoparticles exhibit much better
physical, chemical and biological characteristics than metal silver because of extremely
small sizes and high surface area per unit mass. These characteristics make AgNPs a
highly effective antimicrobial agent [1]. Therefore, they have been used in many
applications such as medical, food industry, household appliances, and textiles to
prevent negative impact of harmful microorganisms [2]. In addition, AgNPs could also
be used to coat on material to remove bacteria completely from supplied water, hence
they are potentially used in water purification [37]. However, AgNPs have been
released during consumption process. A study showed that approximately 300 tons of
silver annually leached and ended up in worldwide environment [44]. In reality, silver
has been globally detected in WWTPs [47] where they could release Ag ions (Ag®) [6,

7], and interacted with active biomass causing concerns for microbial activity [48].

In WWTPs, ammonia oxidizing microorganisms are known as the most
sensitive to environmental conditions and toxic substances including AgNPs and Ag*
because of its inefficient growth rate and low yield [6]. Ammonia oxidation (AQO)
process plays a pivotal role in nitrification by aerobically oxidizing ammonia to nitrite.
This process is crucial to nitrogen removal in WWTPs [14] and in aquatic environment
[154]. Occurrence of AgNPs and Ag™ in WWTPs might adversely harm to AO and

consequently reduce quality of effluent water discharged from wastewater treatment
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facilities. Several studies have focused on studying toxicity of AgNPs [7, 64] on AO or
nitrification activity. However, no study was conducted to examine influence of AgNPs
and Ag" on AO from nitrifying sludges enriched with different levels of ammonium
(NH4"-N). Low and high NH4*-N levels could represent for different NH4"—N influents
received by various WWTPs such as municipal and industrial. Also, possible
predictions can be made to measure negative effects of AgNPs and Ag* on AO in these
systems. To fulfil the gap, this study investigated inhibitory effect of AgNPs and Ag”*

on AO from low and high NH4"—N enriched nitrifying sludges.

4.2 Methodology

4.2.1 Experimental setup

The inhibitory Kinetics experiments were performed in experimental flasks. The
final clean cells concentration in each experimenting flask in all experiments was equal
at 50 mg/L as mixed liquored suspended solids (MLSS). The initial AgNPs
concentrations of 1, 10 and 100 mg/L and Ag* concentrations of 0.05, 0.10 and 0.50
mg/L were used for the inhibitory tests with both nitrifying sludges. All inhibitory
Kinetics experiments were conducted in batch mode, in aerated condition, at room
temperature, and at neutral pH. Five mililiter of aqueous samples were periodically
collected for analysis of ammonium and nitrate. Ammonium consumption was
quantified using Salicylate—hypochlorite method [151], whereas the nitrite (NO2—N)
plus NOs™—N addressed by total NO2,™—N was measured by colorimetric method 4500
[152] after NO3™—N in aqueous samples were converted to NO2™—N by using vanadium
chloride (VCls, 0.8 g in 100 ml HCI 1M). In this chapter, only inhibitory Kkinetics

between NAS 0.5 mM and NAS 30 mM was discussed.
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4.2.2 Live/dead cells observation of the two nitrifying cultures

The live and dead cells of nitrifying sludge cultures taken from the enriching
reactors were determined using a staining kit (LIVE/DEAD® BacLight™ Bacterial
Viability, Molecular Probes, Invitrogen) and observed under CLSM (FluoView FV10i,
Olympus, Japan). Live and dead cells were investigated by staining cells with an
appropriate mixture of the SYTO 9 and propidium iodide (PI) stains according to the
manufacturer’s protocol as described in Chapter 3. All bacterial cells were stained with
fluorescent green from SYTO 9 whereas dead cells (damaged cells) were only stained
with fluorescent red from P1. The presence of dead cells would reduce the emission of
fluorescent green. The autoclaved nitrifying sludge was used as a positive control for
the dead cells. The excitation/emission maxima for SYTO 9 and PI stains were 480/500
nm and 490/635 nm, respectively. Twenty two images from CLSM of each sample were
used for calculation of the areas of live and dead cells using the software ImageJ

(ImageJ 1.4.3.67, Broken Symmetry Software).
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4.3 Results and discussion

4.3.1 Silver nanoparticles characterization

Characterization of AgNPs using transmission electron microscopy indicated
that the starch-coated AgNPs had the spherical shapes (Figure 4-1) and the size of
AgNPs in the range of 2-12 nm accounted for 91.4%, whereas size from 12-30 nm only

took 8.6% (Figure 4-2).
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Figure 4-1 TEM images of the AgNPs of 10 mg/L
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Figure 4-2 Size distribution of AgNPs

Silver nanoparticles have its own localized surface plasmon resonance (LSPR)
and size of AgNPs is scanned by using spectrophotometry in the range of wavelength
of 250 to 700 nm. Different sizes of AgNPs would have peak at different wavelengths.
Sizes of AgNPs ranged from 25-50 nm would have absorption peaks between
wavelengths of 390-420 nm [155]. Increasing size of AgNPs leads to increase of the
wavelengths of the surface plasmon resonance, for example AgNPs of the sizes from
65-85 nm would have the peak at approximately 440 nm [156]. In this study, AgNPs
peaked at wavelength of 400 nm. Silver nanoparticles in the well-dispersed form or
non-agglomerated form has a maximum absorbance (Amax) at near 400 nm [157, 158].
Figure 4-3 also indicated that AgNPs used in this study was well dispersed in the SWW.
Non-aggregated form of AgNPs could enhance toxicity of AgNPs since they have more

chance to contact on microorganisms and release more silver ions [6].
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Figure 4-3 Absorbance of AgNPs at 1 — 40 mg/L.

Previous study found that surface plasmon resonance of AgNPs was affected by
the shape of AgNPs [159]. A relationship between shape of AgNPs and absorption
peaks was established. Silver nanoparticles in triangular would peak at wavelength of
about 625 nm whereas AgNPs in spherical shape was peaked at lower wavelength, for
example at 450 nm. In this study, the AgNPs has spherical shape showed UV absorption
peak at lower wavelength of 400 nm (Figure 4-3). Previous studies found that AgNPs
in spherical shape exhibited higher toxicity compared to rod-shaped paricles but

exhibited lower toxicity than truncated-shaped [52].
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4.3.2 Kinetics of ammonia oxidation in control conditions

The kinetics of AO without silver species were presented in Table 4-1.

Table 4-1 Kinetics parameters for inhibitory effect of AgNPs and Ag”*

Types of NAS  Silver (mg/L) Ks(mg/L)  Qmax (mg/L/h) R-squared

AgNPs

0.5mM
0 3.13 0.3608 0.92
1 - 0.1214 0.69
10 - 0.0475 0.37
100 - 0.0363 0.46

30 mM
0 13.48 0.6982 0.85
1 55 0.2962 0.80
10 3.72 0.1850 0.85
100 - 0.1128 0.46

Ag ions

0.5 mM
0.00 2.27 0.7548 0.98
0.05 - 0.4842 0.86
0.10 - 0.2923 0.76
0.50 - 0.2641 0.76

30 mM
0.00 17.83 0.6379 0.93
0.05 7.28 0.2492 0.67
0.10 4.98 0.0901 0.29
0.50 4.76 0.0175 0.25
5.00 - 0.0176 0.43

The Kinetics experiment without addition of AgNPs or Ag* showed that
ammonia oxidizing microbes (AOM) in NAS 0.5 mM exhibited the characteristic of
high affinity to ammonia (Ks= 2.27- 3.13 mg/L). In contrast, AOM in NAS 30 mM
showed low affinity to ammonia with a high Ks values (13.49 — 17.83 mg/L). The value
of Ks from NAS 30 mM was higher than that from NAS 0.5 mM indicating that

community of ammonia oxidizing microbes in the two nitrifying cultures were
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different. Lower Ks value means ammonia oxidizers have higher affinity to ammonia,

whereas higher Ks value indicates ammonia oxidizers have lower affinity to ammonia.

Nitrifying cultures enriched at low and high NH4*-N resulted in different
species of ammonia oxidizing bacteria (AOB) with distinct Ks values. For instance,
Nitrosomonas oligotropha has Ks values of 0.42-1.05 mg/L [160], whereas
Nitrosomonas europaea has Ks values of 12.3-27.4 mg/L. In low NHs—N
environment, the dominant AOB species were N. oligotropha, whereas in high NH4*—
N condition the dominant AOB species were N. europaea [14]. The ammonia oxidizing
microbes with low Ks values often abundantly occurred in municipal WWTPs, whereas
the ones with high Ks values frequently appeared in industrial WWTPs [14]. In this
study, it could imply that NAS 0.5 mM containing ammonia oxidizers which were
commonly found in municipal WWTPs, whereas NAS 30 mM having ammonia

oxidizers which were often detected in industrial WWTPs.

4.3.3 Inhibitory kinetics of ammonia oxidation influenced by AgNPs

The results from Figure 4-4 indicated that addition of AgNPs into NAS 0.5 mM and
NAS 30 mM caused adverse inhibition on AO activity. Ammonia oxidation activity in
NAS 0.5 mM was almost completely inhibited (Figure 4-4a), whereas it was partially
suppressed in NAS 30 mM (Figure 4-4b). Half-saturation constants (Ks) at different
AgNPs concentrations in NAS 0.5 mM could not be estimated because AgNPs
exhibited highly toxic to this culture. Monod curves turned into linear lines and the
Monod equation is not valid to predict Ks values. In the case of NAS 30 mM, AgNPs

only partially inhibited AO, Monod kinetics parameters including Ks and gmax were
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successfully calculated and they were found decrease when AgNPs concentration

increased (Table 4-1).

The negative influence of AgNPs on AO from the both nitrifying cultures was
concentration dependent. Higher AgNPs resulted in higher inhibitive effect. AgNPs at
1, 10, and 100 mg/L inhibited AO activity in NAS 0.5 mM and NAS 30 mM by 90.6 +
8.6%, 91.6 = 7.2%, 94.8 + 4.3% and 50.5 + 9.48%, 63.3 £ 7.9%, and 76.8 + 5.8%,
respectively (Figure 4-5). It was clearly showed that toxicity of AgNPs on AO in NAS

0.5 mM was higher than that in NAS 30 mM.

= 06 10
z (a) It oy o AgNPsOmglL
Z a 5 ANPsimgl = = =
= 05 v AsNPs 10mgl 5 08 = Agm"—ilmglT (b)
= & AgNPs 100 mgl o ¥  AgNPs 10mg/L .
= £ & ApNPs 100 mg/L
= B
z =
= =
3 o
£ 5
g b=
< 0.0 T T
0 20 40 60 80 100

80
Initial NHy N (mg/L)

Initial NHq ™ -N (mg/L)

Figure 4-4 Kinetics of AO from NAS 0.5 mM (a) and NAS 30 mM (b) influenced by

AgNPs
120 120
a b
e @ . (b)
SR i SRR "
-.: . - L ]
g 8
ig 10 _;E e
£ 40 - =40
0 T T T T T OI T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120

AgNPs concentration (mg/L) AgNPs concentration (mg/L)

Figure 4-5 Inhibition of AgNPs on AO from NAS 0.5 mM (a) and NAS 30 mM (b) at
different initial ammonium concentrations.
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4.3.4 Inhibitory kinetics of ammonia oxidation influenced by Ag*

For NAS 0.5 mM, the amendment of Ag" into the nitrifying culture sharply reduced
gmax (Figure 4-6a). The values of qmax were reduced when Ag* concentration increased
(Table 4-1) indicating that inhibition of Ag® on AO from this culture was also
concentration-dependent. Figure 4-7a showed that AO in NAS 0.5 mM almost reach
full inhibition by 86.3 + 0.8%, 89.1 + 0.7% and 93.4 + 1.2% at Ag"* concentrations of

0.05, 0.10, and 0.50 mg/L, respectively.

For NAS 30 mM, supplement of Ag* drastically reduced AOmax but Ag* did not
completely stop AO (Figure 4-6b). Figure 4-7b presented that AO in NAS 30 mM was
suppressed by 52.7 + 2.1% - 96.2 + 1.3% at Ag* concentration at 0.05-0.50 mg/L. Due
to partial inhibition, values of Ks were estimated. The values of Ks and qmax decreased

when Ag* concentration increased (Table 4-1).
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Figure 4-7 Inhibition of Ag* on AO from NAS 0.5 mM (a) and NAS 30 mM (b) at
different initial ammonium concentrations.

4.3.5 Comparison inhibitory effect of AgNPs and Ag*

In this study, the inhibitory effects of AgNPs and Ag™ were examined with two
nitrifying cultures including NAS 0.5 mM and NAS 30 mM. Toxicity of Ag* on AO
activity from NAS 0.5 mM and NAS 30 mM was higher than that of AgNPs. For
example, it was found that AgNPs at 1 mg/L inhibited AO activity by 90.6 + 8.6% and
44.9 + 2.4%, whereas Ag* at 0.05 mg/L (20 times lower than concentration of AgNPs

at 1 mg/L) suppressed 86.3 + 0.80 and 52.7 + 2.1% from NAS 0.5 mM and NAS 30

mM, respectively.

Both AgNPs and Ag* showed more adverse impact on AO activity from NAS
0.5 mM than from NAS 30 mM for several reasons. Firstly, AgNPs and Ag™ exhibited
more negative influence on NAS 0.5 mM due to the level of AO activity. The AO
activity in NAS 30 mM was higher than that in NAS 0.5 mM (Table 4-1) because NAS
0.5 mM was enriched with long SRT. This study found that dead cells in NAS 0.5 mM

and NAS 30 mM were 41.4 + 18.1 - 67.9 + 12.2% and 7.3 £ 5.3% - 10.7 + 6.9%,
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respectively (Figure 4-8). An example of live and dead cells in NAS 0.5 mM and NAS
30 mM was given in Figure 4-9 which clearly indicated higher dead cells (in red color)
in NAS 0.5 mM than in NAS 30 mM. The higher dead cells observed from NAS 0.5
mM could be the reason lead to lower AO activity. Former study also found that
enrichment using long SRT could reduce nitrification due to partial inactivation of

biomass [127].
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Figure 4-8 Percentage of membrane compromised cells estimated from NAS 0.5 mM
and NAS 30 mM.

The samples were collected directly from the reactors. Error bars show standard
deviation. Different letters indicate statistically significant (p < 0.05). NAS 0.5 mM 1
and NAS 30 mM 1 were collected on 22-9-2016 and NAS 0.5 mM 2 and NAS 30 mM
2 were collected on 7-10-2016. The letter a-d indicates the membrane damaged from

the highest level to the lowest one.
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Figure 4-9 CLSM-images of membrane integrity of NAS 0.5 mM and NAS 30 mM.

It was noted that al, a2 and a3 showing the total cells (comprise of live and dead
cells), dead cells and overlay of total and dead cells for NAS 0.5 mM; b1, b2, and b3

showing the total cells, dead cells and overlay of total and dead cells for NAS 30 mM.

Secondly, the physical structure of the sludge containing nitrifying cells
collected from NAS 30 mM were in larger size and more in cluster forms while those
harvested from NAS 0.5 mM were more in separated forms (Figure 4-9). The
aggregated forms of microbes in NAS 30 mM could probably help them more resistant
to AgNPs than NAS 0.5 mM. This possibly supported the explanation that why the
inhibitory effect of AgNPs on AO from NAS 30 mM was less than those from NAS 0.5
mM because part of nitrifying cells from NAS 30 mM was less exposed to AgNPs and
Ag" than from NAS 0.5 mM. Prior study found that N. europaea biofilms could tolerate
higher concentrations of both Ag* and AgNPs [161]. The protection mechanism may

come from mass-transfer limitations as proposed in the prior study [162]. Thirdly,
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community of ammonia oxidizers in the two cultures were different thus resulting
different tolerance to AgNPs and Ag*. Former researcher revealed that the toxicity of
AgNPs and Ag® on target microorganisms are species-specific [64, 163]. It was
previously reported that nitrification potential rate was inhibited differently because of
difference in species of AOB [64]. More specifically, uncapped AgNPs at concentration
of 0.5 mg/L adversely reduced activity of N. europaea, whereas uninhibited activity of
N. multiformis. The difference in inhibitive effect was potentially come from the
disparity in physiological characteristics of the two ammonia oxidizers [64].
Communities of ammonia oxidizers in the two nitrifying cultures were different thus
resulting in their various tolerance to AgNPs. In this study, the values of Ks could
indicate that AOB in the two nitrifying cultures were not the same. Fourthly, the
variation of toxicity effect of AgNPs and Ag* on ammonia oxidation from the nitrifying
cultures could be resulted from difference in duration of enrichment that could

subsequently lead to various proportion of ammonia oxidizers in the two cultures.

In addition to the above mentioned reasons, previous study suggested that
extracellular polymeric substances (EPS, is made of polysaccharides, proteins,
phospholipids, humic substances and nucleic acids.) produced from bacteria could
reduce toxicity of AgNPs and Ag* via reduction of Ag* to AgNPs by the hemiacetal
groups of sugars in EPS [164]. The other study reported that EPS could result in
increasing size of AgNPs thus reducing toxicity of AgNPs [158]. Removal of EPS could
make bacteria more sensitive to AgNPs [158, 165]. In this study, the more cluster of
microbes in NAS 30 mM could be due to EPS. EPS could play role in different toxicity

impact of AgNPs and Ag® on ammonia oxidation activity. Future study should
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investigate role of EPS in relation of toxicity of AgNPs and Ag* on the nitrifying
cultures. In addition, further research should be extended to examine toxicity impact of
AgNPs and Ag* on individual groups of nitrifying bacteria who complete nitrification

process.

The present study found that Ag* were much more toxic on AO activity than
that of AgNPs. The kinetics experiments using NAS 30 mM and NAS 0.5 mM showed
that the obtained K values supported the evidence that Ag* were more toxic to AO
activity. It was found that K; of Ag* was 0.29 mg/L and 0.17 mg/L, whereas K; for
AgNPs was estimated to be high of 73.5 mg/L and 3.37 mg/L, for NAS 30 mM and
NAS 0.5 mM, respectively. Silver nanoparticles and Ag* were highly toxic to AO
activity from NAS 0.5 mM since values of K; were much lower than those estimated
for NAS 30 mM indicating AgNPs and Ag* were more toxic to AO activity from NAS
0.5 mM than that from NAS 30 mM. Several literature also found that Ag+ was
adversely toxic to ammonia oxidation/nitrification. For example, Ag* at 0.05 mg/L
inhibited nitrification of N. europaea by approximate 20% [161, 166], at 0.10 mg/L
inhibited 75% [166] and at 0.25 mg/L inhibited more than 90% [6, 161, 166]. The
inhibitory effect of Ag™ on AO found in the present study was higher or comparative to
those in the reported findings. Moreover, several former studies also demonstrated that

the toxicity of Ag* was higher than AgNPs to several types of microorganisms

Study on inhibitory Kinetics of AO activity influenced by AgNPs and Ag™ is
still limited. Only our previous finding found that the K; value of AgNPs on AO process
of the enriched NAS 5 mM was 5.5 mg/L [167]. This estimated value was significantly

higher than K; values of Ag™ in the two cultures and the K; value of AgNPs with NAS
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0.5 mM. However, it was much lower than K; value of AgNPs (73.5 mg/L) with NAS
30 mM. The current and former results of K; values revealed that nitrifying activated
sludge enriched using higher NH4"-N concentration could better tolerate to toxicity of
AgNPs. The better tolerance to toxicity of AgNPs could relate to abundance and
community of ammonia oxidizers in each NAS. In addition, the difference in estimated
Ki for AgNPs between the previous and the current study could be attributed to disparity
in experimental conditions. Firstly, previous study used indirect parameter such as
oxygen uptake rate (OUR) in which DO was measured, whereas this study used direct
parameter such as NHs™-N to estimate Ki value. Secondly, the ammonia oxidizing
cultures were not the same resulting in different levels of AO activity due to different
in proportion and community of ammonia oxidizers, for example, in the previous study
the culture was enriched at 5 mM of NH4*-N, whereas in this study the cultures were
enriched at 0.5 mM and 30 mM of NHs"-N. Furthermore, the difference in
characteristics of AgNPs such as size, shape, coating agents also influence on toxicity
of AgNPs. Estimated K; values varied depending on several factors, however, inhibitory
constant K; values of AgNPs and Ag* found in the present study clearly indicated that
both AgNPs and Ag* were very toxic to AO activity and Ag*™ were more toxic to AO
activity than that of AgNPs. The toxicity effect of AgNPs and Ag® on ammonia

oxidation in nitrifying sludge was concentration dependent.

Size of AgNPs contributed to magnitude of toxicity of AgNPs. Previous study
found that AgNPs concentration from 1-100 mg/L inhibited AO by 21-25% [7] which

was lower compared to the current study. This happened could be because the AgNPs
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used in the previous study having larger size (50 nm) than the current study (2-12 nm).

The prior study also reported that AgNPs with smaller size could release more Ag™ [55].

Coating also effects on toxicity of AgNPs through influencing on dissolution of
AgNPs. There were less Ag* liberated from coated AgNPs than the uncoated ones [6].
Toxicity of AgNPs coated with citrate, gum arabic, and polyvinylpyrrolidone
influenced differently on AO of N. europaea. At 2 mg/L, citrate, gum arabic, and
polyvinylpyrrolidone AgNPs inhibited AO by 91.4 £ 0.2%, 67.9 £ 3.6%, and 29.5 +
9.4%, respectively [6] while AgNPs (at 1 mg/L, starch coated-AgNPs) suppressed AO
by 90.6 + 8.6% and 44.9 + 2.4% for NAS 0.5 mM and NAS 30 mM. However, it should
be noted that the difference in inhibition of AO could be attributed to variation in

experimental conditions such as composition of SWW, types of nitrifying cultures.

This study found that AO was very sensitive to AgNPs which was agreed with
the previous study reported that nitrifiers were very susceptible to toxicity of AGNP due
to functional enzyme (AMO) located near surface of cell membrane and AgNPs tended
to interact with cell membrane [6]. Therefore, it was previously reported that ammonia
oxidizers were more sensitive to AgNPs than nitrite oxidizers and heterotrophic
microorganism [8]. Due to high sensitivity to toxic chemicals, ammonia oxidation
activity was used as indicator of impact of contaminants on nitrification and therefore

treatment failure [168].

The toxicity of AgNPs vary according to several factors such as sizes and
coatings, the result of this study enhances understanding regarding to toxicity of AgNPs

with different characteristics on ammonia oxidation activity.
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4.3.6 Inhibition model of AgNPs and Ag*

The models of inhibition are often used in studying enzymatic activity and Michaelis-
Menten equation is used for prediction of the inhibition types. Michaelis-Menten
equation is similar to Monod equation but the former is often used for enzymatic
activity whereas the later is used for whole cell study. These equations are both
described by a rectangular hyperbolic relation between enzyme or whole cell and
substrate. The rate of substrate utilization is increased linearly (first-order Kinetics)
when the substrate concentration is low. In contrast, the rate of substrate consumption
will reach maximum and remained unchanged (zero-order Kinetics) when substrate
concentration is increased to high level. There are three basic types of inhibition models
in enzyme Kinetics study. They are competitive, uncompetitive, and non—competitive
inhibition, which are identified by observing change of half-saturation constant (Ks)
and velocity on substrate (Vmax) values in enzymatic study. This principle was applied
in the current study to predict inhibition type because it is well known that ammonia
oxidation process is the conversion of ammonia (substrate) to nitrite in aerobic
condition. This conversion process involved functional enzymes ammonia
monooxygenase (AMO) and hydroxylamine oxidoreductase (HAO) found in most
ammonia-oxidizing microbes. Prediction of inhibition models was possible to perform
in this study because the ammonia oxidation activity occurred due to the activation of
functional enzymes in ammonia-oxidizing microbes under NHs presence. Under the
presence of toxic substances such as AgNPs and Ag*, the activity of ammonia oxidation
could be partially or fully inhibited due to cell death leading to inactivation of functional
enzymes. In addition, this study used whole cells of ammonia oxidizers so Monod

equation was used to present the relationship between ammonia oxidation activity and
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the substrate (NHs). In reality, Monod equation was previously used in the study of
ammonia oxidation kinetics [149]. In the present study, the inhibition type of AgNPs
and Ag" was predicted based on the changing of apparent gmax (Maximum ammonia

oxidation rates under presence of AgNPs or Ag*) and Ks values in AO process.

For NAS 30 mM, supplement of AgNPs and Ag* drastically reduced gmax but
these toxic substances did not completely stop AO. Ammonia oxidation activity in NAS
30 mM was only partially suppressed by AgNPs and Ag*. Due to partial inhibition,
values of Ks were estimated as indicated in Table 4-1. Monod kinetics parameters Ks
and gmax Showed that the inhibitory effect of AgNPs and Ag* on AO activity from NAS
30 mM followed uncompetitive—like model because both Ks and gmax decreased when
concentrations of AgNPs and Ag™ increased. The same inhibitory model for AgNPs and
Ag* could imply that these two toxic substances exhibited similar mechanisms of
causing toxicity effect on AO process. Previous study found that AgNPs inhibited AO
process best described by uncompetitive—like model [167] which is similar to the
prediction in this current study. The inhibition type of AgNPs and Ag* on AO from
NAS 30 mM could imply that the presence of AgNPs and Ag* resulted in partial
inactivation of functional enzymes in ammonia-oxidizing microbes. Prior study found
that the heavy metals such as Ni**, Co?*, Cr showing the inhibition model of non-

competitive [169] but AgNPs and Ag* were found to be un-completive-like models.

For NAS 0.5 mM, the amendment of AgNPs and Ag" into the nitrifying culture
sharply reduced gmax (Table 4-1). This study found that when AgNPs and Ag" almost
completely suppressed AO, the Monod curves became straight lines, thus, Monod

equation cannot be applied to predict Ks values. Inhibition data supported this
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discussion. It was clearly showed that AO in NAS 0.5 mM almost reached full
inhibition by 90.6 + 8.6% — 94.8 + 4.3% and 86.3 £ 0.8% - 93.4 + 1.2% at AgNPs of 1-
100 mg/L and Ag*® of 0.05- 0.50 mg/L, respectively. From the discussion, it can be
concluded that Monod equation can be used to estimate Ks values only when AgNPs

or Ag® partially inhibited AO.

An attempt was made to predict inhibition model for the inhibitory effect of
AgNPs and Ag* on AO activity from NAS 0.5 mM. However, it was not well predicted
the model for the effect of AgNPs and Ag® on AO activity from NAS 0.5 mM since
AO activity was almost totally inhibited when AgNPs and Ag* were amended to this
culture. However, it could be highly possible that type of inhibition of AgNPs and Ag*
on AO from NAS 0.5 mM was similar to that of NAS 30 mM since the inhibition model
for AgNPs and Ag* predicted on NAS 5 mM [167] and NAS 30 mM in the current
study was the same. However, for NAS 0.5 mM the presence of AgNPs and Ag* could

possibly fully inactivate functional enzymes of ammonia-oxidizing microbes.

4.4 Summary

Toxicity effect of AgNPs and Ag* on AO activity from NAS 0.5 mM and NAS
30 mM was investigated. Values of Ks obtained from the two nitrifying cultures
indicated that NAS 0.5 mM were dominated by oligotrophic ammonia oxidizing
microbes, whereas eutrophic ammonia oxidizers were dominant in NAS 30 mM. The
experimental results showed that AgNPs and Ag* exhibited high toxicity to AO from
the two nitrifying sludges. Silver ion from 0.05 to 0.50 mg/L inhibited AO by 52.7 +
2.1% —93.9 + 1.9% and 86.3 £ 0.8% — 93.4 + 1.24% for NAS 0.5 mM and NAS 30

mM, respectively, whereas AgNPs at 1-100 mg/L suppressed AO from NAS 0.5 mM
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and NAS 30 mM by 90.6 + 8.6% — 94.8 + 4.3% and 45.7 + 14.3% —75.8 + 7.6%,

respectively.

The experimental results indicated that both AgNPs and Ag* exhibited
extremely high toxicity to AO activity for the examining cultures. Ammonia oxidizing
activity from NAS 0.5 mM was more adversely impacted by AgNPs and Ag*. The study
demonstrated that both AgNPs and Ag™ were highly toxic to AO activity, especially for
ammonia oxidizers with low Ks values implying that AO from municipal WWTPs
could potentially suffer more devastating impact by AgNPs and Ag* than industrial
WWTPs. Future studies should focus on the role of individual ammonia oxidizers under

occurrence of AgNPs or Ag”.
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Chapter 5 Inhibitory Kinetics and Mechanism of Ammonia
Oxidation Influenced by Silver Nanoparticles: Role of Silver Particles
or lons

5.1 Introduction

Silver nanoparticles (AgNPs) are extensively used in many consumer and medical
products due to its high surface area and excellent antimicrobial activity [2]. With
increasing production and use, AgNPs were expected to be washed out from consumer
products and unavoidably occurred in wastewater treatment plants (WWTPSs) [7-9]. It
was reported that the amount of silver used in global textile and plastic industries
annually released to wastewater treatment systems of 190-410 tons [5]. Recently, it was
detected AgNPs of up to 1.9 pg/L in effluent of WWTPs [46]. Former studies reported
that silver was detected ranging from 4 pg/L to 1 mg/L and 2 to 195 mg/L in influent

concentration and biosolid concentration of WWTP, respectively [41-43].

Since silver is classified as a highly toxic, persistent, and accumulated chemical,
the performance of WWTPs may be adversely impacted due to the interactions between
AgNPs and activated sludge [7, 15]. Nitrification process is known as the most sensitive
process in WWTPs. The nitrification process includes ammonia oxidation (AO) and
nitrite oxidation reactions. This AO, which was the rate-limiting step of the process,
was previously found susceptible to AgNPs [7, 170]. Silver speciation related to AgNPs
included AgNPs themselves and released silver ions (Ag*). During AgNP oxidation,
reactive oxygen species (ROS) could be created [2, 10, 55]. Prior studies discovered
that both AgNPs and Ag* clearly affected a wide range of organisms including

nitrifying microbes [16, 62]. Among previous works, roles of AgNPs or the released
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Ag" to overall toxicity of AgNPs suspension were found differently due to varying
experimental conditions including tested conditions, types of AgNPs, and nitrifying
cultures. This inconclusive phenomenon was inadequate to finalize environmental

treatment technology and management.

The aim of this chapter was to understand influence of AgNPs and Ag* related
to AgNPs on AO process. Inhibitory mechanism and kinetics of AO activity from
nitrifying sludge influenced by AgNPs and Ag* were investigated. Observation of
microbial cell physiology, community, and viability using microscopic techniques
including scanning electron microscopy (SEM), transmission electron microscopy
(TEM), and confocal laser scanning microscopy (CLSM) was carried out. The result
from this study can be used as fundamental information of WWTP design and operation

later on.

5.2 Methodology

5.2.1 Experimental setup

The inhibitory kinetics experiments under the presence of AgNPs and Ag* were
performed. During the experiments with AgNPs, the Ag™ release was monitored. The

experiments with Ag* were then performed with the concentrations equal to the release.

The nitrifying sludge was harvested and centrifuged at 5,000 rpm for 20 min
and the clear supernatant was removed to collect the settled cells. The collected cells
were re-suspended in SWW and centrifuged to wash. The washing process was
repeated for five times to obtain the cleaned cells, which were later used for the
inhibitory Kinetics tests. The ammonia oxidation kinetic experiments were carried out

using 250-ml flask with an effective volume of 100 mL. The initial NH4+*—N
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concentrations were in the range of 0.85 to 73 mg/L and 0.9 to 260 mg/L for AgNPs
and Ag* experiments, respectively. The final AGNP and Ag* concentrations were 1, 10,
and 100 mg/L and 0.05, 0.10, 0.50 and 5.00 mg/L, respectively. It is noted that the
concentrations of Ag® (0.05-5.00 mg/L) was selected based on released Ag*

concentrations from AgNPs.

The final biomass concentration was 50 mg/L as mass liquored suspended solid
(MLSS). All tests were conducted in triplicates at DO > 2 mg/L and room temperature
(28-30 °C) in batch mode for 60 h period. The pH of the neutral range (7.5-7.8) was
achieved using 30 mM of HEPES. The aqueous samples of 5 mL were collected
periodically to measure reduction of NH4*—N and production of nitrate (NO3™N). The
NH4*—N concentration was measured by salicylate—hypochlorite method [151] whereas
the nitrite (NO2—N) plus NOs—N addressed by total NO.™—N was measured by
colorimetric method 4500 [152] after NOs™N in aqueous samples were converted to
NO2™—N by using vanadium chloride (VClz, 0.8 g in 100 ml HCI 1M). The data from
the experiment were used to calculate the kinetic values and inhibition percentage.
5.2.2 Silver ion release monitoring
Silver ion release monitoring experiments were performed with the AgNP
concentrations of 1, 10, and 100 mg/L and initial NH4*—N concentrations of 20 and
100 mg/L. The aqueous samples were collected at 0, 30, and 60 h. Approximate 8 mL
of each aqueous sample was transferred into an ultracentrifuge tube (16 x 57 mm,
Beckman Coulter, Inc., USA) and tightly sealed. The prepared samples were placed in
ultracentrifuge machine (Optima™ MAX-XP Ultracentrifuge, Beckman Coulter, Inc.,
USA) and centrifuged at 165,000 x g, 4°C, for 2 h [21] using MLN-80 rotor (16 x 58

mm, Beckman Coulter, Inc., USA). The centrifuged samples were carefully taken out
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and the supernatants were gently withdrawn using 10 ml sterile syringes and transferred
to glass bottles. The supernatants were sent to analyze at the certified laboratory at the
Scientific and Technology Research Equipment Center (STREC, Chulalongkorn
University, Thailand) using Atomic Absorbance Spectrometry (AAS, Varian Model
AA280FS, Australia). The measurement of total silver in the AAS was done using
Air/Acetylene flame type with the air and acetylene flow rates of 13.6 L/min and 1.80
L/min, respectively. The absorbance of silver was detected at the wavelength of 328.1

nm for 4.5 s. The detection limit of AAS was 3 pg-Ag/L.

5.3.3 Preparation of samples for transmission electron microscopy

The NAS 30 mM samples of the control and of exposed to AgNPs and Ag™ centrifuged
at the rate of 5,000 rpm for five min at 4°C to remove the supernatants. The obtained
pellets were then washed with NaCl 0.85% for five times. The washed samples were
fixed with a glutaraldehyde solution 2.5%. The fixed cells were washed in phosphate
buffer and a 1 % osmium tetroxide solution. The cells were mixed with melt agar of 1.5
% to form gel at 45-50°C. The hardened agars were cut into 0.5-mm cubes. The cubes
with cells were dehydrated with a series of ethanol solutions from 35 to 95%. The
dehydrated cubes were saturated in a series of propylene oxide and spur resin. Next, the
cubes were baked at 70°C from 8 to 10 h. The baked cubes were cut by an ultra-
microtome. The pieces with a thickness of 60—90 nm were pasted onto copper grid and
stained with uranyl acetate and lead citrate to increase the contrast. The prepared
specimens were observed using transmission electron microscopy (TEM, JEOL, JEM-

2100, Tokyo, Japan).
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5.3.4 Preparation of samples for scanning electron microscopy

The NAS 30 mM samples of the control and of exposed to AgNPs and Ag™ centrifuged
at the rate of 5,000 rpm for five minutes at 4°C to remove the supernatants. The
centrifuged samples were rinsed with phosphate buffer solution (PBS, 0.1 M, pH 7.4).
The washed samples were fixed by using 0.1 M PBS with 4% glutaraldehyde overnight
at 4°C. The fixed samples were separated in halves in liquid nitrogen, dehydrated using
a series of ethanol solutions, placed on a stub, and covered with gold under vacuum
condition. The prepared samples were examined using Scanning Electron Microscopy
(SEM) with an energy—dispersive spectroscopy attachment (JEOL, JSM-5410LV,
Tokyo, Japan). Elemental compositions of selected areas were analyzed using Energy
Dispersive X—ray (EDX, Oxford Instruments, Model X—Max", UK) to identify forming

aggregates of AgNPs.

5.3.5 Live/dead cells after exposing to AgNPs and Ag*

The live and dead cells of NAS 30 mM culture after exposed to AgNPs and Ag* were
studied using staining kit (LIVE/DEAD® BacLight™ Bacterial Viability, Molecular
Probes, Invitrogen) and observing under confocal laser scanning microscopy (CLSM).
Live and dead cells were investigated by staining cells with an appropriate mixture of
the SYTO 9 and propidium iodide stains according to the manufacturer’s protocol. Both
live and death cells were stained with fluorescent green from SYTO 9, whereas dead
cells (damaged membranes) were only stained with fluorescent red from propidium
iodide. The presence of dead cells would reduce the emission of fluorescent green.
Culture of NAS 30 mM was autoclaved at 121°C for 20 min and used as positive
control. The excitation/emission maxima for SYTO 9 and propidium iodide stains were

about 480/500 nm and 490/635 nm, respectively. Ten images from CLSM of each
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sample were used for calculation of the areas of live and dead cells using the software

ImageJ [7].

5.3.6 Fluorescent 16S rRNA targeted oligonucleotide probes and in situ
hybridization

Two milliliter of mixed liquor suspended solids was fixed in a 4% paraformaldehyde
solution for 12 h. Fixed samples were brought into hybridization by following which
procedure described elsewhere [171]. In brief, 10 ul of 16S rRNA-targeted
oligonucleotide probe (Table 5-1) in hybridization buffer, were added onto each spot
of the samples on microscopic slide. The slides were hybridized at 46 °C for 2 h and
washed at 48 °C for 15 min. Later, DNA of all microorganisms in the sample were
stained with 0.9 uM DAPI for 15 min. The hybridized samples were then observed
under CLSM (FluoView FV10i, Olympus, Japan). With a helping of image analysis
software (ImageJ 1.4.3.67, Broken Symmetry Software), the 22 corresponding FISH-
CLSM images were determined the percent abundance of target microbes in total
microbes via estimating an area occupied by microbes being hybridized with the
targeted probe per one occupied by DAPI-stained microbes.

Table 5-1 Oligonucleotide probes for analyzing microorganisms in NAS 30 mM

Probe Sequence (5’ to 3°) Label Target Formamide
organisms (%)
Nso190  CGATCCCCTGCTTTTCTCC  AF Many but not all 55
ammonia
oxidizing f-
Proteobacteria
Ntspa662 GGAATTCCGCGCTCCTCT  Cy3 Nitrospira genus 35

Nit3 CCTGTGCTCCATGCTCCG Cy3 Nitrobacter spp. 40
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5.3 Results and discussion
5.3.1 Inhibitory kinetic and mechanism of ammonia oxidation

5.3.1.1 Ammonia oxidation kinetics influenced by AgNPs

The ammonia oxidation experiment with and without AgNPs was performed. All of
the tests, ammonia concentrations depleted with respect to time. The rates of ammonia
reduction were used to fit Monod model as shown in Figure 5-1. Addition of AgNPs
resulted in a decrease in Ks and gmax. Addition of AgNPs concentration of 1, 10 and
100 mg/L resulted in a sharp decrease in half-saturation constants (Ks) and maximum
ammonium oxidation rates (Qmax). Maximum ammonium oxidation activity was
reduced from 0.6982 mg N/L/h to 0.1128 mg N/L/h when AgNPs concentrations
increased from 0-100 mg/L. Similarly, the values of Ks at AgQNPs concentrations of 0,

1, and 10 mg/L were 13.49, 5.75, 3.72 mg/L respectively.
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Figure 5-1 Kinetics of AO from NAS 30 mM by AgNPs
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Ammonia oxidation activity was inhibited by 50.5 + 9.48%, 63.3 = 7.9%, and
76.8 + 5.8% at AgNPs concentration of 1, 10, and 100 mg/L, respectively (Figure 5-2).
Based on the result, it is clear that the initial AgNPs concentrations significantly
affected the inhibitory magnitude (p = 0.002), which is in line with previous works [7,
167] that higher AgNP concentration resulted in more inhibition of AO. Giao et al.
(2012) was performed the inhibition kinetics using nitrifying sludge taken from the
reactor enriching nitrifiers using 5 mM NH4*-N while the nitrifying sludge using in this
study was from 30 mM NH4*-N reactor. This indicate that with different nitrifying
sludges higher AgNPs concentration similarly resulted in more inhibition of AO.
However, up to this point, it could not conclude whether the inhibition was from AgNPs

themselves or released Ag*.
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Figure 5-2 Percent inhibition of AO from NAS 30 mM by AgNPs



5.3.1.2 Ag ions release from AgNPs

Table 5-2 presented that there were more Ag® liberated at higher initial AgNPs

concentrations.

Table 5-2 Concentration of silver ion release from AgNPs

Initial Type of Initial Ag ion release from AgNPs (ug/L)
NHs—N Medium AgNPs Mean + SD
(mg/L) (mg/L) Oh 30h 60 h
0 SWW only 1 71.7+7.6 80.0 £ 10.0 25.3+0.6
0 SWW only 10 776100 2329+29 202.4 £32.1
0 SWW only 100 227.2+£153 750.9+20.8 529.6+104
SWW + <DL
20 NAS 1 4.0+0.1 <DL
SWW + <DL
20 NAS 10 <DL 128+75
SWW +
20 NAS 100 180.9+15.3 280.2+36.1 211.4+12.6
SWW + <DL <DL
100 NAS 1 18.0+3.2
SWW + <DL <DL
100 NAS 10 <DL
100 SWW + NS 100 135.6 +20.0 578.4+84 331.4+0.0

Notes: SWW-synthetic wastewater, NAS—nitrifying activated sludge. DL is detection

limit which below 3 ug Ag/L.
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The release of Ag* increased in the period from 0 h to 30 h, but decreased in the period
of 30-60 h. The ranges of liberated silver in SWW only were from 25.3 + 0.6 pg/L to
750.9 +20.8 pg/L, averaged at 0.059, 0.171 and 0.503 mg/L in the experimental period
of 60 h at initial AgNPs concentrations of 1, 10, and 100 mg/L, respectively. The mean
amounts of Ag™ release were close to the concentrations of Ag*™ used in the inhibitory
kinetics experiment. The measured concentrations of Ag* in the SWW+ NAS were

lower than in SWW only.

The released Ag* was monitored along with the ammonia oxidation inhibition
in AgNPs experiments as shown in Table 5-2. The Ag* concentrations were measured
from the experiments with SWW and SWW+NAS (the wastewater with the nitrifying
sludge) at different initial ammonia and AgNPs concentrations. There was more
released Ag* at higher initial AGNP concentrations. This could be the result of an instant
dissociation of Ag" from AgNPs or the stock AgNPs previously contained Ag* since
concentration of Ag* release was detected immediately after AgNPs were added to
SWW or SWW + NAS. Prior studies found that concentration of dissolved silver
increased sharply in a short time after AGNPs were added to the medium [10, 24]. The
increasing Ag* concentration with time (from 0 to 30 h) was obviously indicated that
AgNPs could gradually release Ag™ after they are in WWTPs. The finding agreed with
other studies reporting that AgNPs were the source of Ag* [2, 24] because they produce
peroxide intermediates (H20.), which oxidize metal silver to Ag*[79]. In this study, the
concentrations of Ag" reduced from 30 to 60 h. The possible explanation for the
reduction of Ag* release was due to binding to inorganic ligand such as chloride [8, 16].

In addition, Ag™ can strongly combine with thiol groups found in biomass [51, 81].
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5.3.1.3 Ammonia oxidation kinetics influenced by Ag*
Initial AgNPs at 1, 10, and 100 mg/L released the averaged amounts of Ag* of 0.059,
0.171 and 0.503 mg/L in SWW only over period of 60 h. These ranges of concentrations

were chosen for inhibitory kinetics experiment.

The ammonia oxidation experiment with and without AgNPs was performed. The rates
of ammonia consumption were fitted in the Monod model as indicated in Figure 5-3.
According to this figure, the amendment of Ag* resulted in rapidly decreasing both Ks
and gmax values of the NAS 30 mM culture. Ks declined from 17.83 mg/L to 7.28, 4.98,
4.76 mg/L, whereas the qmax values were reduced from 0.6379 mg N/I/h to 0.2492,
0.0901, 0.0175 mg N/I/h at Ag ions concentrations of 0.05, 0.10, 0.50 mg/L,

respectively (Figure 5-3).
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Figure 5-3 Kinetics of AO from NAS 30 mM by Ag™
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For AO activity, Ag" at 0.05, 0.10, 0.50 and 5.00 mg/L suppressed AO by 52.7
+2.1%, 75.3 £ 1.8%, 93.91 £+ 1.9%, and 96.2 = 1.3%, respectively (Figure 5-4). It was
clearly that Ag* at only released range of concentrations (much lower concentrations
compared to AgNPs) was much more toxic than AgNPs. This could indicate that in this

study, silver toxicity to microbes was the role of Ag™.
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Figure 5-4 Percent inhibition of AO from NAS 30 mM by Ag*

Previous studies also demonstrated that the toxicity of Ag*® was higher than
AgNPs to several types of organisms. The potential nitrification of both N. europaea
biofilms and free cells was more adversely impacted by toxicity of Ag™ than AgNPs
[162]. Similarly, toxicity of Ag*to Daphnia magna and Thamnocephalus platyurus was
also found higher than that of AgNPs [172]. Higher toxicity of Ag" was because Ag*
could produce more ROS [7], easily uptaken by ion transporters and high affinity to
thiol groups [81], thus exhibiting more toxic impact than AgNPs. The inhibitory

constants, Ki values, supported the evidence that Ag™ was more toxic to AO activity
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than AgNPs. It was found that the K; of Ag™ was much lower (0.29 mg/L) than that of
AgNPs (73.5 mg/L) in the current study. The Monod Kinetic parameters including Ks
and qmax showed that the inhibitory effect of AgNPs and Ag™ on the AO activity from
nitrifying sludge followed uncompetitive—like model because both Ks and Qmax
decreased when the concentrations of AgNPs and Ag™ increased. Our previous study
also found that AgNPs inhibited AO process best described by uncompetitive—like
model [167] although the oxygen uptake rates were measured instead of ammonium.

It was noticed that AgQNP concentrations of 1, 10, and 100 mg/L inhibited AO
by 50.5 + 9.5 %, 63.3 £ 7.9 %, and 76.8 £ 5.8 %, respectively, while Ag* (similar to
Ag* released from AgNPs) at 0.05, 0.10, and 0.50 mg/L suppressed AO by 52.7 + 2.1
%, 75.3 £ 1.8 %, and 93.9 £ 1.9 %, respectively (Figure 5-4). The inhibitory effect of
AgNPs in these experiments should have been similar or higher than that influenced by
Ag* at the released amount. However, AgNPs showed apparent lower inhibitory effect
on AO compared to that of Ag* in the inhibitory test. This could be due to two potential
reasons. Firstly, AgNPs gradually liberated Ag" and some factors (such as inorganic
ligand, thiol groups) reduced Ag* under the presence of biomass. This can be seen from
the Ag* release in SWW+NAS, which was much lower than in SWW due to the
presence of nitrifying biomass (Table 5-2). The reduction of released Ag™ could lead to
lower initial Ag® concentrations in AgNPs experiment compared to those in Ag*
experiment (AgNOs as a Ag* source). As a result, lower toxicity to AO was observed
in AgNPs experiment. Secondly, Ag™ possibly exhibited acute toxic effect on AO. It
might take time for AgNPs to release Ag* to a level similar to the initial Ag*
concentrations using AgNOs as a direct Ag* source. During that time, ammonia

oxidizers could gradually adapt to the slowly increasing Ag* concentrations liberated
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from AgNPs. Prior study reported that the oxygen uptake rate of flocculent sludge was
inhibited in the short-term test (12 h) but the inhibition was absent during the long-term
exposure (22 days) to AgNPs at 50 mg/L due to adaptation of the microbes in the sludge
[7]. In this study, the release of Ag" in the AgNPs experiment and the toxicity of Ag*
in the kinetics test suggested that Ag™ released from AgNPs did contribute to overall
toxicity of AgNPs.

5.3.2 Microbial cell physiology observation

The microbial cell physiology of the nitrifying sludge exposed to AgNPs and Ag*
observed by SEM and TEM was shown in Figure 5-5 and 5-6. The introduction of
AgNPs into the NAS 30 mM culture resulted in AgNPs—cells aggregation that was
confirmed by EDX (Figure 5-5e-f). There were more AgNPs aggregated in higher
AgNPs treatment (Figure 5-5b-c). The contact of AgNPs and Ag™ with cells of NAS 30
mM resulted in same morphological change of cells from rod-shaped in the control
(Figure 5-5a) to a shorter rod-shaped in the samples amended with AgNPs or Ag*
(Figure 5-5b-c). The same morphological change on shapes of cells in this study could
imply that AgNPs and Ag* had similar inhibitory mechanisms on microbes in NAS 30
mM. Former study used copper ions (Cu?*) to expose to Acidocella sp. GS19h strain,
the observed morphological change was similar to the current study. Morphological
changes are the ways that several bacteria made to adapt to the presence of heavy metals
[173]. The morphological change was due to relative reduction of cell surface (due to
cell membrane reduction) with respect to cell volume. The reduction of cell surface
enabled microbes to become less exposed to heavy metals [173]. In this study, the cells
in NAS 30 mM culture changed its morphology to response to stressful condition

resulted from AgNPs and Ag®. In addition to morphological change, it was also
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observed that filamentous seen in the control were disappeared in the samples treated
with AgNPs or Ag*. Many studies reported that AgNPs could reduce extracellular

polymeric substances (EPS) quantity leading to inhibition of filamentation [174, 175].
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Figure 5-5 SEM micrographs for observation of NAS 30 mM after 48 h exposed to
AgNPs and Ag*.

Figure 5-5 showed SEM image for the control (without AgNPs or Ag™) (a). In
the control, microbes were in rod-shaped observed at the magnification of 10,000X.
Microbes in the NAS 30 mM became shorter rod-shaped after exposing to AgNPs at 10
mg/L and 100 mg/L observed at 10,000X (b,c). Microbes in NAS 30 mM have changed
to a shorter rod-shaped after exposure to Ag*™ at 0.10 mg/L observed at 10,000X (d).
AgNPs at 10 mg/L (e) and 100 mg/L (f) exposed and formed aggregates with cells
observed at the magnification of 25,000X. There were more AgNPs forming aggregates

with cells at higher AgNPs concentration.
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In the present study, TEM results indicated that AgNPs attached on outer layer
of the cells, formed pits and damaged cell membrane (Figure 5-6b-c). Damage of
bacterial cell membrane by AgNPs was previously reported in the literature [15, 62,
167]. After attachment on cell membrane, AgNPs sloughed off the outer layer and
caused cell death resulting in reduction of AO in nitrifying sludge. In addition, AgNPs
released Ag" in the earlier discussion and caused additional toxicity for the cells. Beside
that Ag” could bind to the membrane surface and inactivate activity of the functional
enzyme of ammonia oxidizers [6]. The binding of AgNPs and Ag* on the cell surface
resulted in damage of cell wall, which could be a reason leading to the absence of
filamentous cells. The interior cells after exposing to Ag* (Figure 5-6d-€) were different
from no silver control (Figure 5-6a). The area of lighter in color of the samples treated
with Ag™ was more intense than in the control. Previous study reported that bacteria
responded to silver stress by forming vesicles resulting in less density of internal parts
of the cell treated with Ag* [6]. This could be the reason to explain cells change from
rod-shaped to shorter rod-shaped in the previous discussion of SEM. TEM observation
also indicated that the outer layer of the cell exposed to Ag* was thinner than that of the
cell without exposing to silver. Former finding presented that Ag* could interfere with
peptidoglycan layer and cytoplasmic membrane [176]. The loss of defined membrane
could be attributed to cell death, loss of AO activity, and absence of filamentation. The
less defined membrane in cells exposed to Ag* than cells exposed to AgNPs could be
the reason explain the more toxic impact of Ag* than AgNPs. The changes of cell
morphology, density of internal cell matters, defined membrane and cell damages were

well linked to inhibitory effect of AgNPs and Ag™ on AO activity.
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Figure 5-6 TEM images of NAS 30 mM exposed to AgNPs and Ag*

Figure 5-6 indicated the control without silver (a), AgNPs 10 mg/L (b), AgNPs 100
mg/L (c), Ag * 0.10 mg/L (d), and Ag* 0.50 mg/L (e). AgNPs attached on the surface
and caused damage of cell in the samples treated with AgNPs. Cells treated with Ag*
had less defined membrane and the internal parts of the cells formed vesicles indicated

by a lighter in color compared to the control.

5.3.3 Microbial community and viability observation

Estimation from FISH-CLSM images (Figure 5-7) indicated that AOB were mostly
dominant in nitrifying culture (59.0 £ 10.0 % of total microbes). While the nitrite-
oxidizing bacteria (NOB) including Nitrospira sp. and Nitrobacter sp. accounted for
4.9 £ 4.0 % and 22.8 + 5.7 % of total microbes, respectively. The results clearly
indicated that ammonia-oxidizing culture was dominant in the nitrifying sludge. This
was well fitted to the previous discussion that obvious inhibition of AO from the

nitrifying culture in the inhibitory kinetics experiments with AgNPs and Ag* was found.
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Figure 5-7 Example of FISH-CLSM images of microbes in 30 mM NAS

In Figure 5-7, total microorganisms were DAPI stained (blue), AOB was hybridized
with NSO190 (green), Nitrobactor sp. was hybridized with Ntspa 662 (red) and
Nitrospira sp. was hybridized with NIT3 (red). The target cells combine with both
Alexa flour 488-labled probe (in green) and CY3-labled probe (in red), were in yellow.
FISH signal of total microorganisms was showed in a) and e), whereas AOB was
indicated in b) and f). Nitrobactor sp. and Nitrospira sp. were presented in ¢) and g),
respectively. Combination of FISH signals of all microorganism, AOB and Nitrobactor
sp. was illustrated in d) while combination of all microorganism, AOB and Nitrospira

sp. was showed in h).

Since the majority of microbes found in this study was AOB, bacterial viability
test was performed. The percent damage of cell membrane resulted from exposure to
AgNPs and Ag" was showed in Figure 5-8 whereas, example of CLSM-Images of
membrane damaged by AgNPs and Ag" after 48 h of exposure was showed in Figure

5-9. Live/dead microscopy results indicated that AgNPs and Ag* caused damage of cell
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membrane. For AgNPs, higher AgNPs concentrations resulted in higher cell membrane

loss. This tendency was similar for Ag™.

According to Figure 5-8, the damage of membrane integrity of nitrifying cells
treated with AgNPs concentrations at 1, 10, and 100 mg/L accounted for 29.7 + 16.2
%, 60.9 £ 21.6 %, and 81.8 + 12.8 %, respectively. While nitrifying cells amended with
Ag* at 0.10 mg/L and 0.50 mg/L resulted in membrane integrity loss by 14.1 + 6.3 %,
and 79.5 £ 15.0 %, respectively. It is clearly that Ag™ at 0.50 mg/L caused loss of
membrane integrity as high as that of AgNPs at 100 mg/L, which reaffirmed the
previous finding that Ag™ was more toxic to AO than AgNPs. In addition, the increasing
percentage of dead cells agreed with the increasing inhibition magnitude of AO when
AgNPs and Ag* concentrations increased. However, damage of membrane integrity
was not significantly different (p > 0.05) between the silver control, AgNPs at 1 mg/L
and Ag* at 0.10 mg/L (Figure 5-8). This was not expected since AgNPs and Ag* at
these concentrations significantly inhibited AO by 50.5 + 9.48 % and 52.7 = 2.1 %,
respectively. It was possible AgNPs and Ag* at these low concentrations could partially
cause damage of membrane integrity, but the damage was not detected based on our
investigation using 10 live/dead images. However, prior study reported that cell lysis
was only partial reason for the inhibition of nitrification of AgNPs and Ag* [162]. In
addition, former studies indicated that Ag® could inhibit functional enzymes, thus

reducing AO without completely destroying the cell membrane [6, 7].
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Figure 5-8 Percent of cell membrane damaged by AgNPs and Ag* after 48 h of

exposure

In Figure 5-8, the average percentage of LIVE/DEAD results were calculated based on
ten microscopic fields. Error bars represent the standard deviation. Letters from a to d
indicated the from highest levels of membrane damaged to the lowest ones. Different

letters indicate statistically significant (p < 0.05).
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Figure 5-9 Live/Dead after NAS 30 mM exposed for 48 h to AgNPs and Ag*

It was noted that al, a2 and a3 showing the total cells, dead cells and overlay of
total and dead cells for the control; b1, b2, and b3 showing the total cells, dead cells
and overlay of total and dead cells for the sludge exposed to AgNPs 1 mg/L; bl, b2,
and b3 showing the total cells, dead cells and overlay of total and dead cells for the
sludge exposed to AgNPs 1 mg/L; c1, c2, and c3 showing the total cells, dead cells and
overlay of total and dead cells for the sludge exposed to AgNPs 10 mg/L; d1, d2, and
d3 showing the total cells, dead cells and overlay of total and dead cells for the sludge
exposed to AgNPs 100 mg/L; el, e2, and e3 showing the total cells, dead cells and
overlay of total and dead cells for the sludge exposed to Ag™ 0.1 mg/L; f1, f2, and 3
showing the total cells, dead cells and overlay of total and dead cells for the sludge

exposed to Ag* at 0.5 mg/L.
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5.3.4 Mechanism of toxicity of AgNPs and Ag*

In this study, SEM images indicated that AgNPs attached on the microbial cells while TEM
results revealed that AgNPs and Ag* reduced thickness of outer layer and damaged
bacterial cells. In addition, Live/Dead assay confirmed that AgNPs and Ag*® damaged
membrane integrity. Previous study also found that AgNPs and Ag* generated reactive
oxygen species (ROS) and then ROS caused damage of cell wall [6, 10, 77, 78], formed
pits [15] resulting in cell death. Our findings agreed with the previously reported results
that AgNPs and Ag* reduced AO by the mechanism of causing cell death. We proposed
that AgNPs released Ag* and then both AgNPs and Ag* caused death of cells leading to

inhibition of ammonia oxidation activity from the nitrifying sludge.

5.4 Summary

Amendment of AgNPs and Ag™ into wastewater adversely inhibited the AO process. Silver
ions were much more toxic to AO than AgNPs. Silver ions of 0.05 to 0.50 mg/L could
inhibit AO by 53 — 94 % whereas AgNPs of 1 to 100 mg/L only reduced AO by 45 —74 %.
Silver nanoparticles released the average amounts of Ag* at 0.059, 0.171 and 0.503 mg/L
over 60-h experimental period at initial AQNPs concentrations of 1, 10, and 100 mg/L,
respectively. The release of Ag* mainly caused toxic impact of AgNPs on nitrifying sludge.
Microscopic observation indicated that AgNPs attached to microbial cell surfaces and
resulted in morphological change. Microbial cells exposed to AgNPs and Ag* showed less
defined membrane and less density of internal cell matters, which could lead to cell death.
The result from this study can be used as basic information for preventing the system failure

from AgNPs and the released Ag* by taking relevant pre-treatment measures.
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Chapter 6 Mitigation of Ammonia Oxidation inhibition by Silver
Nanoparticles and Silver lons using entrapped cells

6.1 Introduction

Silver nanoparticles (AgNPs) are produced from metallic silver that has the
characteristic of the antimicrobial properties of the silver ions (Ag*). AgNPs have
superiority characteristics such as high surface area per unit mass which could enhance
effective antimicrobial, antifungal, antiviral and anti-inflammatory activity [29, 177].
With those, AgNPs have been used in many aspects of life and science. For instance,
AgNPs are incorporated into textiles, food packaging, plastic coatings to prevent
negative impact of harmful microorganisms [34, 35]. In addition, AgNPs are coated on
other daily consumer products such as toys, mobile phones, clothes, toothpaste, and
facial cream and in medical practices such as bandages, wound dressings to ensure
consumers is safe when they are using these products [31]. It is also utilized in
wastewater treatment [36]. Previous studies found that AgNPs was released during
washing out consumer products [150] and consequently AgNPs were found in WWTPs
[45-47] where it could release Ag™ and impede microbial activity [48]. Former study
indicated that AgNPs could cause negative effect on microbial activity especially
nitrifying microorganisms in WWTPs [178] because nitrifying activity was highly
susceptible to toxicity of AgNPs [16, 62, 66, 170]. Consequently, AgNPs could reduce

nitrogen removal performance in wastewater facilities.

Cell entrapment technique has been proven to a potential technology for
alleviation of negative impact of toxic substance doses on microbial activity since it

could protect the entrapped cells less exposed to harmful chemicals [15, 129, 130, 179].
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In addition, cells entrapped in entrapment materials could assist living microorganisms
to resist to environmental conditions (pH change, temperature), to remain cell density,
and to store longer time without reducing microbial activity [136, 180]. Prior study
indicated that nitrifying cells entrapped in calcium alginate (CA), polyvinyl alcohol
(PVA) could mitigate toxicity influence of AgNPs on nitrification activity which was
supposed to be because of reducing contact between AgNPs and nitrifying cells.
However, the evidence of less contact between cells and AgNPs was not reported. In
addition, AgNPs could release Ag™ and inhibit ammonia oxidation activity. It has been
curious about the role of entrapped cells in protecting ammonia oxidation activity from
toxic impact of Ag*. Furthermore, the combination of PVA and SA has been reported
showing good performance in chromium removal [181], but it has not been tested with

removal of ammonia under presence of AgNPs and Ag*.

This chapter was to investigate the role of barium alginate (BA), polyvinyl
alcohol (PVA), and the mixture of polyvinyl alcohol-barium alginate (PVA-BA) in
mitigating inhibition of AO from entrapped cells influenced by AgNPs and Ag*. The
micro structures of entrapped cells were observed using scanning electron microscopy
(SEM) and microbial viability was observed using confocal laser scanning microscopy
to elucidate mitigation effect of the entrapment materials. The results of this study could
be used for possible application for treatment of wastewater contaminated with AgNPs

and Ag™.
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6.2 Methodology

6.2.1 Preparation of entrapped cells

The enriched NAS 30 mM culture was harvested and centrifuged at 5,000 rpm for 20
min and the clear supernatant was removed to collect the settled cells. The collected
cells were re—suspended, well-mixed, and centrifuged to wash in SWW. The washing
process was repeated for 5 times to obtain the cleaned cells. The cleaned cells were
used for the preparation for entrapped cells. The clean and concentrated NAS 30 mM
was added to the entrapment matrices to reach final cell concentration of 2,000 mg

MLSS/L.

BA-entrapped cells was prepared using alginic acid sodium salt 2% (w/v) and
barium chloride 5% (w/v). Weigh 6 grams of alginic acid sodium salt and then added
into 300 ml of sterile distilled water. The mixture was heated in water bath at 80°C until
completely dissolved and then cooled down to room temperature. The alginic acid
sodium salt and NAS mixture (final cell concentration of 2,000 mg MLSS/L) were
homogeneously mixed and then dropped into barium chloride (BaCl) solution of 5%
using peristaltic pump at the rate of 20 rpm to produce the gel beads of 3-6 mm. Total
300 ml of mixture of cells and entrapment matrices could produce 210 grams (wet
weight) of gel beads resulting in 1 gram of gel beads containing 2.85 mg of NAS 30
mM cells. The amount of gel beads was weighed (1.8 g) to add to flasks containing
SWW to obtain the final MLSS concentrations of 50 mg/L in 100 ml of final operating

volume.
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PV A—entrapped cells was prepared by dissolving polyvinyl alcohol (PVA, 99%,
fully hydrolyzed) 10% (w/v) in sterile water. Then the mixture was heated until it was
totally dissolved. The heated solution was cooled down to room temperature. The
cleaned NAS 30 mM was added to the cooled PVA to a final concentration of 2,000
mg MLSS/L. Total 300 ml of mixture including PVA and NAS 30 mM was used which
was estimated to contain approximate 600 mg MLSS of NAS 30 mM. The gel beads of
approximate 3-6 mm were produced by using peristaltic pump at the rate of 20 rpm.
The produced gel beads were firstly contained in the mixture of saturated boric acid for
30 min and then transferred to 1 M sodium phosphate buffer for 2 h to harden the
produced gel beads. PVA generated a crosslink with boric acid for a period from 10
min to 2 h to form a spherical structure. Then the gel beads were solidified by
esterification of PV A with phosphate (sodium phosphate buffer 1 M). Approximate 200
g of gel beads in wet weight were obtained from 300 ml mixture of cells and PVA
resulting each gram of gel beads contained 3 mg MLSS. The amount of 1.67 grams of
gel beads were weighed and put into 250-ml flask and added SWW to 100 ml to result

in final concentration of MLSS in each flask of 50 mg/L.

PVA-BA-entrapped cells was prepared by using polyvinyl alcohol (PVA, 99%,
fully hydrolyzed) 10% (w/v) and alginic acid sodium salt 1% (w/v). The mixture of
PVA 10% and SA 1% was heated until totally dissolved at 80°C. It was then cooled
down to room temperature. The final volume of the mixture of entrapment matrices and
NAS 30 mM (final cell concentration of 2,000 mg MLSS/L) was 300 ml in which 600
mg MLSS was contained. The gel beads of approximate 3—-6 mm were produced by

using peristaltic pump at the rate of 20 rpm. The produced gel beads were firstly
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contained in the mixture of saturated boric acid and BaCl, 5% for 30 min. Then the gel
beads were transferred to 1 M sodium phosphate buffer for hardening in 2 h. About 290
g of gel beads in wet weight were obtained from 300 ml mixture of cells and entrapment
matrices thus each gram of gel beads contained 2 mg MLSS. The amount of 2.5 grams
of gel beads were weighed and put into 250—ml flask and added the synthetic media to

100 ml to result in final concentration of MLSS in each flask of 50 mg/L.

6.2.2 Experimental setup

The amount of each type of gel beads was weighed to add to experimenting flasks
containing SWW to obtain the final MLSS concentrations of 50 mg/L in 100 ml of final
operating volume. The AgNPs (stock 5,000 mg/L) and Ag™ (stock 100 mg/L) were
supplemented to obtain final concentrations of 1, 10, 100 mg/L and 0.05, 0.10, 0.50
mg/L, respectively. Inhibitory effect of AgNPs and Ag* on AO activity from BA-,
PVA-, PVA-BA-entrapped cells was examined at initial ranges of NHs*—N
concentrations of 0-170 mg/L. The experiment was conducted in aerated condition (DO

= 6.0 £ 0.4 mg/L), neutral pH (7.6 £ 0.2) and at room temperature.

The abiotic controls were prepared by the same procedures with the above
mentioned materials but the same volume of sterile water was used instead of NAS
suspension. These controls were conducted with BA-, PVA-, and PVA-BA entrapment
materials with synthetic wastewater at expected initial ammonium concentration of 50
mg/L without addition of AgNPs or Ag*. The abiotic controls were carried out to test
loss of ammonium nitrogen due to abiotic process for example evaporation of ammonia

due to aeration.
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Furthermore, the abiotic reaction between AgNPs and Ag™ were also tested by
in two conditions which were with only SWW and with SWW plus killed cells at initial

NH.4"-N concentration of 50 mg/L.

The control free cells (no silver added) were also conducted to compare its
ammonia oxidation activity with that of the control entrapped cells (no silver added) at

each initial ammonium concentration.

The aqueous samples were periodically collected to monitor AO reduction rates.
Ammonium concentration reduction was plotted versus time to calculate the AO rates
or slope values which were addressed in the unit of mg N/L/h. Then the percent
inhibition was calculated by comparing rates of ammonium reduction in entrapped cells
control with those of entrapped cells added with AgNPs or Ag*. Scanning electron
microscopy was used to observe microbial cells and internal structures in the BA-,
PVA-, and PVA-BA-entrapped cells. Live/dead assays were performed for examining

viability of microbial cells in the entrapped cells after exposed to AgNPs and Ag™.

6.2.2.1 Preparation of free cells from the entrapped cells for Live/dead

Ten gel beads after 60h exposed to various AgNPs and Ag* were collected, washed five
times with distilled water, then washed five times with NaCl 0.85%. The washed cells
were broken out using a pair of tweezers. The separated entrapped cells were dipped in
ten milliliters of NaCl 0.85% and then gently squeezed using two tweezers to let the
cells out of the entrapment matrices. Then the suspended cells were centrifuged at 5,000
rpm for 5 min. The supernatant was discarded, and the pellets were collected. The
centrifugal step was to concentrate the concentration of suspended cells obtained from

the entrapped cells. Approximate 250 uL NaCl 0.85% solution was added to the pellet
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and then stained using staining kit (LIVE/DEAD® BacLight™ Bacterial Viability,
Molecular Probes, Invitrogen) and observing under confocal laser scanning microscopy
(CLSM). The staining procedure was described in the Chapter 3. The suspended cells
control (taken directly from NAS 30 mM reactor) and Killed cells (autoclaved at 121
°C, for 15 min) were also stained for estimation of microbial viability to compared with
the entrapped cells and check the staining chemicals, respectively. Percentage of live
and dead was estimated based on 10 CLSM-images. The results were presented as %

dead cells + SD.

6.2.2.2 Measurement of AgNP concentrations

Change of AgNPs at the concentrations of 1, 10 and 100 mg/L on different entrapment
matrices including BA-, PVA—-, and PVA-BA-entrapped cells were tested. The
experiment was conducted using 5 grams of each type of entrapped cells plus 100 ml
synthetic wastewater (the same component with inhibitory test) at the same initial
NH4*~N concentration of 50 mg/L. The experimenting flasks were covered with
aluminum foil tightly to prevent water evaporation. The flasks were shaken on a rotary
shaker at the rate of 200 rpm at room temperature. The agueous samples were collected
at 0, 2, 24, 48 and 72 h to quantify AgNPs amounts in aqueous phase using

spectrophotometer.

Silver nanoparticles have its own localized surface plasmon resonance (LSPR)
and AgNPs in the well-dispersed form or non-agglomerated form has a maximum
absorbance (Amax) at near 400 nm [157]. Zook et al. (2011) used the intensity of the
Amax to quantify the concentration of AgNPs in solution by measuring LSPR. UV—

visible spectroscopy is often used to observe LSPR which will provide information
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regarding the agglomeration state of AgNPs suspensions and amount of AgNPs [60,
157]. This method can be also applied in differentiating the AgNPs form with other
forms such as Ag* or agglomerated forms. In addition, this method could be used to

distinguish AgNPs remaining in solutions from total silver [157].

From stock silver nanoparticles of 100 mg/L, a serial standard of AgNPs
concentrations ranged from 0 to 40 mg/L were prepared in synthetic wastewater
(SWW). The AgNP suspensions were measured from 250-600 nm by using
spectrophotometry (UV-Visible Spectrophotometer Biomate 3S, Thermo Scientific,
Madison, WI). The peak absorbance (400—405 nm) at each AgNP concentrations were
used to establish linear relationship with AgNPs standard concentrations. The linear

equation was obtained.

The samples from entrapped cells experiments with AgNPs were collected and
dilutions were made when appropriate. Then the collected samples were measured
exactly the same way with the measurements of the AgNPs serial standard solutions to
obtain the peak absorbance. The obtained absorbance was used to calculate AgNPs

concentrations in the samples by interpolating from the linear regression equation.

6.2.2.3 Scanning electron microscopy for entrapped cells

SEM was performed to observe for microbial cells and bead physiology. The BA- and
PVA- and PVA-BA entrapped cells were prepared for SEM observations according to
a procedure described elsewhere [15]. Briefly, the entrapped cell beads from the
experiment were collected, washed with distilled water. The collected gel beads were
fixed using 1% osmium tetroxide for 1 h. Then, the fixed gel beads were rinsed with

distilled water for 10 min per time for 3 times. After that, they were dehydrated with a
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series of ethanol from 30-95%. Then, the absolute ethanol was applied as the last step
of the dehydration. The dehydrated beads pieces were dried using a critical point dryer
(Balzers, CPD 020, Liechtenstein). Then, the beads were divided into two parts using a
razor blade in liquid nitrogen, attached to a stub, and coated with gold. The dried BA
and PVA and PVA-BA Dbeads were observed using SEM with an energy-dispersive
spectroscopy attachment (JEOL, JSM-5410LV, Tokyo, Japan). Elemental
compositions of selected areas were analyzed using Energy Dispersive X-ray (EDX,

Oxford Instruments, Model X-MaxN, UK) to identify forming aggregates of AgNPs.

6.3 Results and Discussion

6.3.1 Influence of AgNPs and Ag* on AO in BA-entrapped cells

The inhibition of AgNPs and Ag® on AO in the BA-entrapped cells were
presented in Table 6-1 and Table 6-2. Generally, BA—entrapped cells significantly
reduced negative impact of AgNPs and Ag™ on AO compared to those of suspended
cells (mean inhibition data at various AgNPs and Ag* concentrations were obtained
from Chapter 5), especially at lower ranges of AgNPs (1-10 mg/L) and Ag* (0.05-0.10
mg/L) concentrations. In chapter 5, it was found that addition of AgNPs at 1, 10, 100
mg/L reduced the average of AO activity by 50.5 + 9.5%, 63.3 £ 7.9% and 76.8 £ 5.8%
in suspended cells, whereas only reduced AO activity by 12.5+11.1, 36.9 + 24.9% and
61.8 £ 24.8% in entrapped cells, respectively. At lowest AgNPs (1 mg/L) BA-
entrapped cells could better protect AO from lethal effect of AgNPs than at high AgNPs
(10 and 100 mg/L). This could be possibly explained because abundance of AgNPs in
the bulk media release Ag* then the released Ag* transported into inner parts of the gel

beads where AgNPs could have had more contact with ammonia oxidizing cells. Higher
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AgNPs could facilitate forming aggregates and deposit on the surfaces of the entrapped
cells which limited DO and NH4"-N transfer to the cells entrapped inside the gel beads.
Prior study suggested that the dense network contained fine pores of the cross-linking
between barium and alginate could limit diffusion of DO into the inner parts of the BA-
entrapped cells [138]. Cells entrapped in alginate could be protected from the harmful

effect of AgNPs due to limitation of AgQNPs in transporting into contact with cells [15].

Table 6-1 Percent inhibition of AGNPs on AO from BA—entrapped cells

NH4*-N (mg/L) AgNP1mg/L ~ AgNP 10 mg/L  AgNP 100 mg/L

6.7 5.9+04° 18.7+0.62@ 19.0+£1.72@
26.4 229+10°@  496+10°@ 73.9+£0320
45.9 0.0+0.0°@ 24.3+06°© 86.8+0.1°@
75.0 24.1+12°@ 66.0+0.7°@ 78.2+052®
100.0 221+19°® 62.5+13°® 73.0+£09°0
156.5 0.0+0.0 *@ 0.0+00 °® 39.7+23°0
Mean 125+£11.1° 36.9+24.9° 61.8+24.8°

Note: Different letters indicate statistical differences (p<0.05). Letters in the
parentheses show the statistical differences for ammonia oxidation respect to initial
NH4"-N. Letters without parentheses indicate the statistical differences for respect to
initial AgNPs concentrations. Letters from a to e indicated the from highest levels of
inhibition to the lowest ones.
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BA-entrapped cells was also able to effectively reduce negative impact of Ag*
on AO. In the entrapped cells, Ag™ at 0.05, 0.10 and 0.50 mg/L inhibited AO by 2.7 +
3.42%, 15.9 + 13.6%, and 41.0 + 24.4%, respectively (Table 6-2). These inhibitory
effects were also much lower than those in the free cells. In the suspended cells, Ag* at
0.05, 0.10 and 0.50 mg/L inhibited AO by 52.7 £ 2.1%, 75.3 £ 1.8%, and 93.9 + 1.9%,
respectively. BA—entrapped cells was highly effective in maintaining AO activity at
Ag* at 0.05 and 0.10 mg/L. However, Ag* at 0.50 mg/L still showed high inhibitory
effect on ammonia oxidation process. Higher concentration of Ag* in the bulk media
could lead to higher diffusion of Ag* into the gel beads due to turbulence resulted from

aeration and concentration gradient.

Table 6-2 Inhibition of Ag* on AO from BA-entrapped cells

NH4*-N (mg/L) Ag*0.05mg/L  Ag"0.10mg/L  Ag® 0.50 mg/L

6.7 7.0£02°®  17.9+13°©  251+02°0
26.4 6.4+08°@  338+10°@  587+05%@
45.9 0.0+00°®  00£00°®  23+092C
75.0 0.0+00 ¢©  256+05°®  639+0.120
100.0 0.0+£00 ¢©  18+28°@® 55040920
Mean 2.7+3.42° 159+136°  41.0+24.4°

Note: Different letters indicate statistical differences (p<0.05). Letters in the
parentheses show the statistical differences for ammonia oxidation respect to initial
NH4"-N. Letters without parentheses indicate the statistical differences for respect to
initial Ag+ concentrations. Letters from a to e indicated the from highest levels of
inhibition to the lowest ones.
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Table 6-3 Estimation of AO activity remaining in BA—entrapped

Silver (mg/L) % AO remain in BA—entrapped % AO remain in free cells

cells
AgNPs
1 76-100 37-56
10 33-100 21-53
100 13-81 18-34
Ag ions
0.05 93-100 22-76
0.10 66-100 6-30
0.50 36-98 2-7

Table 6-3 estimated that BA—entrapped cells remained AO activity up to 81-100% and
98-100% under AgNPs from 1-100 mg/L and Ag* from 0.05-0.50 mg/L, respectively.
The experimental results indicated that BA—entrapped cells could be effectively used

to mitigate inhibitory effect of AgNPs or Ag* on AO.

The study of using BA for mitigation of inhibitory effect of AgNPs or Ag* on
AO process is limited. Previous studies mainly focused on calcium alginate [15, 130,
182]. Calcium alginate or CA (SA 2% + CaCl, 3.5%, w/v) was used as entrapment
material to mitigate toxic influence of AgNPs on nitrification activity in the previous
study [15]. The result showed that CA—entrapped cells remained AO by 90% and 65%
under presence of AgNPs at 0.05 and 5.00 mg/L, respectively. In this study, cells
entrapped in BA could maintain maximum AO rates by 100%, 100%, and 81% at
AgNPs at 1, 10, and 100 mg/L, respectively. A primary comparison showed that the
mitigated efficiency in the former study also as effective as those found in this current.

Prior study showed that change of gelating agent using CaCl, to BaCl, could improve
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quality of the produced gel beads [137]. BA beads proved to have better physical—
chemical properties than the more commonly used CA beads and the immobilized cells
in BA gel retained a high yield and activity [137]. Recently, a study reported that
activated sludge entrapped with BA could enhance wastewater treatment better than
free activated sludge. More specifically, BA—entrapped cells could remove 54% of
chemical oxygen demand (COD), whereas the corresponding suspended cells reduced
only 33% of COD [130]. This study did not deal with toxic substance and ammonium

was not significant in the treated wastewater so the comparison was not possible.

This was the first time BA—entrapped cells were used to protect AO activity
from lethal impact of AgNPs and Ag®. In overall, BA—entrapped cells performed high
effectiveness in remaining AO rates from toxicity effect of AgNPs and Ag™. Since BA
did not bind Ag* the mechanism for the protection could be possibly because the bead
surfaces and the cells located in the nearest surfaces of the beads disturbed the transfer
of Ag" into the inner parts of the beads. In contrast, AgNPs were strongly attached on
BA and this could block transfer of DO and NH4"-N to the cells locating at inner parts
of the BA—gel beads, thus stronger reducing AO at high AgNPs concentration. Figure
6-1 showed that AgNPs at 10 and 100 mg/L had more yellow color on the surfaces
indirectly indicated that more AgNPs deposited on the entrapped cells beads at higher

AgNPs concentration.
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Figure 6-1 Photos of BA before and after experiment with AgNPs and Ag”*

Figure 6-1 showed photos of BA (a) before experiment, (b) after experiment-no silver,
(c) after experiment at agNP 1 mg/L, (d) after experiment at AGNP 10 mg/L, (e) after
experiment at AgNP 100 mg/L, (f) after experiment at Ag* 0.05 mg/L, (g) after
experiment at Ag* 0.10 mg/L and (h) after experiment at Ag* 0.50 mg/L. Size and shape
of the entrapped cells after 60 h of experiment remained similar. AGNPs were observed

to bind to BA-entrapped cells (d-e) higher at higher AgNPs concentrations.

6.3.2 Influence of AgNPs and Ag* on AO in PVA-entrapped cells

Table 6-4 and Table 6-5 showed influence of AgNPs and Ag* on AO in PVA-entrapped
cells, respectively. These tables indicated that PVA was also a good entrapment matrix to
mitigate toxicity effect of AgNPs and Ag* on AO, especially at low silver concentrations.
The inhibition was concentration dependent. It was found that AgNPs at 1, 10, and 100
mg/L inhibited AO from PVA—entrapped cells by 23.2 £ 17.3%, 56.5 + 16.2%, and 66.2 +
14.3%, respectively (Table 6-4). These values were lower compared to those in the
suspended cells indicated that PV A—entrapped cells performed better AO activity than free

cells under presence of AgNPs. Silver ions at 0.05, 0.10 and 0.50 mg/L caused inhibition
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of AO by 25.6 + 14.4%, 33.1 £+ 14.2%, 56.7 + 9.6%, respectively (Table 6-5). Similarly,
the inhibitory effect of Ag* on AO activity in PVA-entrapped cells was lower compared to

those in the suspended cells.

Table 6-4 Percent inhibition of AgNPs on AO from PV A—entrapped cells

NH4*-N (mg/L) AgNP 1mg/L  AgNP 10 mg/L  AgNP 100 mg/L

7.6 224+04°0  294+03°0 43.3+0.2236
24.7 21.8+02°¢®  418+0.1°® 52.2+0.33@
43,5 17.7+09°©  623+0.3°0@ 74.2+0.430
63.2 2.6+03¢® 75.1+1.2°@ 83.7+0.12@
95.5 57.7+0.3°@  66.6+04°® 73.9+0223®
171.6 16.7+0.4°@  638+0.6°0 69.9+£0.420
Mean 23.2+17.3° 56.5 + 16.2 2 66.2 + 14.3 2

Note: Different letters indicate statistical differences (p<0.05). Letters in the
parentheses show the statistical differences for ammonia oxidation respect to initial
NH4*-N. Letters without parentheses indicate the statistical differences for respect to
initial AgNPs concentrations. Letters from a to f indicated the from highest levels of
inhibition to the lowest ones.

Table 6-5 Percent inhibition of Ag* on AO from PVA-entrapped cells

NH4*-N (mg/L) Ag* 0.05 mg/L Ag* 0.10 mg/L Ag* 0.50 mg/L

7.6 37.2+03¢® 41.0+0.5°® 61.9+02°3®

24.7 24.2+05°¢@ 30.2+03°@ 38.9+05%@

43.5 17.3+0.4°® 38.1+04°0 69.2 +0.223@

63.2 29.8+0.5°¢O 37.3+1.2°0 60.2 +0.4°3®

95.5 442 +0.7 @ 476+0.1°® 55.7+0.13©

171.6 0.9+04¢® 46+0.3°0 54.6 +2.4°30©
Mean 25.6 +14.4° 33.1+14.2° 56.7+£9.62

Note: Different letters indicate statistical differences (p<0.05). Letters in the
parentheses show the statistical differences for ammonia oxidation respect to initial
NH4"-N. Letters without parentheses indicate the statistical differences for respect to
initial Ag™ concentrations. Letters from a to f indicated the from highest levels of
inhibition to the lowest ones.
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Table 6-6 presented that ammonia oxidation in the PV A—entrapped cells was remained
up to 97%, 71%, and 57% at AgNPs concentrations of 1, 10, 100 mg/L, respectively.
Similarly, AO in the PVA-entrapped cells remained up to 99%, 95% and 61% at Ag*
concentrations of 0.05, 0.10 and 0.50 mg/L, respectively. From the remaining activity
of AO, it was clearly showed that PVVA-entrapped cells could mitigate toxicity impact

resulted from AgNPs and Ag™.

Table 6-6 Estimation of AO activity remaining in PVA—entrapped cells

Silver (mg/L) % AO remain in PVA- % AO remain in free
entrapped cells cells
AgNPs
1 42-97 37-56
10 25-71 21-53
100 16-57 18-34
Ag ions
0.05 56-99 22-76
0.10 52-95 6-30
0.50 31-61 2-7

Previous studies reported that PVA was commonly used for entrapment technique
because it is not harmful to activated sludge microorganisms [141, 182] and it can be
produced massively at a low cost [137]. In the prior study, PVA at 10% (w/v) was
applied to entrap microbes to degrade atrazine [17] from agricultural soil. The results
revealed that PVA—entrapped cells performed better atrazine removal than suspended
cells because free cells had a problem with leaching in sand column test. The study
indicated that entrapped cells could help to solve the problem of cell leaching while the

current study showed that the entrapped cells helped to prevent cells from contacting
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with AgNPs or Ag™. In the other study, Siripattanakul-Ratpukdi et al. (2014) proved
that PVA at 10% used for the entrapment of NAS 5 mM could reduce the adverse effects
of AgNPs on nitrification activity. For instance, PVA—entrapped cells could remain AO
by 88%, 82%, and 44% at AgNPs at 0.5, 1, and 5 mg/L, respectively [15]. This current
study found that PVA—entrapped cells remained AO up to 97% at AgNPs of 1 mg/L,
71% at AgNPs of 10 mg/L and only 57% at AgNPs of 100 mg/L. The effectiveness of
using PVA to protect AO from negative impact of AgNPs in this study had similar
tendency to the previous study that higher AgNPs concentration inhibited higher
ammonia oxidation/nitrification. It could be said that the removal efficiency in the
current study was higher than the previous study. The higher efficiency could be
because the nitrifying culture was enriched at higher NH4*—N concentration leading to
better AO activity. In addition, the air was continuously supplied at remained the level
of DO > 5 mg/L in the current study, whereas it was supplied to a saturation point (DO
= 8 mg/L) and then stopped. This could limit DO diffuse into the gel beads. The higher
size of AgNPs (14 nm) could be another factor effect on the efficiency of the ammonia
removal. The bigger AgNPs size could enhance deposition of AgNPs on the surfaces
of the beads. The deposition of AgNPs were indirectly observed via more intense
yellow color in the PVA-entrapped cells treated with higher AgNPs concentrations
(Figure 6-2 c-e). All in all, this study suggested that PV A—entrapped cells could lessen

inhibitory effect on AO of Ag* and AgNPs.
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Figure 6-2 Photos of PVA before and after experiment with AgNPs and Ag*

Figure 6-2 showed example of PVA-entrapped cells (a) before experiment, (b) after
experiment-no silver, (c) after experiment at AgNP 1 mg/L, (d) after experiment at
AgNP 10 mg/L, (e) after experiment at AgNP 100 mg/L, (f) after experiment at Ag*
0.05 mg/L, (g) after experiment at Ag* 0.10 mg/L and (h) after experiment at Ag* 0.50
mg/L. The size of the PVA-entrapped cells after 60 h of experimental period became
bigger possibly due to water absorption. The gel beads became weak and deformed but
not broken. It was observed that AgNPs bound on the surface of the PVA gel beads at

10 and 100 mg/L (in yellow color).

6.3.3 Influence of AgNPs and Ag* on AO in PVA-BA entrapped cells

The percentage of inhibitory impact of AgNPs on AO activity in suspended cells and
entrapped cells was calculated and presented in Table 6-7. Experimental results
indicated that AgNPs at 1 mg/L showed low inhibition (13.5 + 15.9%) on AO activity
at most initial NH4*—-N concentrations in PVA-BA entrapped cells, whereas AO

activity in free cells was more seriously inhibited (50.5 * 9.5%) at this AgNPs
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concentration. AgNPs at 10 mg/L suppressed AO in the entrapped cells by 25.9 +
17.1% and in free cells by 63.3 + 7.9%. At the highest AgNPs concentration of 100
mg/L, AO activity was retarded by 43.5 + 18.9% in the entrapped cells while the activity
was stopped by 76.8 + 5.8% in the free cells. The results clearly showed that AO could

be remained under AgNPs toxicity when nitrifying cells entrapped in PVA-BA matrix.

Table 6-7 Percent inhibition of AgNPs on AO from PVA-BA-—entrapped cells

NHs*-N (mg/L)  AgNP1mg/L  AgNP 10 mg/L AgNP 100 mg/L

9.6 0.0+0.0°@ 6.9+0.1°6) 24.8+0.230
22.0 0.0+£0.0°@ 50.9+0.2°® 64.6+0.22®
36.7 0.0+0.0°¢@ 22.6+0.1°© 286+15@
74.8 11.6 £0.4°© 24.3+0.4°0 26.3+0.320
97.6 405+12°@  456+31°0 70.0£0.4°@®
156.5 16.4+57°®  178+09°@ 46.6 £1.220
Mean 13.5+159° 25.9+17.1° 435+18.9°2

Note: Different letters indicate statistical differences (p<0.05). Letters in the
parentheses show the statistical differences for ammonia oxidation respect to initial
NH4"-N. Letters without parentheses indicate the statistical differences for respect to
initial AgNPs concentrations. Letters from a to f indicated the from highest levels of
inhibition to the lowest ones.

Inhibitory effect of Ag™ on AO activity in PVA-BA entrapped cells and free
cells was showed in Table 6-8. Silver ions at 0.05 mg/L inhibited AO in the PVA-BA
entrapped cells by 7.0 £ 7.9%, whereas 52.7 £ 2.1% of AO activity in free cells were

suppressed at the same Ag* concentration. Silver ion at 0.10 mg/L inhibited AO in the
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entrapped cells by 24.1 + 16.6% while it retarded AO in free cells up to 75.3 £ 1.8%.
Similarly, AO in suspended cells was almost totally inhibited whereas it was partially
suppressed in the entrapped cells (44.9 + 1.9%). These findings revealed that PVA-BA-
entrapped cells performed AO activity better than those of suspended cells under toxic

effect of Ag"™.

Table 6-8 Percent inhibition of Ag™ on AO from PVA-BA-entrapped cells

NH4*-N (mg/L) Ag* 0.05 mg/L Ag*0.10 mg/L  Ag* 0.50 mg/L

9.6 0.0+0.0°@ 8.6+0.1°® 572+02°%0
22.0 21.7+05¢@ 35.8+07°® 695+002@
36.7 2.7+1.4°0 48+08°0 254+18°@
74.8 10.1£0.7¢® 31.1+12°© 39640720
97.6 0.0£0.0°@ 49.9+37°® 575+1720
156.5 0.0£0.0°¢@ 145+25°@  206+1.426
Mean 7.0£79¢ 241+166°  449+19°

Note: Different letters indicate statistical differences (p<0.05). Letters in the
parentheses show the statistical differences for ammonia oxidation respect to initial
NH4"-N. Letters without parentheses indicate the statistical differences for respect to
initial Ag™ concentrations. Letters from a to f indicated the from highest levels of
inhibition to the lowest ones.
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The remaining activity of AO in the PVA-BA entrapped cells was presented in
Table 6-9. This table indicated that PVA-BA entrapped cells remained AO up to 75—
100% and 79-100% at AgNPs 1-100 mg/L and Ag" at 0.05-0.50 mg/L, respectively.
This study pointed out that PVA-BA could be highly effectively used to protect

nitrifying bacteria from toxicity of both AgNPs and Ag™.

Table 6-9 Estimation of AO activity remaining in PVA-BA—entrapped

Silver (mg/L) % AO remaining in PVA-BA % AO remaining in free

entrapped cells cells
AgNPs
1 60-100 37-56
10 49-93 21-53
100 30-75 18-34
Ag ions
0.05 78-100 22-76
0.10 64-95 6-30
0.50 30-79 27

Currently, study using mixture of PVA and BA as entrapment matrix to mitigate
toxicity effect of AgNPs and Ag* on ammonia oxidation process was not available. The
present study clearly indicated that the PVA-BA entrapped cells were good in
remaining AO from toxicity of AgNPs and Ag*. Previous research mainly focused on
PVA-CA, the mixture of PVA (8%) and sodium copolymer alginate (1%) and gelating
agent 1% CaCl.. Prior study found that the PVA-CA-entrapped cells could enhance
nitrilase activity up to 98% [148]. The PVA-CA was used for immobilized cells to
improve microbial activity and prolong the storage duration. PVA-CA was also used to

entrap the cells of Ochrobactrum sp. applied in removing of Cr (V1) in the previous
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study [181]. The overall removal rate of Cr (V1) was similar for free cells and entrapped
cells. However, the more beneficiary of entrapped cells is that it could be applied in

high concentration of Cr (V1) and the entrapped cells could be used several times [181].

Figure 6-3 Photos of PVA-BA before and after experiment with AgNPs and Ag*

Figure 6-3 demonstrated shapes of PVA-BA (a) before experiment, (b) after
experiment-no silver, (c) after experiment at agNP 1 mg/L, (d) after experiment at
AgNP 10 mg/L, (e) after experiment at AgNP 100 mg/L, (f) after experiment at Ag*
0.05 mg/L, (g) after experiment at Ag* 0.10 mg/L and (h) after experiment at Ag* 0.50
mg/L. The size of the mixture of PVA-BA gel beads after 60 h of experimental period
become larger due to absorption of water but the shapes of the gel beads remained
similar. The addition of SA into PVA improved quality of PVA in term of shape in

SWW comparing to PVA only.

6.3.4 Abiotic process influencing on ammonium reduction
Ammonia reduction may have been influenced by other factors such as stripping out
due to aeration process. Therefore, some abiotic tests were performed to elucidate

abiotic factors influencing on ammonia reduction.
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Figure 6-4 Test of sorption of ammonia on BA-entrapment matrix.

In Figure 6-4, (a) and (b) were change of low and high initial NH4"-N concentration
under no aeration condition, whereas (c) was change of initial NH4*-N under aeration

condition.
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Figure 6-5 Test of sorption of ammonia on PVA-entrapment matrix.

It is noted that (a) and (b) were change of low and high initial NH4*-N concentration
under no aeration condition, whereas (c) was change of initial NH4*-N concentration

under aeration condition.
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Figure 6-6 Test of sorption of ammonia on PVA-BA entrapment matrix.

In the Figure 6-6, (a) and (b) were change of low and high initial NH4*-N concentration

under no aeration condition, whereas (c) was change of initial NH4"-N concentration

under aeration condition.
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Figure 6-7 Production of nitrate from BA-entrapped cells under AgNPs (a) and Ag*
(b) at initial NH4*-N of 50 mg/L.
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Figure 6-8 Production of nitrate from PVA-entrapped cells under AgNPs (a) and Ag*
(b) at initial NH4*-N of 50 mg/L.
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Figure 6-9 Production of nitrate from PVA-entrapped cells under AgNPs (a) and Ag*
(b) at initial NH4"-N of 50 mg/L.

Figure 6-4 to 6-6 presented the change of ammonia concentrations in aerated
and non-aerated conditions using BA-, PVA-, and PVA-BA-entrapment matrices
(without nitrifying cells). Figure 6-4 a-b to Figure 6-6 a-b indicated that ammonium
was not lost due to the entrapment matrices under no aeration since concentration of
ammonium remained unchanged over 60-h- experimental period and nitrate was not
produced. In contrast, in aerated condition, ammonium was lost at a rate of 0.54, 0.51,
and 0.51 mg N/L/h due to evaporation for BA-, PVA-, and PVA-BA-entrapment
matrices (without nitrifying cells). Therefore, the reduction of ammonium

concentration in the inhibitory kinetics experiments was resulted from ammonia
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oxidizing activity performed by microbes and ammonia loss due to evaporation. DO
was used at approximate 6 mg/L since it was the optimum values applied for microbial
activity in entrapped cells [138]. By comparing ammonium reduction of the entrapped
cells control (entrapment material + nitrifying cells + no AgNPs or Ag*) and the
entrapped cells with addition of various AgNPs or Ag* concentrations at the same initial
ammonium concentrations, problem of ammonium loss due to evaporation could be
solved, thus ammonium consumption by microbes was still valid for the discussion of
inhibitory effect by AgNPs and Ag*. The ammonium consumed by ammonia oxidizing
microbes was reaffirmed by measurement of nitrate production under no silver, AgNPs
and Ag* supplement at the similar initial ammonium concentrations that were used for
the study of ammonium loss in aeration conditions. The results presented in Figure 6-7
to 6-9 indicated that nitrate was produced at all experimental conditions meaning that
ammonia oxidation process responsible for the production of nitrate. Inhibition
calculated based on nitrate production also indicated similar tendency to inhibition

calculated based on ammonium reduction.
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Figure 6-10 Change of initial NH."-N concentration of 50 mg/L under presence of

SWW with AgNPs or Ag™.

In Figure 6-10, (a) was AgNPs at 1 mg/L, (b) AgNPs at 10 mg/L, (c) AgNPs at

100 mg/L, (d) Ag" at 0.05 mg/L, (e) Ag* at 0.1 mg/L, and (f) Ag* at 0.5 mg/L.
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Figure 6-11 Change of initial NH."-N concentration of 50 mg/L under presence of

SWW plus autoclaved NAS 30 mM with AgNPs or Ag*.

The label for Figure 6-11 was (a) AgNPs at 1 mg/L, (b) AgNPs at 10 mg/L, (c)
AgNPs at 100 mg/L, (d) Ag* at 0.05 mg/L, () Ag* at 0.1 mg/L, and (f) Ag™ at 0.5 mg/L.
Figure from 6-10 to 6-11 clearly showed that the concentration of NH4*-N
concentration in SWW only and SWW + autoclaved NAS 30 mM, respectively under
presence of AgNPs and Ag* did not change and nitrate production was not detected
over 20 h of experimental period indicating that there was no chemical reaction between
ammonia and AgNPs and Ag*. It was noted that aeration was not applied in these

experiments.
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The inhibitory kinetics results indicated that the entrapped cells using BA, PVA,
and PVA-BA could alleviate harmful effect of AgNPs and Ag* via observing ammonia
oxidation activity. Similar to suspended cells, AgNPs and Ag* influenced on AO from
the entrapped cells follow concentration-dependent manner. In most cases, the impact
of AgNPs on AO from the entrapped cells were higher than those of Ag™ this could be
possibly because AgNPs bind to bead surfaces and interfere transfer of oxygen and
ammonia into the gel beads. Both AgNPs and Ag™ still exhibited high toxicity to AO at
high concentration (100 mg/L and 0.50 mg/L, for AgNPs and Ag*, respectively) from

entrapped cells but much lower compared to suspended cells.

On the other hand, the abiotic influence tests indicated that the use of the
entrapped cells needed high oxygen to lessen limitation of oxygen diffusion into the gel
beads. Therefore, for the further application, ammonia stripping out needed to be

avoided.

6.3.5 Microscopic observation of internal structures of the entrapped cells

SEM images of BA-entrapped cells were performed and presented in Figure 6-10. As can
be seen that several colonies of cells were found in the BA-matrices (Figure 6-10b-c). The
cells did not occupy inside the pores, but the cells were surrounded by the BA-matrices.
This was because numerous internal pores formed by ionic cross-linking between alginate
and barium ions had very small diameters. These diameters of the sizes were estimated to
range from 0.1-0.3 um (Figure 6-10a). Previous study indicated that cross-linking between
barium and alginate created a dense network with abundance of fine pores [138]. These
pore sizes were smaller than the sizes of the cells (1-2 um) and much smaller than sizes of

colonies of the cells. This was the reason the cells could not stay inside the porous structures
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but they were surrounded instead. Due to this porous structure, nitrifying cells inside the
BA Dbeads could perform ammonia oxidation since oxygen (0.155 nm in diameter) and
ammonia (0.101 nm in diameter) and water (0.275 nm in diameter) could move in and reach
the cells. However, toxic substances such as AgNPs (2-12 nm) and Ag* (0.115 nm in
diameter) could also occur the entrapped cells since the diameters of these toxic substances
are much smaller than diameters of the porous structure of BA-entrapped cells.
Theoretically, AgNPs should have entered into the BA beads by transporting torturously
inside and contacted with the cells. In this experiment, AgNPs was indirectly observed on
the surface of BA-entrapped cells (in yellow color showed in Figure 6-1d), but AgNPs
clusters were not detected inside the testing beads using EDS. This could mean that BA
minimally reduced entrance of AgNPs into the beads. The minimal entrance of AgNPs
maybe because AgNPs deposited on the surface of the entrapped cells, formed aggregates
and interaction with cells in the outer layer of the beads. However, some cells were
observed changing their shape from long rod-shaped to a shorter rod-shaped (Figure 6-10b-
d). The change of cell morphology could be the response of cells under presence of AgNPs
and Ag®. The change of shape of the cells from long rod-shaped to shorter rod-shaped under

presence of AgNPs or Ag* was consistent with the result found in Chapter 5.
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Figure 6-12 SEM micrographs for observation of BA-entrapped cells after 60-h
exposed to AgNPs at 10 mg/L

The labels of Figure 6-12 were (a) the micro porous structures formed by ionic-cross
linking between alginate and barium ions. The sizes of the pores were estimated far less
than 1 um observed at 10,000X. (b) cross-section of the BA-entrapped beads with
several colonies of the cells found in the BA matrices observed at 2500X. (c) microbial
cells were surrounded by BA-matrices observed at 10,000X. (d) A cluster of the cells
with long and short-rod shapes observed at 11,000X.

Microscopic observation of the produced PV A-entrapped cells was presented in
Figure 6-13. The internal pores were generated by the PVA-boron cross-linking
between PVA and boric acid and they were also observed in the previous studies [15,
143]. It was estimated that PVA had the diameters of the internal pores ranged from
10-20 pum which were much larger than those of BA-entrapped cells and diameters of
other molecules in the media including H20, NHz, O2, AgNPs, and Ag*. The cells were
observed distributed in the internal porous structures of PVA (Figure 6-13b-d). The
porous structures of PVA allowed the diffusion of dissolved oxygen, ammonia and
other nutrients to reach the cells. As a result, reduction of initial ammonium and

production of nitrate were observed in the ammonia oxidation inhibition test. The
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porous spaces also allowed transport of AgNPs and Ag* into the contact with the cells.
However, with the observed entrapped cells beads, AQNPs were not detected inside the
PVA-beads using EDS indicating that internal porous structures of PVA reduced
contact between AgNPs and cells. In the previous part, it was found that AQNPs were
easily detected forming cluster with suspended cells, but it was not found in the
entrapped cells. This could be the role of entrapped cells in preventing contact between
AgNPs and cells. In addition, phosphorylation of PVA on the exterior shell of the bead
could further limit transportation of substances in the media into inside the beads
(Figure 6-14). As can be seen from the Figure 6-16 that maximum ammonium oxidation
rate in the PVA-entrapped cells was slightly lower than that in corresponding suspended
cells. Changes of cell morphology from long-rod shaped to a shorter rod-shaped was
also observed at AgNPs 10 mg/L (Figure 6-13b) after 60 h exposure. It could be
possible that cells have changed their shape to respond to stressful condition resulted
from the Ag* release from AgNPs and AgNPs. However, AgNPs were not detected in
some beads even though AgNPs were found deposited on the surface of PV A-entrapped
cells (Figure 6-2d). This could suggest the release of Ag™ possibly play main role in

toxicity of AgNPs suspension in the experimental condition.
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Figure 6-13 SEM micrographs for observation of PVA-entrapped cells after 60-h

exposed to AgNPs at 10 mg/L.

In this Figure 6-13, (a) Cross-section of the PVA-entrapped bead without nitrifying
cells observed at 2,500X. The micro porous structures formed by cross linking between
PVA and boric acid. The sizes of the pores were estimated from 10- 20 um observed at
10,000X. (b) Nitrifying cells distributed in the internal spaces of PVA beads observed

at 10,000X. (c-d) clusters of cells in observed in at 2,500X.
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Figure 6-14 SEM micrograph demonstrating exterior and interior parts of PVA-

entrapped cells observed at 400X.

The internal structure of PVA-BA entrapped cells was observed and illustrated
in Figure 6-15. When BA was incorporated into the PVA, it makes the internal porous
structure of PVA become more dense (Figure 6-15a) compared to PVA only. In
addition, PVA-BA beads were less sticky and easier to handle than PVA-entrapped
cells. The internal diameters of pore sizes of PVA-BA entrapped cells were probably
larger than those of PVA (Figure 6-15b). The addition of SA into PVA could perturb
the formation of PVA crystallites and disordered-crystalline phase and reduced density
of cross-linking [183]. Cells were observed in the porous structures of PVA-BA (Figure
6-15a-b). The internal porous structures of PVA-BA allowed essential nutrients reached
the cells inside the beads that could support them in utilizing ammonia. The external
layer of PVA-BA entrapped cells was more roughness than that of PVA-entrapped cells
(Figure 6-16). Prior study proposed that big difference in the miscibility degree between

PVA and SA could result in significant surface roughness differences between PVA
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only and PVA-SA [148, 183, 184]. The reported observation of roughness surface could
be the same for this study. The white balls on the external layer of PVA-BA entrapped
cells were barium alginate which was confirmed by EDX. This external layer could
further limit transport of essential nutrients as well as toxic substances into the beads.
However, ammonium oxidation rate in the PVA-BA entrapped cells and corresponding
suspended cells were almost the same indicating that ammonia and oxygen were not
limited inside the PVA-BA entrapped cells (Figure 6-17). Similar to BA and PVA-BA,
none of AgNPs were detected inside the tested PVA-BA beads which could mean that
PVA-BA limited transportation and penetration of AgNPs into the bead. However, the
change of the shape of cells and inhibition of ammonia oxidation indicated that silver

having impact on nitrifying bacteria located in the PVA-BA-entrapped cells.

Figure 6-15 SEM micrographs for observation of PVA-BA- entrapped cells after 60-h
exposed to AgNPs at 10 mg/L.

In Figure 6-15, (a) Cross-section of the PVA-BA entrapped bead with nitrifying cells
observed at 2,500X. (b) The micro porous structures formed by the mixture between
PVA and BA observed at 5,000X. The internal porous structure were relatively similar

to those of PVA only, but PVA-BA were more dense branches.
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Figure 6-16 SEM micrograph demonstrating exterior and interior parts of PVA-BA

entrapped cells.

Maximum AO rate (mg N/L/h)

FBA EBA FPVA EPVA FPVA-BA PVA-BA

Figure 6-17 Maximum AO rates in the entrapped cells and corresponding free cells

under control conditions

In Figure 6-17, F is abbreviation of free cells; E is abbreviation of entrapped cells. For
example, FBA, FPVA, FPVA-BA were the free cells kinetics conducted at the same

time with BA-entrapped cells (EBA), PVA-entrapped cells (EPVA) and PVA-BA-
entrapped cells (PVA-BA).
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Microscopic observation of the entrapped cells using BA, PVA and PVA-BA
indicated that the internal porous structures of these beads were different which could
result in difference in ammonium oxidation rates for the cells entrapped in. The
maximum ammonium oxidation rates in the entrapped cells using PVA-BA or BA were
equal or higher than those in corresponding free cells, respectively. In contrast,
maximum ammonium oxidation rate in the entrapped cells was lower than that of
corresponding suspended cells for the case of PVA only (Figure 6-17). This observation
was also reported in the previous study [185]. In addition, difference in AO rates may
be due to quantity and activity survived bacteria after entrapment processes [141]. A
former study reported that the percent of live cells in the entrapment (39-62%) was less
than those in the corresponding suspended culture (54—74%) before the entrapment was
made [186]. In addition, this could be because PV A demonstrates significant feature of
oxygen barrier due to its firm-forming characteristic [187]. The interior pores sizes of
the entrapped cells should not limit transfer of oxygen and ammonia into the beads
since they were much larger than those of oxygen and ammonia. The difference could
be from the structure of external layers. Previous study suggested that the beads with
pore sizes of 2 um should not cause any constraint for transfer oxygen and substrate
into the gel bead matrices [188]. However, the entrapped cells could limit transportation
and penetration of the nutrients and the toxic substances AgNPs into the beads due to
agglomeration in the bulk media, deposition on the surfaces of the beads, and barriers
from the cells-entrapment matrices. The reduction of ammonia oxidation rates at
AgNPs 10 mg/L indicated the impact of silver species. SEM results revealed that shapes
of some cells in the gel beads changed from long rod-shaped to shorter-rod shaped

suggesting the impact of silver species on microbial cells entrapped in the materials.
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AgNPs were not found in the entrapped cells, but they could harm ammonia oxidation

process via release of Ag* as found in the previous part of this study.

6.3.6 Microbial viability observation in the entrapped cells

Testing of viability of cells in the BA-entrapped cells after 60-h exposure to AgNPs
and Ag* was performed and the results were presented in Figure 6-18. It was clearly
indicated that the proportions of dead cells between free cells (collected directly from
the enriching reactor NAS 30 mM) and the entrapped cells control (entrapped cells
without AgNPs or Ag®) were insignificantly different which could mean that BA was
not toxic to microbial cells and the BA-entrapped cells preparation process did not
cause cell death. Prior study reported that sodium alginate gelated with calcium ions
was not harmful to microbes [136, 186]. Other study also demonstrated that barium
alginate microbeads did not affect cell viability [189]. The replace of calcium ions by
barium ions did not cause any harmful effect for nitrifying cells under this experimental
condition. Increasing the amounts of AgNPs and Ag* addition into the BA-entrapped
cells resulted in an increase in percentage of membrane compromised cells (Figure 6-
18). This indicated that the cause of damage of cell membrane was from AgNPs and
Ag®. AgNPs from 1-100 mg/L resulted in membrane integrity damaged by 18.9 +
14.7% - 52.2 + 7.9%, whereas Ag* 0.05-0.50 mg/L caused membrane integrity damaged
by 10.1 + 8.9% - 23.2 + 13.3%. This result agreed with the data of AO inhibition. In
the previous experiments with suspended cells, it was found that AgNPs from 1-100
mg/L damaged membrane integrity by 29.7 + 16.2% - 81.8 + 12.8 % and Ag* 0.10-0.50
mg/L damaged by 14.1 + 6.3% - 79.5 + 15.0%. Comparing the proportions of dead cells

between free cells and entrapped cells after exposed to AgNPs and Ag* clearly showed
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that cells entrapped in BA were less damaged by AgNPs and Ag* than those of

suspended cells.
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Figure 6-18 Percent of cell membrane from BA-entrapped cells damaged by AgNPs
and Ag* after 60 h of exposure to AgNPs and Ag*.

The average percentage of Live/Dead results were calculated based on 10
CLSM images. Error bars represent the standard deviation. Different letters indicate
statistically significant (p < 0.05). Letters from a to f indicated the from highest levels

of membrane damaged to the lowest ones.

The Live/dead results of PVA-entrapped cells after 60-h exposed to silver
species was presented in Figure 6-19. Similar to BA-entrapped cells, PVA was non-
toxic to microbial cells since dead cells proportions between the free cells control and
the PVA-entrapped cells control were not statistically significantly difference (p >
0.05). PVA was previously reported not substantial cause dead for the microbes being
entrapped [143, 186]. It was found that AgNPs at 1-10 mg/L and Ag* at 0.05 mg/L did
not show pronounced damage on membrane integrity of the cells entrapped in PVA

(Figure 6-19). Increasing supplement of AgNPs from 10-100 mg/L (15.9 + 13.1% —
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34.6 + 13.4%) and Ag* from 0.10-0.50 mg/L (20.2 + 8.0% — 42.8 + 15.3%) resulted in
more significant difference in damaging membrane integrity of the entrapped cells
compared to the lower ones. Ag*™ at 0.50 mg/L resulted in higher proportions of cell
death than that at AgNPs at 100 mg/L. This could be Ag* have smaller diameter thus
easily reached inside the beads and caused cell damage or Ag™ was much more toxic
than AgNPs. However, cells entrapped in PVA was less damaged by AgNPs and Ag*
compared to free cells. This could be because porous structures of PVA stopped AgNPs
and Ag® moving freely from bulk media to internal parts of the PVA beads, thus
protecting the cells. During examining internal structure of PVA-entrapped cells using,
EDX was applied to detect AgNPs, however, AgNPs were not detected inside the beads.
It could be the role of PV A-entrapped cells and it is also possible that AgNPs influenced

on the microbial cells in the bead by releasing Ag*.
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Figure 6-19 Percent of cell membrane from PVA-entrapped cells damaged by AgNPs

and Ag" after 60 h of exposure to AgNPs and Ag”.
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The average percentage of Live/Dead results were calculated based on 10
CLSM images. Error bars represent the standard deviation. Different letters indicate
statistically significant (p < 0.05). Letters from a to f indicated the from highest levels

of membrane damaged to the lowest ones.

Proportion of dead cells after letting the nitrifying cells entrapped in PVA-BA
exposed to AgNPs and Ag* for the period of 60-h was presented in Figure 6-20. On the
contrary to BA- and PVVA-entrapped cells, the percent of dead cells between PVA-BA-
entrapped and free cells under control condition were significantly different (p < 0.05).
In the previous discussion, BA and PVA are non-toxic to microbial cells, so the mixture
of the two should not cause toxicity for the entrapped cells. Therefore, more damaged
cells in PVA-BA entrapped cells control could be possibly the result of mixing two
types of entrapment materials and white balls on the exterior shell resulting in less
diffusion of oxygen and ammonia into the beads. It could be other reason, for example,

cells damaged during breaking the beads.
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Figure 6-20 Percent of cell membrane from PVA-BA-entrapped cells damaged by
AgNPs and Ag™ after 60 h of exposure to AgNPs and Ag”.



144

The average percentage of Live/Dead results were calculated based on 10
CLSM images. Error bars represent the standard deviation. Different letters indicate
statistically significant (p < 0.05). Letters from a to f indicated the from highest levels

of membrane damaged to the lowest ones.

The damage of membrane integrity in the treatments with entrapped cells
control (15.1 + 13.3%), entrapped cells with AgNPs at 1 mg/L (23.1 + 14.5%), and
entrapped cells with Ag* 0.05-0.10 mg/L (12.1 + 9.1% - 17.6 + 10.3%) was not
significantly different. However, increased concentrations of AgNPs and Ag* to 100
mg/L and 0.5 mg/L, respectively resulted in significant higher membrane integrity
damaged by 34.4 £ 19.7% and 51.0 £ 14.9%, respectively. This data supported
inhibition data since high inhibition of ammonia oxidation activity was also found high
at AgNPs 100 mg/L and Ag" 0.50 mg/L. However, the Live/dead results clearly
indicated that PVA-BA could effectively reduce damage of cell membrane under
presence of AgNPs and Ag* compared to those of free cells. SEM micrographs
indicated that PVA-BA played role in reducing cell damaged since it generated porous
structures which could minimize the entrance of AgNPs and Ag® into the internal parts
of the gel bead. An attempt was made to detect AgNPs in the bead using EDX but no
AgNPs were detected. It could be because PVA-BA entrapped cells limit transportation

and penetration of AgNPs into contact with cells.

In overall, live and dead results indicated that the entrapment materials
including BA, PVA, and PVA-BA were non-toxic to the entrapped microbes. This
characteristic of high cell viability is important for future use of these entrapment

materials for practical purposes [144]. This further indicated that simplified form of
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SWW wastewater used throughout in the experiments of the entire study was suitable
for short-term test with ammonia oxidation process. Increasing AgNPs or Ag*
concentration resulted in an increase of percentage of membrane compromised cells
indicating that AgNPs or Ag* were the main cause of membrane integrity damage. The
data of membrane integrity damage agreed with data of inhibition test discussed in the
early section. Previous studies reported that exposed to silver species resulted in cell
dead [6, 7]. Live and dead and inhibition results were supported by SEM results that
cells entrapped in the entrapment materials were less membrane integrity damaged
compared to the suspended cells after exposed to AgNPs and Ag®. In addition, SEM
results showed that AgNPs were not observed in the entrapped cells while AgNPs
clusters were obviously observed in free cells. This leads to conclusion that entrapment
materials reduced chance for cells to contact with AgNPs by minimizing the freely
moving of AgNPs into the entrapped cells. Prior studies suggested that torturous
transport and sorption of AgNPs were the main cause for lessening the nitrification
inhibition [15]. However, it could be possible that AgNPs released Ag*™ and then Ag*
diffused into the entrapped cells resulting in damage of cell membrane. It conclusion,
higher dead cells resulted in higher inhibition of ammonia oxidation in suspended cells,
and this tendency was the same for the entrapped cells but cells entrapped in entrapment
materials were less damaged by AgNPs and Ag™ that it was found in suspended cells.

This is the beneficial role of the entrapment materials.

6.3.7 Stability test of the entrapped cells in synthetic wastewater

The stability of BA, PVA, and PVA-BA-entrapped cells in synthetic wastewater was

performed by using rotary shaker at the rate of 200 rpm for 30 days. The photos of the
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beads were presented in Figure 6-21. As can be seen that BA-beads and PVA-BA gel
beads became weaker due to water absorption but they still remained their shape.
However, PVA-beads were weak and deformed. This phenomenon was also observed
in the previous study [136]. It showed that addition of BA into PVA could help to
improve stability of PVA in synthetic wastewater. This result was in line with other
studies that combination of PVA and BA resulted in more stability of the produced gel
beads and could be stored for a long time [137, 148]. PVA bead were deformed because
of its water-soluble and hydrophilic natures. Among the types of entrapped cells, BA
was the most stable, and then P\VA-BA over 30 days of shaking in synthetic wastewater
containing various AgNPs concentrations. Previous study also reported that BA was
stable during long-term operation and supported growth of the entrapped microbes

[138].

It was also observed that the yellow color of AgNPs suspension was disappeared
in the treatment with BA-entrapped cells. The disappearance of the yellow color could
indirectly indicate that the nano sizes of AgNPs have been lost due to formation of
AgNPs aggregates [157]. Yellow color in the treatment using PVA- and PVA-BA-
entrapped cells was more intense than that observed in BA-entrapped cells. It could
mean that AgNPs in the treatments with PVA, PVA-BA were less aggregated than that

in BA-entrapped cells.

Changes of AgNPs concentrations due to different types of the entrapment
matrices in the stability experiment were presented in Table 6-10. It was found that
AgNPs concentrations significantly reduced by 73.8% and 78.8%, and 48.4% at AgNPs

concentrations of 1, 10 and 100 mg/L, respectively in BA-entrapped cells, after
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experimental period of 72 h. This result was in line with the observation that yellow
color was disappeared on the surface of the BA-entrapped beads. The reduction of
AgNPs concentration in the BA—entrapped cells found in this study was in accordance
with the prior study which showed that alginate could strongly bind to AgNPs [190].
The binding of aggregates of AgNPs on the surface of BA-entrapped cells could block
the ways of movement of dissolved oxygen and ammonia into the internal parts of the
BA-entrapped cells beads which could retard ammonia oxidation process taking place
in the beads. Data in Table 6-10 also indicated that exposure of AgNPs to PVA-and
PVA-BA entrapped cells did not result in significant reduction of AgNPs
concentrations over 72-h of the experimental period. It could imply that the AgNPs
remained in nano form. These results agreed with the previous discussion that yellow

color still remained on the surfaces of PVA- and PVA-BA entrapped cells.
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Figure 6-21 Photos of cells entrapped in different entrapment matrices after 30 days
shaken at 200 rpm.

In Figure 6-21, (al) BA at AgNPs 1 mg/L, (a2) BA at AgNPs 10 mg/L, and (a3) BA at
agNP 100 mg/L; (b1) PVA at AgNP 1 mg/L, (b2) PVA at AgNP 10 mg/L, and (b3)
PVA at AgNPs 100 mg/L; (c1) PVA-SA at AgNPs 1 mg/L, (c2) PVA-BA at AgNPs 10
mg/L and (c3) PVA-BA at AgNPs 100 mg/L.
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Table 6-10 Changes of AgNPs due to different types of entrapped—cells

Type of Time (h) AgNPs AgNPs AgNPs
entrapped cells 1 mg/L 10 mg/L 100 mg/L
BA 0 1.11+0.07%  10.12+0.54°  81.60+0.98"

2 0.73+0.01° 7.76 £0.24° 88.41 +2.83 2
24 0.35+0.01°¢ 3.25+0.07°¢ 83.56+1.41°
48 0.30 +£0.01 “ 2.45 +0.06 ¢ 57.18 +3.84 ¢
72 0.29 +0.00 ¢ 2.15+ 0.04 ¢ 42.11+0.95¢
PVA 0 1.03+0.092 9.92 +0.68 83.63+5.00 ¢
2 1.11+£0.05%  10.59 +0.56 2 96.6 + 4.89 2
24 1.15+0.06%  10.48+0.65%  102.04+27232
48 1.15+0.06%  10.70+0.16%  91.24+227%®
72 1.08+0.03®  10.12+059%  96.53+6.29°
PVA-BA 0 1.04 £0.04° 9.81+0.63%  91.67+1.30"
2 1.14+0.03®  10.33+045%  9573+0.98°
24 1.04+£0.02°  10.27+0.40% 102.33+0.222
48 098+001°¢  10.18+0.38%  87.04+205°¢
72 097+0.01°¢  10.07+0.33®  90.01 £ 4.65 ™

Note: Different letters indicate statistically significant (p < 0.05) respect to time.
Letters from a to d indicated the concentrations of AgNPs changed from highest to the

lowest ones.



150

6.3.8 Comparative mitigation of the entrapment matrices on AO influenced by
AgNPs and Ag*

The entrapment materials presented the high effectiveness in mitigating toxicity
impact of AgNPs and Ag* (at low concentrations) on AO in the entrapped cells.
However, BA and PVA-BA retained high cell viability and they were more stable
entrapped beads in long-term shaken in SWW. Thus, use of BA and PVA-BA for
further development and treatment of AgNPs contaminated wastewater could be a

promising technology.

Table 6-11 Maximum percent of AO remaining under AgNPs and Ag* stress

Type of entrapped Type of silver Maximum AO
cells remaining (%o)

BA AgNPs 81-100%

Ag ions 98-100%

PVA AgNPs 57-97%

Ag ions 61-99%

PVA-BA AgNPs 75-100%

Ag ions 79-100%

6.4 Summary

Toxic impact of AgNPs and Ag* on ammonia oxidation process was mitigated using
BA, PVA and PVA-BA. The findings demonstrated the entrapped cells using BA,
PVA, and PVA-BA remained AO up to 81-100%, 57-97%, and 75-100% at AgNPs
from 1-100 mg/L, whereas remained AO up to 98-100%, 61-99%, and 79-100% under
Ag" concentrations from 0.05-0.50 mg/L, respectively. Live and dead results revealed

that cells entrapped in BA, PVA, and PVA-BA were less damage of membrane integrity



151

than that of free cells under toxic condition of AgNPs and Ag*. In addition, the
entrapment materials were non-toxic to microbial cells in short term test. Increasing
AgNPs and Ag* concentration led to increase of membrane compromised cells which
could indicate that damage of cell membrane was caused by AgNPs or Ag™ or the two
species. SEM results showed that AgNPs were not detected in the entrapped cells.
Microscopic observation of internal structures of the entrapped cells suggested that the
porous structures of the internal parts of the entrapped cells could help to limit
transportation and penetration of AgNPs into the internal parts of the entrapped cells
beads. Since AgNPs were not detected inside the beads and entrapment materials were
not the cause of membrane integrity damage led to a suggestion that Ag* possibly play
role in toxicity of AgNPs suspension. Among the entrapped cell types, BA and PVA-
BA were the most promising entrapment materials because they showed low dead cells
and more stable in synthetic wastewater. Future study on long-term impact of AgNPs
and Ag* on ammonia oxidation activity and microbial community change in entrapped

cells should be investigated.
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Chapter 7 Conclusions and Recommendations

7.1 Conclusions

Conclusion 1: Toxicity effect of AgNPs and Ag* against AO was compared between
NAS 0.5 mM and NAS 30 mM. The study demonstrated that both AgNPs and Ag* were
highly toxic to AO activity, especially for the nitrifying culture with low Ks values
which could imply that AO from municipal WWTPs could bear more devastating
impact by AgNPs and Ag™ than industrial WWTPs. Concentrations of AgNPs of 1-100
mg/L inhibited AO activity by 90.6 + 8.6% — 94.8 + 4.3% and 44.9 + 2.4% — 73.8 +
1.5%, whereas Ag* concentration of 0.05 — 0.50 mg/L inhibited by 86.3 + 0.8% — 93.4
+ 1.24% and 52.7 + 2.14% — 93.9 + 1.89% for NAS 0.5 mM and NAS 30 mM,
respectively. Inhibitory kinetics results suggested that Ag*™ was much more toxic than
that of AgNPs, and AO activity in NAS 30 mM was able to better tolerate to toxicity
effect of AgNPs and Ag*. The difference in inhibitory effect could be attributed to
variation in physical characteristics and microbial community structures of ammonia

oxidizing microbes in the two nitrifying cultures.

Conclusion 2: Inhibitory kinetics and mechanisms of AO from NAS 30 mM
influenced by AgNPs and Ag*® were studied. Amendment of AgNPs and Ag® into
wastewater adversely inhibited on AO process. Silver ions of 0.05 to 0.50 mg/L
inhibited AO by 53 — 94% whereas AgNPs of 1 to 100 mg/L reduced AO by 45 —74%.
Silver ions was much more toxic to AO than AgNPs. Silver nanoparticles released the

averaged amounts of Ag* at 0.059, 0.171 and 0.503 mg/L over 60-h experimental period
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at initial AgNPs concentrations of 1, 10, and 100 mg/L, respectively. The release of
Ag* mainly caused toxic impact of AgNPs on AO from nitrifying sludge. Microscopic
observation indicated that AgNPs attached to microbial cell surfaces and resulted in
morphological change. Microbial cells exposed to AgNPs and Ag* become less defined
membrane and density of internal cell matters leading to cell death. This study
suggested that the primary mechanism for toxicity of AgNPs was the liberation of Ag*

and then both of silver species caused cell death.

Conclusion 3: The inhibitory effect of AgNPs and Ag* on AO from NAS 30 mM
could be effectively mitigated by using cell entrapment technique. The study found that
BA, PVA, and PVA-BA entrapped cells could remain AO activity at 81-100%, 57—
97%, and 75-100% at AgNPs 1-100 mg/L, whereas the remained AO activity up to 98—
100%, 61-99%, and 79-100% under Ag" concentrations from 0.05-0.50 mg/L,
respectively. Live and dead results revealed that cells entrapped in BA, PVA, and PVA-
BA were less damage of membrane integrity than that of free cells under toxic condition
of AgNPs and Ag" which could further confirm benefit of using entrapped cells to
mitigate negative influence of AgNPs and Ag* on AO. The main mechanisms for
reducing toxicity of AgNPs and Ag* by using entrapped cells were that the entrapment
matrices limit transportation and penetration of AgNPs into the entrapped cells beads
thus reducing contact between ammonia oxidizing cells and silver due to porous

internal structures generated from the entrapment materials.

The entrapped cells could be possibly applied to reduce toxicity impact of AgNPs
and Ag* on ammonia oxidation process from NAS 0.5 mM. However, the efficiency of

the protection could be possibly lower since the proportions of active biomass were
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significantly lower compared to that of NAS 30 mM. Alternatively, additional treatment
unit, for example tank rich sulfide, could be inserted to precipitate silver species before
letting the wastewater contaminated with AgNPs and Ag™ entering the aeration tank in

wastewater treatment systems.

7.2 Application in the environmental field

This study found that AgNPs caused toxicity for ammonia oxidation process through
released Ag*. This information can be used for preventing the WWTP system failure
from AgNPs and the released Ag* by taking relevant pre-treatment measures
(precipitation of AgNPs and Ag™ before letting the wastewater contaminated with silver
move into the biological treatment units) for both AgNPs and Ag*. The result of this
study can be used to communicate with the practitioners to better manage AgNPs

discharged to potential reduction of environmental impact.

The entrapped cells using entrapment materials could be used for treating ammonia

under presence of AgNPs and Ag™* or both.

It is noted that the toxicity of AgNPs could be enhanced in aeration-based
wastewater treatment system through releasing Ag™. In anaerobic wastewater treatment
system, the toxicity of AgNPs may be lowered since silver exhibited high affinity to
sulphide leading to precipitation of silver species. Therefore, the results of this study
would be valuable for consideration when design and operation of activated sludge

systems such as those in municipal and industrial wastewater treatment systems.
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7.3 Recommendations

Silver nanoparticles are toxic to microorganisms, particularly ammonia oxidizing
microorganisms in municipal WWTP. Therefore, production and use of AgNPs should
be more strictly and properly managed to prevent its detrimental effect on nitrogen

removal performance.

Future study should investigate the role of EPS in relation of toxicity of AgNPs
and Ag" on the nitrifying cultures. In addition, further research should be extended to
examine toxicity impact of AgNPs and Ag* on individual groups of nitrifying bacteria

who complete nitrification process.

Future study should focus on optimization of strength of the gel beads as well as
storage conditions. In addition, AgNPs and Ag* may sorb on the surface of the gel
beads, for example BA entrapment matrix, so proper treatment (stabilization of the used
gel beads by using binding agents such as cement) is needed for the used entrapped
cells. Furthermore, diffusion coefficients of AgNPs and Ag*, ammonium, and dissolved
oxygen into BA-, PVA-, and PVA-BA-gel beads should be identified to provide
detailed scientific information to select the best materials for the treatment of

wastewater contaminated AgNPs or Ag™.

Further research should also focus on shifting communities of ammonia oxidizing
culture in the entrapped materials as well as corresponding suspended cells due to
toxicity impact of AgNPs and Ag*. Long-term effects by toxicity of AgNPs and Ag”*
are also recommended for future study to observe whether the AO activity will be
recovered by development of resistant genes to cope with the toxicity of silver or not.

This should be studied for entrapped cells and corresponding free cells.
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Appendix A Inhibitory effect of AgNPs and Ag* on ammonia oxidation of NAS

30 mM

Table A-1 Inhibitory constants (K;) for AgNPs and Ag* on NAS 30 mM

Ki (mg/L)

NAS

AgNPs Ag*

30 mM

73.5

0.2856

Table A-2 ANOVA for live and dead with NAS 30 mM

Silver Concentration (mg/L) %Death
No silver 0 21.5+16.2
AgNPs 1 29.7 +16.2
AgNPs 10 60.9 +21.6°
AgNPs 100 81.8+128°
Ag* 0.10 14.1+6.3¢
Ag* 0.50 79.5+15.0%
Killed cells 5 90.0+7.7°

Note: Different letters indicate statistically significant (p<0.05). Letters from a

to d indicated the membrane damaged from highest levels to the lowest ones.



Table A-3 Percent inhibition by Ag” on NAS 30 mM

170

NH4*-N (mg/L) | Ag* 0.05 mg/L | Ag" 0.1 mg/L | Ag"0.5mg/L | Ag"5 mg/L

0.88 29.2+99°0@ [342+12°® | 97.9+23%® [100.0+0.0°®
3.89 56.5+039@ | 721+1.1°¢D | 981+0.2°@ | 99.6+0.2°®
9.94 23.8+1.89M [ 771+04°@ [ 927+02°0) ] 973+052@
11.74 64.5+0.39® [ 90.2+0.1°@) | 98.6+0.92@ | 97.1+0.1°®
17.46 64.3+ 05909 | 732 +0.7¢@ | 90.3+0.6°@ | 954 + 16200
27.02 34.4+1190 1 750+04°@ [ 90.1+0.3°@ | 99.4+052®@
31.54 68.8+0.89@) [ 833+1.0°0 [ 92.7+0.1°© | 96.2+1.12®
45.38 71.9+27°@ 1 915+15°@ | 984+0.6°®@ | 98.6+1.02@
46.76 56.2+06°@ | 71.3+0.2°0 | 91.9+0.423© | 91.4+4320
58.56 74.1+22°® 1 953+082® | 941+4923C | 937+1323(D
71.88 476+27°® | 93.7+1.9°® | 980+12%® | 98.6+0.9°®
119.45 620+26°© [ 71.8+£2.1°M [905+472C) | 939+24320
174.00 56.4+0.7°@ | 783+27°@ | 96.2+2.0%® | 96.2+ 2,02
260.00 745+17°® [ 454850 [ 922+44%0 | g86+232@
Mean 527+21° | 753+18° | 939+19% | 96.2+1.3°




Table A-4 Percent inhibition by AgNPs on NAS 30 mM

171

NHs*-N (mg/L)| AgNPs 1 mg/L AgNPs 10 mg/L AgNPs 100 mg/L
0.85 49.1+46°® 66.6 + 4.8 P () 79.2+0.623®
3.22 63.2+7.6°@ 7025200 82.7+2.323@
9.14 50.5+0.6 °® 56.4 + 5.2 b€ 79.4+5.6°®
12.58 38.8 +5.7 ¢(«) 59.6 + 0.2 € 67.2+0.32@
15.83 31.2+50°0@ 55.1 + 7.9 2() 61.0+4.026)
18.22 35.2+5.1°¢@ 48.9+1.8°® 79.9+2.1P@)
21.54 45.6 + 3.9 ¢®0) 63.4 + 4.7 °©) 70.4 + 3.3 2(d)
25.65 60.3 + 6.4 @ 65.5+2.1230 68.8+1.23@
28.03 17.0+0.2°¢® 63.0+22°0@ 82.8+3.92@
53.00 49.1+0.4°® 60.1 +0.7 @) 82.8+3.32@
72.99 62.8 +3.3P@ 785+1.62@ 80.6 + 0.4 2@

110.74 51.0 +2.3¢0) 57.7+0.8°0 74.7 + 2.7 2(00)
Mean 46.17 £ 13.7 ° 62.1+7.7° 758724

Notes: Different letters indicate statistical differences (p<0.05). Letters in the
parentheses show the statistical differences for AO respect to initial NH4"-N. Letters
without parentheses indicate the statistical differences for ammonia oxidation respect
to initial AgQNPs/Ag™ concentrations. Letters from a to f indicated the inhibition of
AgNPs or Ag™ on AO from highest levels to the lowest ones.

Table A-5 Slope of ammonia oxidation at AgNPs 0 mg/L

NHs"*-N (mg/L) | Rep1l Rep 2 Rep 3 Mean SD
0 0 0 0 0 0
0.85 0.0654 0.0629 0.0642 0.0642 0.0013
3.22 0.2098 0.2381 0.2316 0.2265 0.0148
9.14 0.3616 0.3682 0.3649 0.3649 0.0033
12.58 0.3754 0.3897 0.4052 0.3901 0.0149
15.83 0.3889 0.3891 0.3890 0.3890 0.0001
18.22 0.2902 0.2837 0.2859 0.2866 0.0033
21.54 0.4477 0.4810 0.4643 0.4643 0.0167
25.65 0.3293 0.3524 0.3384 0.3400 0.0116
28.03 0.3666 0.3760 0.3861 0.3762 0.0098
53.00 0.5236 0.5217 0.5209 0.5221 0.0014
72.99 0.7296 0.7205 0.7543 0.7348 0.0175
110.74 0.6647 0.6686 0.6518 0.6617 0.0088
180.94 0.6003 0.6016 0.6521 0.6180 0.0295




Table A-6 Slope of ammonia oxidation at AgNPs 1 mg/L

172

NH4*-N (mg/L) | Rep1l Rep 2 Rep 3 Mean SD
0 0 0 0 0 0

1.06 0.0303 0.0349 0.0326 0.0326 0.0023

3.18 0.0919 0.0899 0.0665 0.0828 0.0141

8.63 0.1769 0.1847 0.1808 0.1808 0.0039
12.36 0.2516 0.2381 0.2251 0.2383 0.0133
17.08 0.2478 0.2872 0.2675 0.2675 0.0197
19.44 0.1732 0.1984 0.1852 0.1856 0.0126
21.25 0.2610 0.2429 0.2519 0.2519 0.0091
26.29 0.1536 0.1344 0.1157 0.1346 0.0190
27.11 0.3034 0.3127 0.3203 0.3121 0.0085
53.29 0.2689 0.2645 0.2633 0.2656 0.0029
74.70 0.2643 0.2944 0.2603 0.2730 0.0186
114.92 0.3084 0.3398 0.3243 0.3242 0.0157
191.22 0.5848 0.5526 0.5900 0.5758 0.0203

Table A-7 Slope of ammonia oxidation at AgNPs 10 mg/L
NH4*-N (mg/L) Rep 1 Rep 2 Rep 3 Mean SD
0 0 0 0 0 0

1.14 0.0250 0.0180 0.0215 0.0215 0.0035
3.41 0.0601 0.0601 0.0823 0.0675 0.0128
8.60 0.1388 0.1795 0.1591 0.1591 0.0204
13.13 0.1526 0.1576 0.1628 0.1577 0.0051
18.07 0.1441 0.2056 0.1748 0.1748 0.0308
19.04 0.1428 0.1497 0.1465 0.1463 0.0035
15.74 0.1850 0.1536 0.1693 0.1693 0.0157
25.53 0.1215 0.1166 0.1130 0.1170 0.0043
27.43 0.1282 0.1478 0.1418 0.1393 0.0100
54.28 0.2046 0.2103 0.2103 0.2084 0.0033
73.97 0.1632 0.1620 0.1477 0.1576 0.0086
114.79 0.2767 0.2810 0.2819 0.2799 0.0028
189.65 0.5145 0.5172 0.4915 0.5077 0.0141




Table A-8 Slope of ammonia oxidation at AgNPs 100 mg/L
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NH4*-N (mg/L) | Rep 1 Rep 2 Rep 3 Mean SD
0 0 0 0 0 0
0.61 0.0132 0.0135 0.0133 0.0133 0.0002
3.01 0.0333 0.0473 0.0372 0.0393 0.0072
8.30 0.0950 0.0552 0.0751 0.0751 0.0199
13.30 0.1224 0.1274 0.1341 0.1280 0.0059
17.66 0.1362 0.1676 0.1519 0.1519 0.0157
19.86 0.0549 0.0639 0.0539 0.0576 0.0055
16.95 0.1160 0.1562 0.1406 0.1376 0.0203
27.89 0.0985 0.1138 0.1062 0.1062 0.0077
28.45 0.0511 0.0665 0.0837 0.0671 0.0163
54.39 0.1087 0.0748 0.0862 0.0899 0.0173
75.54 0.1422 0.1371 0.1493 0.1429 0.0061
114.14 0.1512 0.1881 0.1621 0.1671 0.0190
191.74 0.4168 0.3900 0.3777 0.3948 0.0200
Table A-9. Slope of ammonia oxidation at Ag ions 0 mg/L
NHs*-N (mg/L) | Rep1 Rep 2 Rep 3 Mean SD
0 0 0 0 0 0

0.88 0.0218 0.0216 0.0221 0.0218 0.0003

3.89 0.1190 0.1189 0.1185 0.1188 0.0003

9.94 0.1597 0.1556 0.1566 0.1573 0.0021
11.74 0.1846 0.1855 0.1831 0.1844 0.0012
17.46 0.3594 0.3632 0.3519 0.3582 0.0058
27.02 0.3980 0.3977 0.3953 0.3970 0.0015
31.54 0.5327 0.5330 0.5319 0.5325 0.0006
45.38 0.3617 0.3555 0.3330 0.3501 0.0151
46.76 0.4264 0.4278 0.4418 0.4320 0.0085
58.56 0.5076 0.4967 0.5219 0.5087 0.0126
71.88 0.4835 0.4802 0.4865 0.4834 0.0032
119.45 0.4777 0.5244 0.5205 0.5075 0.0259
174.00 0.6751 0.6434 0.6000 0.6395 0.0377
260.00 0.6240 0.6000 0.6875 0.6372 0.0452




Table A-10 Slope of ammonia oxidation at Ag ions 0.05 mg/L

NH4*-N

(mg/L) Rep 1 Rep 2 Rep 3 Mean SD
0 0 0 0 0 0
0.84 0.0165 0.0167 0.0131 0.0154 0.0020
3.71 0.0516 0.0514 0.0519 0.0516 0.0003
8.79 0.1185 0.1196 0.1214 0.1198 0.0015
12.10 0.0653 0.0664 0.0647 0.0655 0.0009
16.26 0.1272 0.1286 0.1277 0.1278 0.0007
26.86 0.2610 0.2653 0.2547 0.2603 0.0053
33.21 0.1687 0.1682 0.1610 0.1660 0.0043
46.61 0.0967 0.1110 0.0875 0.0984 0.0118
46.89 0.1898 0.1852 0.1932 0.1894 0.0040
60.29 0.1380 0.1346 0.1221 0.1316 0.0084
71.73 0.2432 0.2660 0.2503 0.2532 0.0117
115.82 0.1887 0.1837 0.2054 0.1926 0.0114
176.00 0.2912 0.2857 0.2596 0.2788 0.0169
254.07 0.1482 0.1629 0.1770 0.1627 0.0144
Table A-11 Slope of ammonia oxidation at Ag ions 0.10 mg/L
I?mHS /LI;I Rep 1 Rep 2 Rep 3 Mean SD
0 0 0 0 0 0

0.9 0.0143 0.0145 0.0143 0.0144 0.0001
4.4 0.0342 0.0338 0.0316 0.0332 0.0014
9.0 0.0359 0.0363 0.0358 0.0360 0.0003
12.3 0.0180 0.0182 0.0180 0.0181 0.0001
17.2 0.0954 0.0951 0.0971 0.0959 0.0011
24.8 0.1012 0.0977 0.0987 0.0992 0.0018
28.6 0.0921 0.0917 0.0825 0.0888 0.0054
42.9 0.0333 0.0332 0.0231 0.0299 0.0059
45.1 0.1219 0.1238 0.1260 0.1239 0.0021
61.2 0.0259 0.0257 0.0197 0.0238 0.0035
714 0.0403 0.0299 0.0217 0.0306 0.0093
118.6 0.1264 0.1448 0.1590 0.1434 0.0163
175.3 0.1370 0.1282 0.1485 0.1379 0.0102
264.0 0.3190 0.3859 0.3322 0.3457 0.0354
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Table A-12 Slope of ammonia oxidation at Ag ions 0.50 mg/L

NH4*-N

(mg/L) Rep 1 Rep 2 Rep 3 Mean SD
0 0 0 0 0 0
0.7 0.0000 0.0004 0.0010 0.0005 0.0005
4.2 0.0024 0.0024 0.0020 0.0023 0.0002
9.6 0.0120 0.0111 0.0115 0.0115 0.0005
12.1 0.0046 0.0017 0.0015 0.0026 0.0017
16.8 0.0365 0.0361 0.0315 0.0347 0.0028
26.6 0.0403 0.0380 0.0394 0.0392 0.0012
31.6 0.0391 0.0388 0.0395 0.0391 0.0004
47.3 0.0082 0.0055 0.0038 0.0058 0.0022
475 0.0332 0.0368 0.0349 0.0350 0.0018
60.4 0.0560 0.0275 0.0068 0.0301 0.0247
72.9 0.0058 0.0065 0.0164 0.0096 0.0059
123.0 0.0638 0.0563 0.0223 0.0475 0.0221
175.5 0.0409 0.0156 0.0168 0.0244 0.0143
259.7 0.0181 0.0552 0.0772 0.0502 0.0299
Table A-13 Slope of ammonia oxidation at Ag ions 5.00 mg/L
I?mHS /Ll;l Rep 1 Rep 2 Rep 3 Mean SD
0 0 0 0 0 0

0.72 0 0 0 0.0000 0.0000
4.21 0.0004 0.0003 0.0008 0.0005 0.0003
9.56 0.0039 0.0037 0.005 0.0042 0.0007
12.52 0.0055 0.0054 0.0052 0.0054 0.0002
16.64 0.0198 0.0225 0.0112 0.0178 0.0059
26.14 0.006 0.0031 0.0024 0.0038 0.0019
29.73 0.0236 0.0252 0.0148 0.0212 0.0056
46.74 0.0011 0.0078 0.006 0.0050 0.0035
48.85 0.0156 0.0479 0.0484 0.0373 0.0188
61.24 0.0388 0.0316 0.026 0.0321 0.0064
73.63 0.0084 0.0007 0.0076 0.0056 0.0042
121.29 0.042 0.0265 0.0224 0.0303 0.0103
175.5 0.0409 0.0156 0.0168 0.0244 0.0143
259.69 0.0863 0.0552 0.0772 0.0729 0.0160
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Appendix B Inhibitory effect of AgNPs and Ag" on ammonia oxidation of NAS

0.5 mM

Table B-1 Inhibitory constants (K;i) for AQNPs and Ag" on NAS 0.5 mM

Types of NAS

Ki (mg/L)

AgNPs

Ag ions

0.5 mM

3.73

0.17

Table B-2 Percent inhibition by Ag* on NAS 0.5 mM

NH4*-N (mg/L) | Ag*0.05mg/L | Ag"0.10 mg/L Ag* 0.50 mg/L
0.8 79.5+0.7°@ 99.1+0.5°%® 98.9+0.5°%®@
2.5 95.7 +0.82® 92.3+0.3P® 91.4+1.9°©
4.4 99.1+0.82® 97.8+0.7°® 98.4 + 0.7 3@
6.3 94.0+0.5¢® 97.6+1.6°® 99.4+0.4°%®@
6.8 84.9+04°0@ 93.3+05°® 94.2+0.72@
11.9 91.5+0.3°0C 90.5+0.1°0 93.4+0.6 2
16.4 88.3+0.3>© | 881+04°@ 96.7 £ 0.2 209
25.2 86.9+1.2°C) | 928+16°0 83.9+0.8°®
34.0 741+21°0 64.8+0.7° 95.6 + 0.3 29
65.5 68.9+27°@ 75.2+2.1°0 82.3+4.320
Mean 86.3+0.8° 89.1£0.7%® 934+12%




Table B-3 Percent inhibition by AgNPs on NAS 0.5 mM

NHs*-N (mg/L)| AgNPs 1 mg/L AgNPs 10 mg/L | AgNPs 100 mg/L
1.06 97.1 + 0.3 c(@h) 98.8+0.2°@®@ 99.6+0.12@
3.77 99.3+0.82@ 959+1.9°0® 97.6+1.1%®
3.94 99.1+0.7 2@ 98.4 +2.42@ 05.7 + 1.4 b(@0)
5.90 874+1.1°@ 83.0+24°@ 96.6 +0.52@
5.89 96.0+4.73® 93.9 +4.33() 99.0+0.83@
9.61 96.1+2723® 96.6 + 1.5 2() 96.9 +3.72@
18.04 91.5+3.020 92.9+0.520 89.1 +5.72()
24.16 93.6 + 2.6 2 () 93.2+29230) 93.3+1.4230
24.82 91.3+3.82) 743+29°€) 89.3+24%0
38.69 70.4+1.9¢® 90.5+1.0°0© 95.0+2.2230
54.14 83.1+32°@ 95.8 + 1.4 2() 99.0+0.7 2@
81.73 81.8+0.8°® 85.7+2323@ 86.9+1.620
Mean 90.6+8.6 916+7.2° 94.8+4.3°
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Note: Different letters indicate statistical differences (p<0.05). Letters in the
parentheses show the statistical differences for AO respect to initial NH4™-N. Letters
without parentheses indicate the statistical differences for ammonia oxidation respect
to initial AgQNPs/Ag™ concentrations. Letters from a to f indicated the inhibition of
AgNPs or Ag™ on AO from highest levels to the lowest ones.

Table B-4 Slope of ammonia oxidation at AgNPs 0 mg/L

NH.*-N Rep 1 Rep 2 Rep 3 Mean SD
(mg/L)

0 0 0 0 0 0
1.06 0.13500 0.17250 0.16860 0.1587 0.021
3.77 0.21580 0.20770 0.18850 0.2040 0.014
3.94 0.21450 0.17880 0.19440 0.1959 0.018
5.90 0.19730 0.19420 0.20110 0.1975 0.003
5.89 0.20050 0.21270 0.20790 0.2070 0.006
9.61 0.24670 0.25430 0.24260 0.2479 0.006
18.04 0.33810 0.37110 0.35490 0.3547 0.017
24.16 0.29740 0.32160 0.31730 0.3121 0.013
24.82 0.33430 0.33250 0.33260 0.3331 0.001
38.69 0.34370 0.3385 0.33750 0.3399 0.003
54.14 0.32880 0.34270 0.33250 0.3347 0.007
81.73 0.33870 0.33560 0.36680 0.3470 0.017




Table B-5 Slope of ammonia oxidation at AgNPs 1 mg/L

NH4*-N

(mg/L) Rep 1 Rep 2 Rep 3 Mean SD
0 0 0 0 0 0
1.28 0.0043 0.0046 0.0048 0.0046 0.0003
3.88 0.0011 0.0000 0.0029 0.0013 0.0014
4.26 0.0024 0.0024 0.0002 0.0017 0.0013
6.48 0.0259 0.0259 0.0228 0.0249 0.0018
6.05 0.0037 0.0199 0.0017 0.0084 0.0100
9.46 0.0102 0.0028 0.0158 0.0096 0.0065
22.14 0.0398 0.0297 0.0205 0.0300 0.0097
23.52 0.0112 0.0291 0.0203 0.0202 0.0090
28.69 0.0215 0.0436 0.0219 0.0290 0.0126
37.73 0.0958 0.1069 0.0991 0.1006 0.0057
57.78 0.0607 0.0648 0.0439 0.0565 0.0111
84.69 0.0624 0.0635 0.0638 0.0632 0.0007
Table B-6 Slope of ammonia oxidation at AgNPs 10 mg/L
I?mHS /Ll;l Rep 1 Rep 2 Rep 3 Mean SD
0 0 0 0 0 0
1.32 0.0016 0.0024 0.0017 0.0019 0.0004
3.91 0.0043 0.0105 0.0101 0.0083 0.0035
4.28 0.0009 0.0001 0.0085 0.0032 0.0046
6.64 0.0373 0.0346 0.0287 0.0335 0.0044
5.85 0.0160 0.0192 0.0024 0.0125 0.0089
8.94 0.0051 0.0128 0.0077 0.0085 0.0039
18.72 0.0223 0.0281 0.0249 0.0251 0.0029
24.87 0.0299 0.0192 0.0142 0.0211 0.0080
26.22 0.0776 0.0832 0.0961 0.0856 0.0095
38.99 0.0286 0.0340 0.0343 0.0323 0.0032
53.74 0.0185 0.0144 0.0091 0.0140 0.0047
85.39 0.0572 0.0425 0.0487 0.0495 0.0074
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Table B-7 Slope of ammonia oxidation at AgNPs 100 mg/L

NH4*-N

(mg/L) Rep 1 Rep 2 Rep 3 Mean SD
0 0 0 0 0 0
1.16 0.0006 0.0005 0.0006 0.0006 0.0001
3.03 0.0039 0.0035 0.0069 0.0048 0.0019
3.13 0.0058 0.0087 0.0106 0.0084 0.0024
5.97 0.0079 0.0061 0.0062 0.0067 0.0010
5.35 0.0017 0.0005 0.0038 0.0020 0.0017
7.57 0.0007 0.0044 0.0178 0.0076 0.0090
20.38 0.0588 0.0246 0.0304 0.0379 0.0183
22.51 0.0237 0.0224 0.0164 0.0208 0.0039
27.27 0.0307 0.0317 0.0449 0.0358 0.0079
36.61 0.0255 0.0100 0.0160 0.0172 0.0078
52.14 0.0022 0.0061 0.0019 0.0034 0.0023
82.16 0.0387 0.0494 0.0480 0.0454 0.0058
Table B-8 Slope of ammonia oxidation at Ag ions 0 mg/L
NH4*-N
(mg/L) Rep 1 Rep 2 Rep 3 Mean SD
0 0 0 0 0 0
0.76 0.2182 0.2170 0.2188 0.2180 0.0009
2.52 0.4191 0.4161 0.4119 0.4157 0.0036
4.38 0.4763 0.4671 0.4805 0.4746 0.0069
6.31 0.5531 0.5510 0.5490 0.5510 0.0021
6.82 0.5479 0.5320 0.5548 0.5449 0.0117
11.90 0.6034 0.5944 0.5915 0.5964 0.0062
16.44 0.6743 0.6808 0.6947 0.6833 0.0104
25.24 0.7260 0.7305 0.7230 0.7265 0.0038
34.03 0.6386 0.6490 0.6457 0.6444 0.0053
65.46 0.5978 0.6017 0.6081 0.6025 0.0052
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Table B-9 Slope of ammonia oxidation at AgNPs 0.05 mg/L

NH4*-N

(mg/L) Rep 1 Rep 2 Rep 3 Mean SD
0 0 0 0 0 0
1.45 0.0461 0.0428 0.0450 0.0446 0.0017
3.22 0.0190 0.0143 0.0207 0.0180 0.0033
4.69 0.0078 0.0002 0.0047 0.0042 0.0038
7.35 0.0366 0.0316 0.0310 0.0331 0.0031
7.59 0.0831 0.0821 0.8180 0.3277 0.4246
11.70 0.0534 0.0494 0.0502 0.0510 0.0021
16.40 0.0775 0.0819 0.0804 0.0799 0.0022
26.02 0.0951 0.0863 0.1024 0.0946 0.0081
38.00 0.1500 0.1743 0.1758 0.1667 0.0145
62.13 0.1963 0.1944 0.1695 0.1867 0.0150
Table B-10 Slope of ammonia oxidation at AgNPs 0.10 mg/L
I?mHS;LI;I Rep 1 Rep 2 Rep 3 Mean SD
0 0 0 0 0 0

1.48 0.0029 0.0006 0.0021 0.0019 0.0012
3.34 0.0313 0.0317 0.0329 0.0320 0.0008
4.99 0.0140 0.0079 0.0091 0.0103 0.0032
7.16 0.0228 0.0064 0.0103 0.0132 0.0086
7.54 0.0372 0.0358 0.0374 0.0368 0.0009
12.20 0.0570 0.0572 0.0564 0.0569 0.0004
16.50 0.0819 0.0827 0.0801 0.0816 0.0013
26.38 0.0599 0.0397 0.0579 0.0525 0.0111
38.30 0.2291 0.2278 0.2229 0.2266 0.0033
66.30 0.1510 0.1601 0.1368 0.1493 0.0117
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Table B-11 Slope of ammonia oxidation at AgNPs 0.50 mg/L

NH4*-N

(mg/L) Rep 1 Rep 2 Rep 3 Mean SD
0 0 0 0 0 0

1.49 0.0025 0.0033 0.0012 0.0023 0.0011
3.49 0.0434 0.0380 0.0266 0.0360 0.0086
4.6 0.0041 0.0101 0.0089 0.0077 0.0032
7.15 0.0028 0.0061 0.0019 0.0036 0.0022
7.62 0.0334 0.0339 0.0278 0.0317 0.0034
12.1 0.0417 0.0411 0.0352 0.0393 0.0036
16.8 0.0219 0.0216 0.0246 0.0227 0.0017

24.21 0.1142 0.1129 0.1229 0.1167 0.0054

34.26 0.0286 0.0304 0.0264 0.0285 0.0020
62.2 0.1355 0.0903 0.0945 0.1068 0.0250
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Appendix C Ammonia oxidation of entrapped cells influenced by AgNPs and Ag*

Table C-1 Slope of AO from BA-entrapped cells influenced by AgNPs

NH4*-N (mg/L) | AgNPs (mg/L) | Repl Rep2 Rep3 | Mean | SD
6.7 0 0.4208 0.4205 | 0.4179 | 0.4197 | 0.0016
6.7 1 0.3947 | 0.3948 | 0.3952 | 0.3949 | 0.0003
6.7 10 0.3397 0.3413 | 0.3425 | 0.3412 | 0.0014
6.7 100 0.3483 | 0.3336 | 0.3377 | 0.3399 | 0.0076
26.4 0 0.6808 | 0.6826 | 0.6817 | 0.6817 | 0.0009
26.4 1 0.5253 | 0.5253 | 0.5253 | 0.5253 | 0.0000
26.4 10 0.3433 | 0.3433 | 0.3432 | 0.3433 | 0.0001
26.4 100 0.4752 0.4745 | 0.4747 | 0.4748 | 0.0004
45.9 0 1.6406 1.6521 | 1.655 | 1.6492 | 0.0076
45.9 1 1.3932 | 1.3998 | 1.3834 | 1.3921 | 0.0083
45.9 10 0.9015 | 0.8844 | 0.9045 | 0.8968 | 0.0108
45.9 100 0.8441 0.841 | 0.8412 | 0.8421 | 0.0017
75 0 1.4427 1.4618 | 1.4683 | 1.4576 | 0.0133
75 1 1.2354 1.2363 | 1.2329 | 1.2349 | 0.0018
75 10 0.8498 0.8457 | 0.8448 | 0.8468 | 0.0027
75 100 0.7292 0.7389 | 0.7338 | 0.7340 | 0.0049
100 0 1.5114 1.4665 | 1.5056 | 1.4945 | 0.0244
100 1 1.2767 1.278 | 1.2904 | 1.2817 | 0.0076
100 10 0.8939 0.896 | 0.8876 | 0.8925 | 0.0044
100 100 0.79 0.7936 | 0.7926 | 0.7921 | 0.0019
156.5 0 1.913 1.9162 | 1.9107 | 1.9133 | 0.0028
156.5 1 1.5244 1.5194 | 1.5396 | 1.5278 | 0.0105
156.5 10 1.6254 1.6168 | 1.6206 | 1.6209 | 0.0043
156.5 100 1.1081 1.1204 | 1.1088 | 1.1124 | 0.0069




Table C-2 Slope of AO from BA-entrapped cells influenced by Ag+
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NH4.+N (mg/L) | Ag ions (mg/L) | Repl Rep2 Rep3 Mean SD
6.7 0 0.4208 | 0.4205 | 0.4179 | 0.4197 | 0.0016
6.7 0.05 0.3163 | 0.315 | 0.3122 | 0.3145 | 0.0021
6.7 0.1 0.3883 | 0.39 0.3923 | 0.3902 | 0.0020
6.7 0.5 0.3394 | 0.3467 | 0.3479 | 0.3447 | 0.0046
26.4 0 0.6808 | 0.6826 | 0.6817 | 0.6817 | 0.0009
26.4 0.05 0.6386 | 0.637 | 0.6383 | 0.6380 | 0.0009
26.4 0.1 0.4599 | 0.4429 | 0.4516 | 0.4515 | 0.0085
26.4 0.5 0.2777 | 0.2784 | 0.278 | 0.2780 | 0.0004
45.9 0 1.6406 | 1.6521 | 1.655 | 1.6492 | 0.0076
45.9 0.05 1.1389 | 1.1381 | 1.1275 | 1.1348 | 0.0064
45.9 0.1 0.8428 | 0.8352 | 0.8237 | 0.8339 | 0.0096
45.9 0.5 0.7645 | 0.7599 | 0.7732 | 0.7659 | 0.0068

75 0 1.4427 | 1.4618 | 1.4683 | 1.4576 | 0.0133

75 0.05 1.6408 | 1.6411 | 1.6412 | 1.6410 | 0.0002

75 0.1 1.2149 | 1.2186 | 1.2293 | 1.2209 | 0.0075

75 0.5 0.8631 | 0.8663 | 0.8687 | 0.8660 | 0.0028
100 0 1.5114 | 1.4665 | 1.5056 | 1.4945 | 0.0244
100 0.05 1.5127 | 1.5001 | 1.5032 | 1.5053 | 0.0066
100 0.1 1.4824 | 1.481 | 1.4703 | 1.4779 | 0.0066
100 0.5 0.969 | 0.9621 | 0.9653 | 0.9655 | 0.0035




Table C-3 Slope of AO from PVA-entrapped cells influenced by AgNPs
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NH4*-N (mg/L) | AgNPs (mg/L) | Repl Rep2 Rep3 | Mean SD

7.6 0 0.4178 | 0.4188 | 0.4164 | 0.4177 | 0.0012

7.6 1 0.3243 | 0.3236 | 0.3248 | 0.3242 | 0.0006

7.6 10 0.2943 | 0.2947 | 0.2953 | 0.2948 | 0.0005

7.6 100 0.2363 | 0.2367 | 0.237 |0.2367 | 0.0004
24.7 0 0.6123 | 0.6139 | 0.6137 | 0.6133| 0.0009
24.7 1 0.4782 | 0.4795 | 0.4814 | 0.4797 | 0.0016
24.7 10 0.3571 | 0.3564 | 0.3572 | 0.3569 | 0.0004
24.7 100 0.2912 | 0.2951 | 0.293 |0.2931 | 0.0020
43.5 0 0.8993 | 0.9005 | 0.9128 | 0.9042 | 0.0075
43.5 1 0.7424 | 0.7474 | 0.7425 | 0.7441 | 0.0029
43.5 10 0.3393 | 0.3426 | 0.342 |0.3413| 0.0018
43.5 100 0.2305 | 0.2307 | 0.2386 | 0.2333| 0.0046
63.2 0 1.0366 | 1.0348 | 1.0311 | 1.0342 | 0.0028
63.2 1 1.0064 | 1.0075 | 1.0082 | 1.0074 | 0.0009
63.2 10 0.2441 | 0.2656 | 0.2643 | 0.2580 | 0.0121
63.2 100 0.1685 | 0.1702 | 0.1682 | 0.1690 | 0.0011
95.5 0 1.3186 | 1.3248 | 1.3204 | 1.3213 | 0.0032
95.5 1 0.5589 | 0.5559 | 0.5613 | 0.5587 | 0.0027
95.5 10 0.4407 | 0.4371 | 0.4466 | 0.4415| 0.0048
95.5 100 0.3445 | 0.3431 | 0.3477 | 0.3451 | 0.0024
171.6 0 1.2841 1.297 1.3014 | 1.2942 | 0.0090
171.6 1 1.0925 | 1.104 1.1039 | 1.1001 | 0.0066
171.6 10 0.4682 | 0.4801 | 0.4855 | 0.4779 | 0.0089
171.6 100 0.3937 | 0.3974 | 0.4031 | 0.3981 | 0.0047




Table C-4 Slope of AO from PVA-entrapped cells influenced by Ag+
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NHs"™-N (mg/L) | Ag ions (mg/L) | Repl Rep2 Rep3 Mean SD
7.6 0 0.4178 | 0.4188 | 0.4164 |0.4177 | 0.0012
7.6 0.05 0.2623 | 0.2619 | 0.2626 | 0.2623 | 0.0004
7.6 0.1 0.2455 | 0.246 | 0.2479 | 0.2465 | 0.0013
7.6 0.5 0.1587 | 0.159 | 0.1594 | 0.1590 | 0.0004
24.7 0 0.6123 | 0.6139 | 0.6137 | 0.6133 | 0.0009
24.7 0.05 0.4643 | 0.4651 | 0.4649 | 0.4648 | 0.0004
24.7 0.1 0.4268 | 0.4275 | 0.4304 | 0.4282 | 0.0019
24.7 0.5 0.3729 | 0.3789 | 0.3727 | 0.3748 | 0.0035
43.5 0 0.8993 | 0.9005 | 0.9128 | 0.9042 | 0.0075
43.5 0.05 0.7409 | 0.7492 | 0.7529 | 0.7477 | 0.0061
43.5 0.1 0.5566 | 0.5604 | 0.5614 | 0.5595 | 0.0025
43.5 0.5 0.2774 | 0.2789 | 0.2795 | 0.2786 | 0.0011
63.2 0 1.0366 | 1.0348 | 1.0311 | 1.0342 | 0.0028
63.2 0.05 0.7227 | 0.7259 | 0.7284 | 0.7257 | 0.0029
63.2 0.1 0.6367 | 0.6595 | 0.6492 | 0.6485 | 0.0114
63.2 0.5 0.4083 | 0.4164 | 0.4116 | 0.4121 | 0.0041
95.5 0 1.3186 | 1.3248 | 1.3204 | 1.3213 | 0.0032
95.5 0.05 0.7398 | 0.7459 | 0.7255 |0.7371 | 0.0105
95.5 0.1 0.6912 | 0.6927 | 0.6937 | 0.6925 | 0.0013
95.5 0.5 0.5866 | 0.5865 | 0.5836 | 0.5856 | 0.0017
171.6 0 1.2841 1.297 | 1.3014 | 1.2942 | 0.0090
171.6 0.05 1.3087 | 1.3176 | 1.3029 | 1.3097 | 0.0074
171.6 0.1 1.255 | 1.2606 | 1.2643 | 1.2600 | 0.0047
171.6 0.5 0.6035 | 0.6311 | 0.5661 | 0.6002 | 0.0326




Table C-5 Slope of AO from PVA-BA entrapped cells influenced by AgNPs
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NH4*-N (mg/L) | AgNPs (mg/L) | Repl Rep2 Rep3 Mean SD
9.6 0 0.4428 | 0.4432 | 0.4424 | 0.4428 | 0.0004
9.6 1 0.4784 | 0.4785 | 0.4777 | 0.4782 | 0.0004
9.6 10 0.412 0.412 | 0.4123 | 0.4121 | 0.0002
9.6 100 0.332 | 0.333 | 0.3338 | 0.3329 | 0.0009
22 0 0.8545 | 0.8556 | 0.8657 | 0.8586 | 0.0062
22 1 0.8545 | 0.8558 | 0.8657 | 0.8587 | 0.0061
22 10 0.4219 | 0.4191 | 0.4245 | 0.4218 | 0.0027
22 100 0.3005 | 0.3041 | 0.3075 | 0.3040 | 0.0035

36.7 0 0.5933 | 0.6038 | 0.5977 | 0.5983 | 0.0053
36.7 1 0.6709 | 0.6822 | 0.6903 | 0.6811 | 0.0097
36.7 10 0.4592 | 0.4667 | 0.4628 | 0.4629 | 0.0038
36.7 100 0.4224 | 0.4226 | 0.436 | 0.4270 | 0.0078
74.8 0 0.8974 | 0.8987 | 0.9037 | 0.8999 | 0.0033
74.8 1 0.6781 | 0.6836 | 0.6807 | 0.6808 | 0.0028
74.8 10 0.7963 | 0.7953 | 0.7948 | 0.7955 | 0.0008
74.8 100 0.6645 | 0.6603 | 0.6658 | 0.6635 | 0.0029
97.6 0 1.0568 | 1.0317 | 1.054 | 1.0475 | 0.0138
97.6 1 0.6147 | 0.6229 | 0.632 | 0.6232 | 0.0087
97.6 10 0.5363 | 0.5768 | 0.5946 | 0.5692 | 0.0299
97.6 100 0.3137 | 0.3136 | 0.3158 | 0.3144 | 0.0012
156 0 1.0347 | 1.0582 | 1.042 | 1.0450 | 0.0120
156 1 0.9066 | 0.9066 | 0.8126 | 0.8753 | 0.0543
156 10 0.8587 | 0.8576 | 0.8661 | 0.8608 | 0.0046
156 100 0.5589 | 0.5647 | 0.553 | 0.5589 | 0.0059




Table C-6 Slope of AO from PVA-BA entrapped cells influenced by Ag*
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NHs"-N (mg/L) | Agions (mg/L) | Repl Rep2 Rep3 Mean SD
9.6 0 0.4428 | 0.4432 | 0.4424 | 0.4428 | 0.0004
9.6 0.05 0.4616 | 0.4625 | 0.4632 | 0.4624 | 0.0008
9.6 0.1 0.4043 | 0.405 | 0.4045 | 0.4046 | 0.0004
9.6 0.5 0.1887 | 0.1891 | 0.1904 | 0.1894 | 0.0009
22 0 0.8545 | 0.8556 | 0.8657 | 0.8586 | 0.0062
22 0.05 0.6727 | 0.6705 | 0.673 | 0.6721 | 0.0014
22 0.1 0.5541 | 0.5425 | 0.5572 | 0.5513 | 0.0077
22 0.5 0.2605 | 0.2612 | 0.2644 | 0.2620 | 0.0021

36.7 0 0.5933 | 0.6038 | 0.5977 | 0.5983 | 0.0053
36.7 0.05 0.5708 | 0.5849 | 0.5906 | 0.5821 | 0.0102
36.7 0.1 0.5608 | 0.5804 | 0.568 | 0.5697 | 0.0099
36.7 0.5 0.4304 | 0.4584 | 0.4502 | 0.4463 | 0.0144
74.8 0 0.8974 | 0.8987 | 0.9037 | 0.8999 | 0.0033
74.8 0.05 0.8018 | 0.8066 | 0.8201 | 0.8095 | 0.0095
74.8 0.1 0.6121 | 0.6125 | 0.6354 | 0.6200 | 0.0133
74.8 0.5 0.5393 | 0.5506 | 0.5417 | 0.5439 | 0.0060
97.6 0 1.0568 | 1.0317 | 1.054 | 1.0475 | 0.0138
97.6 0.05 0.9666 | 0.9842 | 0.9499 | 0.9669 | 0.0172
97.6 0.1 0.486 0.546 | 0.5424 | 0.5248 | 0.0336
97.6 0.5 0.4331 | 0.4567 | 0.4457 | 0.4452 | 0.0118
156 0 1.0347 | 1.0582 | 1.042 | 1.0450 | 0.0120
156 0.05 1.0915 | 1.0921 | 1.0918 | 1.0918 | 0.0003
156 0.1 0.9246 | 0.8525 | 0.9103 | 0.8958 | 0.0382
156 0.5 0.8219 | 0.8246 | 0.8471 | 0.8312 | 0.0138
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