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CHAPTER |

INTRODUCTION

1.1 General introduction

Nanotechnology relates to a wide. range of technologies that incorporate materials
feature with a range of dimensions between approximately 1 and 100 nm. Nanoparticles,
particles in nano scale, are a part of nanotechnologtes claimed to substance, such as silver,
iron, gold, and nanotubes (nane=scale earbon) (Kaiser et al., 2008; Savage and Diallo, 2005).
The nanoparticles have been iacorporated | in  numerous  consumer products. Silver
nanoparticles (AgNPs) are one'of the mostwell-liked nanopartieles utilized in the world. It is
known as the antimicrobial agent In industriéljsector, AgNPs were broadly utilized in
products, such as bicycles frames, plastic containers, drug delivery, and textiles
(Nanohorizon, 2007; Yang et al; 2005; ‘Hong éf,-al;, 2006; Benn and Westerhoff, 2008).
Although there has not been the published-document of AgNPs contamination levels in the
environment, the trend of AgNPs utilization sigﬁif}ééntly increases. Nearly one-third of
AgNPs products on the market in 2007had the poté‘ntiél'to disperse into the environment. A
few information of the adverse effect of AgNPs were presented.-Consequently, in the near
future, the contamination of nanomaterials especially AgNPs wouid be a problematic issue in

surface water, soil, groundwater, or wastewater treatment systems.

It has been known that Silver nanopaticles affected on microorganisms. Antimicrobial
achievement of silver nanoparticles has been assumed to its surface oxide layer release of
silver ion species which is-highly toxic to organisms (McGeer, 2000; Fan'and Bard, 2002). It
is also known that silver is toxic to cell because it can destroy or attach to cell membrane
resulting in inhibition in growth or effect on viability (Lok et al., 2006; Choi et al., 2008).
Nonetheless, most of previous studies were focus on effect of silver particles in micro scale.
There were only a few reports on effect of AgNPs (Lok et al., 2006; Choi et al., 2008). Silver
nanoparticles could penetrate though cell membrane and cause more 100-time severe effect to
the cells (Lok et al., 2006).



As mentioned earlier, biological wastewater treatment system would be critically
affected by AgNP contamination. Nitrification is known as the most sensitive process among
wastewater treatment processes. The nitrification process is an important process for
removing nitrogen from wastewater treatment plants (WWTPs). It is a biological
transformation of reduced forms of nitrogen to nitrate by nitrifying activated sludge (NAS).
In prior study, it was found failure in nitrification process (Choi et al., 2008). The nitrification
decreased up to 86+3%. Although there are a few studies on fate and toxicity mechanism of
AgNPs in wastewater treatment systems, there was ne such the problem abatement of AgNPs

in the systems.

Cell entrapment technique,.microorganism immebilization in a porous polymeric
matriX, is a potential method to-allewiate the problem. The technique was used in pollutant
removal such as, nitrogen, caron, hegbicide and other hazardous substance in wastewater
and contaminated sites (Chenet al., 1998; Sir"i'pattanakul et al., 2008). The polymeric
materials widely used as cell entrapment matriées-were calcium alginate (CA), polyvinyl
alcohol (PVA), carrageenan (€N),and celltlose triacetate (CTA) (Siripattanakul and Khan,
2010). The entrapment matrices/€an increase biological activities and protect the cells from
toxic substances (Chen et al., 1998; Siripattanakul et al;, 2008). Based on the advantages, the
technique is promising to lessen the problem. ‘

This study aims to investigate effect of AgNPs on the "nitrification process and to
protect toxic substance from microorganisms using cell entrapment technique. Effects of
initial AgNP concentrations, entrapment material types (CA and PVA), and bead sizes (small
and large beads) of thesentrapped NAS on the nitrification Kinetics were conducted. The free
NAS was tested for comparative purpose. The nitrification kinetics in the present study was
used respirometric capproach_followed .the|previous-studies (Surmacz-Gorska et al., 1996;
Ginestet et al., 1998; Schramm et al.,"1998; Chandran and Smets; 2001; Moussa et al, 2003;
Ciudad et al., 2006; Chandran and Love, 2008).



1.2 Objectives

Main objective of this study is to investigate effect of AgNPs on the nitrification process

using entrapped cells compared to free cells. The specific objectives are:

1. to examine effects of AgNP and initial ammonia at different concentrations on
nitrification performance,
2. to examine effect of cell entrapment matrices (different sizes and types) on
nitrification performance of the entrapped NAS that was exposed by AgNPs, and
3. to observe interaction of AgNPs on the free.and entrapped NAS microstructure.
1.3 Scopes

This study has been held at thesenvigonmental laboratory, National Center of Excellence for

Environmental and Hazardous Waste Mahagement (NCE-EHWM), Chulalongkorn

University since September 2008. 1t4S gxpected txq'.”complete all tasks in September 2010. The

experiment was in a bench-scale fexperiment, The following details are the specific

informations on the scope of study.

1.

N o g ~w

Returned activated sludge used in the._s_tydy was taken from returned activated
sludge at Siphraya municipal Wastewater treatment plant, Bangkok, Thailand.

The NAS was enriched from the returned-.a_CIivated sludge at 28 and 70 mg/L of
ammonia concentration.

Respirometer waS-tsed for studying nitrification.

Silver nanoparticles.were varied at 0.5, 1, and 5 mg/L.

The NAS was entrapped-using CA and PVA entrapment technigues.

The entrapped cell sizes of 3 and 6 mm were tested.

Microstructure of cells was observed using Scanning Electron,Microscope (SEM)

and dransmission Electron Microscope (TEM).



1.4 Hypotheses

1. Entrapped cells perform better than free cells on nitrification with AgNP
contamination.

2. Both CA- and PVA-entrapped cells were protected from AgNPs. The PVA-
entrapped cells are more effective because the matrix structure is more suitable for

the cell protection from AgNPs.

damage.

9
U
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RINNIUUNIININY



CHAPTER Il

THEORETICAL BACKGROUND AND LITERATURE REVIEW

2.1 Silver nanoparticles

Nanotechnology relates to.a wide range of.technologies that incorporate materials
feature with a range of dimensions. between approximately 1 and 100 nm. presents scale of
materials related to nanotechnglegy..Nanoparticles, particles in nano scale, are a part of
nanotechnologies claimed to subStances, such as silver, 1ron, gold, carbon nanotubes, and

nano-scale organic compounds (I€aiser et al', 2008: Savage and Diallo, 2005).
2.1.1 Properties of silver nanoparticle

Silver nanoparticles (AgNPs) were found in‘ashes, soil particles or biomolecules. The
sizes of the nanoparticles are varied from-1 to 100 am causing the difference in physico-
chemical properties compared to their-bulk material. Table 2.1 is shown typical properties of

silver nanoparticles.
2.1.2 Application of silver nanoparticles

Silver nanoparticles are widely used in, many applications.because of their properties.
Normally, AgNPs are applied-for @ntimicrobial purpose.-Estrin‘et al. (2008) examined the
property of AgNPs as antimicrobial ‘@and antifungal agents ona.Escherichia coli,
Staphylococcusy aureus, Aspergillus ‘niger..and’ Penicillium™ [phoeniceum. The result
demonstrated that AgNPs produced from a novel electrochemical method had strong
antibacterial and antifungal properties. In food industries, AgNPs were applied as an
antimicrobial agent by coating on the food container (Del Nobile et al., 2004; Jain and
Pradeep, 2005; An et al., 2008; Tankhiwale and Bajpai, 2009; Fernandez et al., 2009;
Fernandez et al., 2010). It was found that number of spoilage-related microorganisms in
melon kept in cellulose-AgNPs-hybrid materials decreased compared to the control. Another

application of AgNPs utilization as antimicrobial agent were textiles industry (Lee and Jeong,



2005; Dubas et al., 2006; Benn and Westerhoff, 2008; Yoksan and Chirachanchai; 2010). Lee
and Jeong (2005) found that AgNPs at sizes of 2-3 nm were skin-innoxious which can be
used as antibacterial agents on fabrics.

Table 2.1 Properties of silver nanoparticles

Properties Expressions
Shape Triangular, spherical, rod-shape®
Size 9-25'm"”
T Polymeriessilver; colloidal silver, spunstlver, nanosilver powder, ionic
ypes :
silver®
Specific surface B
P » 9:11 mé/g°
area
Color Red,bro’wn , and green®

*Sun et al. (2003), ® Choi and Hu'(2008);-“ _.uoma (2008),  Navarro (2008), ®Van Hyning
(1998) ‘

Other utilizations of AgNPs were for medical application. Silver nanoparticles were
exploited for medical apparatus (Furno et al, 2004; Biju et al., 2008; Kassaee, 2008). For
example, Biju et al. (2008) examined that AgNPs can be applied to in vitro and in vivo
imaging of living cell,zand in‘vivo Imaging ot cancers, \tumor vasculature, and lymph nodes.
In addition, AgNPs were synthesized and demonstrated to use as a potentiometric redox

marker in a glucoseshiosensor (Ngeontae:et alg 2009):



2.1.3 Fate and transport of silver nanoparticles to environment

Silver nanoparticles are one of the most well-liked nanoparticles utilized in the world.
Although there has not been published document of AgNPs contamination levels in the
environment, the trend of AgNPs utilization significantly increases. Silver nanoparticles

could spread throughout the environment.

Fauss (2008) classified AgNPs into the five types which are polymeric silver,
colloidal silver, spun silver, nanosilver powder; and ionic silver. First, polymeric silver is
AgNPs from handrails, medical devices, food sterage containers, dressing for wounds, and
female-hygeine products. It forms-a-complex long-chain molecule as gelatin. Second,
colloidal silver is AgNPs at the size.of 0:6-25 nm. Third, spun silver is AgNPs from fabric,
impregnating sheets, clothing, andsSportswear. Forth, nanesilver powder is AgNPs from the
first wash from sock and shoes. Fifth, donic sHver is AgNPs from washing machines and
dishwashers. The highest amount of AgNPs that‘wa_s released into water is from spun silver
as mention in Benn and Westerhoff (2008). |

Luoma (2008) calculated the releagse of AgNPs from manufacturers’ information and
came up with fate and transport scenarios for three new AgNPs applications including silver
sock, silver wash machines, and swimming pool or spa equipments. All applications were
applied AgNPs as antibactefial agent. Silver nanoparticles can-react and fate into many
characteristics to the water as an individual particles, aggregation; dissolution, and dissolved
organic matter. Silver nanoparticles could be discharged up-to 150 tons per year. Silver
nanoparticles could be degraded «n- acidic condition and room temperature (JR Nanotech,
2002). The abundant of chleride ordissalved arganic matter could activate dissolution rate of
AgNPs. On the other hand, natural waterscontaining a.large amount of ,dissolved organic
matter can reduce the reactivity of AgNPs.

Besides estimated fate and transport in natural water, Mueller and Nowack (2009)
predicted that AgNPs released into soil and water as the wet deposition. There are many
processes to dispose AgNPs such as, waste incineration plants, landfills, and sewage
treatment plants. They analyzed the percentage of releasing in AgNPs from products. The
result showed that the highest percentages of AgNPs were released to dissolution form from
textiles, cosmetics, spray agents, metal products, plastics, and paint. Blaser et al. (2008)

reported that AgNPs could leach from landfill to soil. In addition, the digested sludge from



sewage treatment plants is sold as an agricultural fertilizer, this leads to contaminate of
AgNPs into soil (FOE, 2007).

For fate of AgNPs in living organisms, AgNPs could transfer from soil to
heterotrophic (ammonifying/nitrogen fixing) and chemolithotrophic bacteria (FOE, 2007).
Moreover, AgNPs in the suspended particulates form in water transported to sediments.
Then, animals consume AgNPs sediment as food (JR Nanotech, 2002). Silver nanoparticles
could pass though membranes of the digestive tract though all over animal body.

2.1.4 Effect of silver nanoparticles in the enviroament

After AgNPs discharged.to-soil and water, it can damage to organism resulted from an
antimicrobial function of AgNRs: The toxicity of AgNPs on human, fish, algae, crustaceans,
some plants, fungi, and bacteriawasseported (Eisler, 1996; Yeo and Kang, 2008).

2.1.4.1 Human

Silver nanoparticles can cause argyria:as reported in White et al. (2003). This
study reported the case of a 58-year-old man who drank colloid silver protein solution for at
least 1 year. He believed the preventiof of silver from Various diseases. Consequently, he has
a deep blue/grey discoloration of the skin-on face, neck, bald scalp, hands, and forearms. The
ingestion of AgNPs has alse related to neurological problems, kKidney damage, stomach upset,
headaches, fatigue, and skin irritation (\White et al., 2003; Hori et al., 2002)

2.1.4.2 Animal

There are some-studies demonstrated the effect' of AgNPs to the mammalian
cells. For example,, Hussain_et_al. (2005) evaluated“the acute toxic’ effects of metal
nanopartciels using the inovitre rat liver:derived cell line: Silver.nanoparticles meaningfully
decreased the function of mitochondria. Lactate dehydrogenase leakage significantly
extended in the treated cells by AgNPs. Likewise, Braydich-Stolle and colleagues (2005)
examined the cytotoxicity on male germline in vitro of mouse. Silver nanoparticles were the
most toxic to a mouse spermatogonial stem cell line. Moreover, AgNPs could induce the
neurotransmitter dopamine depletion which was essential for the normal functioning of the

central nervous system (Hussain et al., 2006).



2.1.4.3 Microorganisms

It is well known that AgNPs is a toxic substance for microorganisms (Sondi
and Salopek-Sondi, 2004; Pal et al., 2007; Kim, 2007; Estrin, 2008; Fabrega et al., 2009).
Sondi and Salopek-Sondi investigated the antimicrobial activity of AgNPs on Escherichia
coli as a model of Gram-negative bacteria. The result showed that the cell wall of E. coli was
damaged by the formation of pits. Similarly, Pal and colleagues (2007) revealed the images
of treated E. coli with AgNPs by energy-filtering, transmission electron microscopy. There
was a change in the cell membrane on the treated cell, resulting in cell death. Besides, Kim
and co-worker (2007) researched.the antimicrobial”aetivity.of AgNPs against yeast, E. coli,
and S. aureus. Silver nanoparticles at-ithe low concentration obviously inhibited the growth of
yeast and E. coli while the growih=inhibitory impact on S. aureus was light. Moreover, they
studied generation of free radigals from /AgNPs which attack to membrane lipids and this

cause a breakdown of membranesfunction.

According to Cher and Hu (2008),-"7_tr;e relationship between the inhibition and
reactive oxygen species (ROS) on nitrifying bacteria was determined. The reactive oxygen
species including singlet oxygen, superoxide, hydrg)ggn peroxide, and hydroxyl radical, may
be free radical species as mentioned in Kim et al. (-20'1():‘7). On the other hand, the toxicity of
AgNPs also reacts to HIV:I (Elechiguerra, 200'53’"b‘y“ preferential binding to the gp 120

glycoprotein knobs. This interaction-inhibits the virus from bindiid to host cells.
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2.1.4.4 Wastewater treatment plant

As mentioned in fate and transport topic, there are many industries that
directly release AgNPs to water. The wastewater is contaminated with AgNPs effect on
microorganisms in wastewater treatment plants because of the strong antimicrobial properties
of AgNPs. The toxicity damages useful bacteria. Choi and Hu (2008) investigated the size-
dependent inhibition by AgNPs on nitrifying bacteria. The result showed that the less AgNPs
size than 5 nm and the concentration of AgNPs at 1 mg/L could be more toxic to bacteria
than their bulk materials. Moreover, the relationships‘of ROS were different for the various

form of silver.
2.2 Nitrification

Nitrification, a two-stepsnitrogen conversion process, 1s one of the most important part
of nitrogen cycle, since it provide nitrate (NO3) in soil water from ammonia in soil particles
for plants and wastewater treatment plants. The nitrification process relates to two groups of
lithoautotrophic bacteria which are @ammonia oxidizers and nitrite oxidizers (known as
nitrifier). The process generates the gnergy by the exidation of ammonia to nitrite (ammonia
oxidizers) or nitrite to nitrate (nitrite oxidizers) as shown on Equation (2.1) and (2.2).

NH," + 1.50, s~ 2H"+ 2H,0 + NO," + energy (2.1)
NO; + 0.50, — NO3 " + energy (2.2)

Nitrifying bacteria are useful for agriculture, because it reduces the acidification on
unbuffered soils, whi¢h are phytotoxic' by transforming nitrate in soil particles to mobile
phase. In addition, nitrifying bacteria remove nitrogen from wastewater leading to

eutrophication and'reducingthe toxic-effect of ammoniaon aguatic organisms.
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2.2.1 Microbial Nitrification

As mentioned earlier, nitrification processes relate with two groups of bacteria,
ammonia oxidizer (AOB) and nitrite oxidizer (NOB). The most frequently determined genus
with the step from Equation (2.1) is Nitrosomonas. Furthermore, there are the other genera
associate with this step which is Nitrosococcus and Nitrosospira (Watson et al., 1981).
Nitrobacter is the most frequently determined genus with the step from Equation (2.1),
including with Nitrococcus and Nitrospira (Watsen et al., 1981).

The lithoautotrophic ammonia oxidizing baecteria_has the ability to use ammonia as the
major source of energy and carben-dioxide asthe main-seuree of carbon. The characteristics

of the AOB genera are shown in Table2.2 (Koops and Pemmerening-Rdser, 2006).

Table 2.2 Characteristics of the.genera of AOB

Characteristic Nitrosomonas Nitrosospira Nitrosococcus
Spherical ~ tor rod. Tightly: «  coiled Spherical to
Cell shape

shaped spiralssi ellipsoidal

Intracytoplasmic  Peripherally  located . ~Occasional. tubular Centrally located stack

membranes flattened vesicles invaginations of membranes

Flagella Polar flagetfa Peritrichous flagella® Tuft of flagella

The major groups of AGB, located within the Betaproteobacteria, enclose two
clusters (Figure 2.1) by the use of 16S rDNA. The phylogenetic analyses of AOB were
demonstrated into two classes which ares Betaproteobacteria and Gammaproteobacteria
(Woeses et ak, 1984; Woeses et al, 1985). The genera Nitrosomonas, Nitrosospira,
Nitrosovibrio, and Nitrosolobus belong to the class Betaproteobacteria, while the genus
Nitrosococcus is branched with the class Gammaproteobacteria.
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Table 2.3 Differentiation of the four genera of NOB (Spieck and Bock, 2005)

Characteristics Nitrobacter Nitrococcus Nitrospina Nitrospira
Phylogenetic Alphaproteo- Gammaproteo-  Deltaproteo- Phylum
position bacteria bacteria bacteria Nitrospirae
Morphology Pleomorphic Coccoid cells Straight rods Curved rods to
short rods , ’ ,# spirals
Intracytoplasmic  Polar cap ar ’ﬂ:king Lacking
membranes — | {
Size (um) 0.5-0.9x1.0-2. TR\ 5x1.7-6.6  0.2-0.4x0.9-2.2

Reproduction

Budding

binary fissio

Binary fission
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2.2.2 Influential factors for nitrification

Nitrification process is the first important pathway to remove the reduced nitrogen in
term of ammonia and organic nitrogen by nitrification and denitrification processes in
wastewater. Since, nitrifying bacteria have a slower growth rate (Prosser, 1989) and lower
competitor of oxygen than aerobic heterotrophs, it is difficult to manipulate nitrification in
municipal and industrial wastewater treatment plants. Several influential factors affecting

nitrification are as follows.
2.2.2.1 Ammonia

From Equation (2.3); ammonia is the Substraie in the nitrification process,
nitrifiers use ammonia as the selé source oF energy. Kemp and Dodds (2002) determined the
influence of ammonium on nit@fication rates with prairie stream substrata. The conclusion of
the study was nitrification respanse o increasing "I'\IH4+ concentrations but depending on the
substrata type. Furthermore, the 98% ©f ammonia conversion to nitrite can be produced in the

case of saturated oxygen concentration (Ruiz €t al., 2003).
2.2.2.2 Biochemical Oxygen Deméirjd, "

Biochemical oxygen demand (BODs) represents the level of organic pollutant
in wastewater samples by measuring the oxidized organic matter from bacteria. Wastewater
treatment plants are plenty—of microorganisms like autotrophs and heterotrophs. The
increasing of BOD leads to the competition in both types of miCroorganism which affect on
nitrification process. Thereforg, the high amount of BODs could.reduce the performance of
nitrification process. Parallels'to Coskuner-and Jassim (2008) indicated that the nitrification
performance was decreased by the higher BOD concentrations results from the competition
for DO.

2.2.2.3 Sludge Retention Time (SRT)

For biological treatment process in wastewater treatment plants, SRT is one of
the most important for operational factor. Longer SRT leaded to accumulation of biomass
(sludge), which interrupted with the transfer of oxygen in bioreactor (Huang et al., 2001).
Likewise, Hallin et al (2005) also studied the effects of different SRTs on the nitrification

activity. Prolonged SRT reduce the nitrification activity causing by the physiological changes
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in the AOB community rather than a change in community composition. On the other hand,
too short SRT caused reduction of nitrification activity by decreasing of the sludge
concentration (Huang et al., 2001).

2.2.2.4 Salinity

High saline concentrations were occurred in the high nitrogen concentrated
waste streams. Due to the fact that they contain plenty of ions such as chloride from fish
canning industry and wet lime-gypsum desulphtgization process, sulphate from tannery
wastes (Campos et al., 2002). Organic matter, nitrogen, and phosphorus removal are affected
from this situation (Panswad and-Anan; 1999; Intrasungkha-et al., 1999). Panswad and Anan
(1999) investigated that the more i1nereasing of chloride concentration was added, the lower
of ammonia and nitrate uptake raie were made, Likewise, Campos et al. (2002) discovered
the inhibition of nitrification activity,/became completed at the higher of salt concentration
than 525 mM. |

2.2.2.5 Temperature

Temperature is one of the factors fﬁfa’t,!nfluence for nitrification as Antoniou
and colleagues (1990) determined the maximum g?ovvth rate of nitrifying bacteria on
temperature. They found the maximum growth r'ate- is in the range of 15-25 °c. Besides,
Mulder et al. (2001) constructed the SHARON process operating without sludge retention.
The optimal operating temperature of 30-40 °c supported N-removal over nitrite. The growth
rates of nitrifying bacteria increase with extend the temperature up to 30 °c (Coskuner and
Jassim, 2008).

2.2.2.6 pH and alkalinity

The optimum pH for the growth of nitrifying bacteria is in the range of 7.5-8.0
(Prosser, 1989; EPA, 2002). EPA (2002) informed the reduction of alkalinity leads to the
change of buffering capacity as bicarbonate which is consumed in the conversion of ammonia

to nitrite. Moreover, an increasing in pH to higher than 9 can reduce the nitrification activity.
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2.2.2.7 Dissolved oxygen concentration

Since oxygen is the important substrate to nitrification process as can be seen
from Equation (2.3). The optimal oxygen concentration in the operation of nitrification
process should not less than 2.0 mg/L (Coskuner and Jassim, 2008). Prosser (1989) stated
that the low concentrations of oxygen decrease rates of nitrification result from the nitrifiers
become a poor competitors at the low concentration of oxygen compare to heterotrophic
nitrifiers. The K value of hetrerotrophs is lower for oxygen leading them to be a competitive

advantage in this situation.
2.2.2.8 Light

There are some.studies which investigated in the effect of light through the
nitrification process because of the light penetration in the different light sources and
intensities (Yoshioka and Saijoy 1984; Diab and"'Shilo; 1988; Guerrero and Jones, 1996).
Guerrero and Jones (1996) demanstrated the effect of light on nitrifying bacteria depends on
both types of nitrifiers and the conditions of their environment. Yoshioka and Saijo (1984)

concluded that light can be also lethal and bacteriostatic to nitrifying bacteria.

2.2.3 Nitrification process monitéring

Due to the various-influential factors of nitrification, many of the monitoring ways
were produced to support the-researchers. Nitrifying bacteria are sensitive microorganism to
the stress condition so the process for monitoring should produce the less effect to the

nitrification process.
2.2.3.1 Decrease in dissolved oxygen

This 'method Is appliedfar determinatian the (nitrification._activity which
impact from toxic substance, called respirometric method (Surmacz-Gorska et al., 1996; Hu
et al., 2002; Moussa et al., 2003; Ciudad et al., 2006; Cecen et al., 2010). The method is
convenient, accurate, precise, and less-time consuming. The saturated oxygen concentration
which is required for nitrification is available; therefore, it is easy to control the concentration

of oxygen.
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2.2.3.2 Decrease in ammonia concentration

As ammonia is the main source of energy to nitrifying bacteria, the method to
monitor the ammonia concentration is applied. Panswad and Anan (1999) investigated in the
specific oxygen, ammonia, and nitrate uptake rates of a biological nutrient removal process
treating uplifted salinity wastewater. Moreover, You et al. (2009) examined the effect of

heavy metal in nitrification by measuring the specific ammonia uptake rate.
2.2.3.3 Real-time Polymerase Chain/Reaction (Real-time PCR)

Nowadays, PCR isswidely used for guantification of nitrifying bacteria. by
amplification of ammonia mongexyogenase (amoA) and-Nitrospira spp. 16S rRNA genes
(Dionisi et al., 2002; Harms et.al., 2003). Harms et al. (2003) developed the real-time PCR
for the quantification of total pacteria/(NOB and AOB) in mixed liquor suspended solids
(MLSS) from wastewater treatment plants.

2.3 Cell entrapment

Immobilized cell is widely utilized in the field of sciences and technologies to
develop the production. Mostly, it is used in bioreadtof;'—-'and production of the useful
compounds such as amino acids, organic-acids, antibietics, steroids, and enzymes (Cassidy et
al., 1996). According to Tampions (1987) introduced the advantages of immobilized cell
which are long-term stability of biocatalyst, low leakage of cells, high resistance to abrasion,
resistance to microbial degradation, low diffusional limitation, high surface area, cheap
support materials, and non-toxic,materials.. There are"many. different forms to produce the
entrapped cells which'can be shown'in'Table 2.4. There still‘are'two more techniques to form
the immobilized cell which are cross-linking of cells and.encapsulation injpolymer-gel
(Cassidy et al.;"1996). The.application of,immaobilized cell-is used'in agriculture, bio-control,
pesticide application, and pollutant biodegradation in contaminated soil or groundwater
(Connick and William, 1982; Bettmen and Rehm, 1984; Bashan, 1986; Axtell et al, 1987; Hu
etal., 1994).
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2.3.1 Principle of cell entrapment

Cell entrapment is one of the immobilized cell techniques which contain two main
steps (Dulieu, 1999; Siripattankul, 2010). First, the mixture of cells and matrix are well
blended by magnetic stirrer to become a homogenous phase. Second, the droplets of cell
mixture is formed the gelation by peristaltic pump. The gelation is produced in the formation
of cross-linking between a matrix and a cation in gel formation solution such as calcium
alginate beads. The spherical shape has beeniapplied for the formation of the beads because

there is much surface area than the other shape.
2.3.2 Types of cell entrapment-materials

There are two types of.umatrix matetials using for cell entrapment which are natural
and artificial types. Natural matrices are polysaccharides made from algae or seaweed, such
as calcium alginate, carrageenan; agarose, and gellatin. On the other hand, the artificial types

are polymer, such as polyvinyl algohel, cetlulose triacetate, and polyacrylamide.



Table 2.4 Classification of the immobilized cell techniques (Tampion, 1987)

Technique Advantages Disadvantages
Adsorption
Neutral supports Cheap Cell leakage
Mild Sensitive to pH changes
Reusable
Simple
Charged supports  Mild
Reusable
Simple
Flocculation Simple Cell leakage
Mild Diffusional limitations
Entrapment
Natural polymers & Mild Diffusional limitations
Simple
Synthetic May be simle Toxicity
polymers
Expensive
Diffusional limitations
Covalent coupling Permanent Foxicity
Expensive
Containment Mild Ditfusional limitations
Simple Expensive
Reusable

2.3.2.1 Calcium alginate

20

Calcium alginate is a cross-linking of alginate with divalent cation as Ca?".

Alginate is a non-toxic natural polysaccharide from brown algae, such as Macrocystis

pyrifera, Laminaria digitata, L. hyperborea, and Eklonia cava and some bacteria, principally

Azotobacter vinelandii (Fett et al., 1986, Fett et al., 1995). Alginate is provided as a sodium

salt of alginate. While the sodium alginate matrix contact with the Ca" solution, a gelation is
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formed suddenly in its outer layer through the entire alginate bead (Siripattankul, 2010). The
powder of sodium alginate is dissolved in DI water at 2% (w/v) by slowly add into stirred DI
for overnight. The concentrated microbial cells were centrifuged at 7,00 rpm for 10 min. The
mixture of sodium alginate solution and wet cells is dropped into calcium chloride solution of
3.5% (wi/v) using peristaltic pump. The droplets are left in the solution for 2.5-3.0 hr. for the
hardening of the beads.

2.3.2.2 Carrageenan

Carrageenan is produced from red algae,smainly Chondrus crispus, Eucheuna
cottonii, Gigartina stellata and*G: radula (Guisely, 1989). The gealation of carragenans
depend on temperature and the further Siréngthening of the polymer network with K*, or AI*
ions. The 2-5% (w/v) of carragenansia physiological saline 1s warmed to 70-80 °c and
maintain at 42 °c, including the cell suspension.: The warm cells at 40-50 °c are added to the

carragenan solution. The dropléts are expelled into cold KCl solution to make a gelation.

2.3.2.3 Polyvinyl alcohol

Polyvinyl alcohol is‘a nen-toxic syr?fh-ej;_i.,c polymer. The characteristics of raw
PVA are white and free-flowing granule. There arelsgve_ral gelation techniques for producing
PVA gels for immobilized cell, for instance boric aéia-PVA (BPVA), freezing and thawing
of PVA (FPVA), and phospherylated-PVA (PPVVA) methods. The/BPVA technique is a one-
step droplet gelation method (Hashimoto and Furukawa, 1987) and a cross-linking of boron.
The FPVA technique is a physical cross-linking, during temperature-induced condition
(Lozinsky and Plieva,“1998). PPVA method Jis less time-consuming and cell damage than
BPVA. The PPVA technigue is a two-step droplet gelation method that is spherical bead
formation and’hardéning. The spherical bead formationis the first step by cross-linking of the
PVA-boron as in BPVA. After that, the spherical beads are transfer to a sodium phosphate
solution for bead hardening process. A sodium phosphate increases the surface gel strength

through PV A phosphorylation.
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2.3.2.4 Cellulose triacetate

The other natural polymer used for matrix of entrapped cell is cellulose which
containing of a chain of glucose

molecules. The modification of cellulose with esterification and etherification are applied for
the entrapped cell. The entrapped cells of CTA are prepared by the plated gelation (Khan et
al., 1994; Yang et al., 1997; Jittawattanarat et al., 2007; Siripattankul, 2010). The 10% (w/v)
powder of CTA is dissolved in methylene chloride. Concentrated suspension cells are mixed
with CTA solution. After that the mixture is plated‘into_teluene for hardening. The hardened

CTA is cut to small cube and washed-with water.
2.3.3 Applications of entrappedcells

As a result of the entrapped cells properties, they are broadly used in many industries
for increased metabolic activity and metabolite production, protection from toxic substances,
and increased plasmid stability/(Dwyer et al., 1986; Keweloh et al., 1989; Keweloh et al.,
1990; Gadkari, 1990). -

2.3.3.1 Biomedical

The cell entrapment was used in the biomedicalarea for the production of
pharmaceuticals and reagents. Koshcheyenko et al. (1983) studied on the transformation of
steroid by living entrapped cells in polyacrylamide gel. Likewise, O’Shea (1984) concluded
that the entrapped cells have great potential in the treatment of diabetes and liver diseases.

2.3.3.2'Food and beverage

In To0d Inoustries, pack-bead systems are|being-appliea,to-give flavors for
addition to cheese (Cavin et al., 1985). The entrapped cell also is utilized for cream
fermentations of milk in cheese manufacturing (Linko, 1984). In addition, the entrapped cell
is used in the alcoholic beverage industry for wine treatment and beer brewing (Onaka,
1985).
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2.3.3.3 Wastewater treatment

Biodegradation properties of the entrapped cells are used in wastewater
treatment by adding mixed culture the matrix (Chen, 1998; Siripattankul, 2010).
Siripattanakul et al. (2008) investigated the effect of cell to matrix ratio in PVA on atrazine
degradation. Moreover, Chen (1998) examined the carbon and nitrogen removal in
wastewater using phosphorylated PVA-entrapped microorganisms. Due to the prevention of

eutrophication effect on surface water, the remaoval of excess nitrogen has concerned. The
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CHAPTER Il

METHODOLOGY

3.1 Experimental framework

Figure 3.1 presents experimental framework. This study aimed to investigate effect of
AgNPs on nitrification process. Alsg, the Use ofl cell entrapment technique to lessen the effect
was conducted. The work startedawith.niirifying activated sludge enrichment. The sludge was
then entrapped using PVA and €A at small and large sizes. The nitrification activity test of
the free and entrapped cells was‘pesformed. Laét’fy, the selected cells from the activity test

were observed the physiological change using elei:tron microscopic technique.

The tasks were divided into four partsfoHowéd experimental framework (Figure 3.1). It

2
includes: 1) chemical and culture preparation, 2) nitrification experiment, 3) entrapped cell
procedure, and 4) microscopic observation. Details’!f'of each part were described in the

-

following sections.
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Figure 3.1 Experimental framework
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3.2 Chemicals and culture preparation
3.2.1 Chemicals

Silver nanoparticles were obtained from Sensor Research Unit at Department of
Chemistry, Chulalongkorn University, Thailand. The AgNPs were synthesized by reducing
silver nitrate with sodium borohydride in the methyl cellulose solution followed previous
reports (Hyning and Zukoski, 1998; Shirtcliffe et al., 1999; Zhang et al., 2000; Ngeontae et
al., 2009). The spherical AgNPs with an average size of 14 nm were applied in the study

since it is a typical size of AgNPs widely utilized in‘iadustrial section.

Polyvinyl alcohol (99.0-99:8% fully hydrolyzed;-maolecular weight 77,000-79,000)
from J.T. Baker (NJ, USA) and-alginic-acid sodium salt (for immobilization) from Sigma-
Aldrich (Singapore) were puschased. Other f;hemicals including chemicals for cultural
medium, cell entrapment, nitgification paramgtér analysis, and sample preparation for
microscopic observation were laporatory-grade obtaining from local distributers (Bangkok,
Thailand). -

3.2.2 Nitrifying activated sltudge and cult[ii_’r‘a,ljn_(‘:ondition

Returned activated sludge from: Siphraya mﬂnicipal wastewater treatment plant,
Bangkok, Thailand was taken and cultivated in two 12-1 seguencing batch reactors (SBR)
under aerobic condition for 1.5 months. The nitrifying activated sludge in these bioreactors
was enriched at a hydraulic retention time (HRT) of 2 d and a'solid retention time (SRT) of
approximately 24 d. The compositions of growth medium.were shown. in Tables 3.1 and 3.2.
The enriched cultures were verified nitrification ability before use. The nitrification ability

verification procedure is shown in the following subsectien.



27

Table 3.1 Composition of growth medium

Chemical Concentration
(NH,4)2SO, 0.33g/L
NaHCO; 0.75 g/L
K2HPO4 2.1 g/L
Na;HPO,4 2H,0 5.07 g/L
Inorganic salt 1 ml/L

Table 3.2 Composition of inorganic salt

Chemical Concentration
MgSO4 7H,0 40 o/
CaCl, 2H,0 . 40 g/

KH2PO4 200 g/L
FeSO4 7H,0 1.0 gL

Na,MoO, 401 gL
MnCl, 4H,0 .02 g/L
CuSO4 5H,0 - 0.02 giL
ZnSO4 7H,0 01 gL
CoCly 6H,0 0.002 g/L

3.2.3 Nitrification ability verification of enriched'NAS

Nitrification. ability., verification was, performed for two.abjectives. The first
one was to confirm*whether the enriched-culture ‘got acclimatized and"well nitrified. The

second objective was to confirm the stability of the NAS before application.

The verification of the enriched NAS was performed by measuring the
reduction of ammonia and the production of nitrate in each SBR cycle. The ammonia and
nitrate concentrations were plot and calculated for slope. The stable slope of all cycles
showed the steady state of NAS.
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3.2.3.1 Ammonia reduction test

The influent and effluent from the enriched reactor of 20 mL were taken and
filtered. Determination of ammonia concentration was using potentiometric method followed
standard method (Ammonia-Selective Electrode Method, Standard Method for the
Examination of Water and Wastewater 20" edition). The ammonium probe (WTW GmbH,
NH, 500/2, Germany) were applied to measure ammonia concentration in 10 mL of the
filtered sample (pH of 7-8). The concentration of ammonia from the influent and effluent
were used for observing nitrification (ammonia oxidation) activity. The ammonia reduction

rates were monitored. The enriched NAS was used after.the rate being stable.
3.2.3.2 Nitrate production test

The filtered sampleswas not only diluted but also adjusted volume to 2 mL
with DI. The diluted sample was measured the absorbance at 220 nm and 270 nm (to
eliminate the dissolved organi€ matter) with UV Vvisible spectrophotometers (Thermo
Electron Corporation, Hexious o, Cambridge, UK) (Ultraviolet Spectrophotometric Screening
Method, Standard Method for the Examination of Water and Wastewater, the 20™ edition).

3.3 Nitrification experiment
3.3.1 Respirometer setup and operation

The duplicate experiments were conducted. A respirometer was built from a 250-mL
flask with a screw cap-coupledywith,theoxygen-probe;(\WTEW inokabh-Oxi 730, WTW GmbH,
Germany). The apparatus was set as shown'in Figure 3.2."The"enriched NAS was taken and
centrifuged at 4,000 rpm for 5 min. Supernatant was disearded. The centrifuged NAS was
resuspended in"a washing:solution'(an inorganic salt solution) and vigorously mixed using a
vertical shaker. The resuspended NAS was centrifuged. The washing solution was then
discarded. The washed NAS was then rewashed with this manner for 4 times.

The respirometer setup was tested for reduction of dissolved oxygen concentration in
solutions as follows: 1) synthetic wastewater only, 2) synthetic wastewater with entrapment
matrices, 3) synthetic wastewater with AgNPs, and 4) synthetic wastewater with AgNPs and

entrapment matrices. These tests were conducted to confirm whether dissolved oxygen
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concentration decreased because of the setup. In addition, the test of dissolved oxygen
reduction by heterotroph was performed in synthetic wastewater without ammonia. The result
is shown in the Table A.1. The result indicated that the factors which could affect oxygen
concentration did not influence in the case. Therefore, the setup was appropriate for

monitoring nitrification process.

For the free cells, the cleaned NAS was transferred into the respirometer. The
synthetic wastewater containing with different ammonia and AgNP concentrations as shown
in Table 3.3 was fully added into the respirometer fo-@veid oxygen diffusion into the reactor
(285 mL). The concentrations of AgNPs at 0.05 frem.a-realistic to high exposure scenario
(Mueller et al., 2008), 0.5 from_the-maxtmum allowable from USEPA, 1, and 5 from the
extreme concentration for the futtire.mg/L were investigated. Note that the final mixture in
the respirometer contained the_eleaned NAS at volatile suspended solid (VSS) of 500 mg/L.
The respirometer was operatedsand monitored'ei"/ery minute until dissolved oxygen (DO)
concentrations reached stable. {

For the entrapped cells, the cell ehtrapmeh;t brocedures are shown in the following
subsection 3.4. Entrapped cells of 3.5 g (1 ¢ VSS/L) were used in a respirometer. The
synthetic wastewater was prepared followed meds’_um formulation (as shown in Table 3.3)
except the components deseribed in Tables 3.4 and§5 The /beads were added into the

respirometer. The respiromefer was monitored in the same manner with the free cell systems.
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Figure 3.2 Respirometer setup

Table 3.3 Synthetic wastewater compesitions for the free cells systems

No. Test Name AgNP*concentration NHs concentration (mg/L)
(mo/L)
1 00528NP 0103 =" 28
2 0528NP 050 \ 4 28
3 00570NP D ol | 70
4 O570NP 050 N 70
5 528NP 5.00 ik 28
6 570NP 5,00 Tk 70

3.3.2 Oxygen Uptake'Rate and Specific Oxygen Uptake-Rate Calculation

30

Oxygen Uptake Rate was figured by DO value while SOUR was calculated by OUR

and cell mass value inthe'respirometer; The rates'were calculated as'shown in equation 1 and

2. Note that the rates were calculated only during the log (rapid declining) period.

d[DO]

OUR =
dt

= Slope of DO value versus time graph (D

SOUR = OUR (2)
~VSS
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3.4 Cell entrapment procedure
3.4.1 Calcium alginate entrapment

Sodium alginate at 2% (w/v) was dissolved in deionized water (DI). The enriched
reactor mixture was centrifuged at 3,000-4,000 rpm for 3-5 min to acquire wet nitrifying
bacteria cells. The wet cells were mixed with CA at ratio MLVSS of 2% (w/v). The CA-
sludge mixtures were dropped into a calcium chloride solution of 3.5% (w/v) by a peristaltic
pump (Masterflex L/S Tubing Pumps, Cole-Palmer Instrument Company, IL, USA) at a flow

rate of 40 mL/min (bead sizes of 3 and 6 mm).
3.4.2 Polyvinyl alcohol entrapment

Polyvinyl alcohol at 10%«(W/v) was well dissolved in DI (heated in water bath for 5
min). The enriched reactor mixture was centrifuged at 3,000-4,000 rpm for 3-5 min. The wet
cells were mixed with PVA at raio MLEVSS of 2% (w/v). The PVA-sludge mixtures were
dropped into a saturated boric aeid solution by a p‘e_ristaltic pump at a flow rate of 40 mL/min.
The formed beads were transferred to 500 mL of 1 M"'sodium orthophosphate buffer (pH 7.0)
for 1-2 hr. The beads were kept at 4 °C (bead sizes of 8,and 6 mm).
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Tables 3.4 Composition of synthetic wastewater in respirometer for the CA-entrapped cell

systems
Com t /L
No. | Name Description ponents (mg/L)
AgNP Others
only AgNP test in
1 |[NC Y g 5 -
respirometer
Na,B,0,-10H,0 at 4.96 g/L
only growth instead of Na,HPO,,H,0, H;BO;
2 | MNC1 _ - _
medium test at0:8 g/L instead of K,HPQ,4, and
KH,P0O;0.34 g/L
only AgNP wiih the |
3 | AGNC 5 Same as MNC1
control (no cell) gel i 4
growth medium #
4 | AGO0 | with CA-entrapped -y Same as MNC1
cell |
growth medium |
5 | AGO5 | with CA-entrapped | 05 | SameasMNCL
cell
growth medium
6 | AG10 | with CA-entrapped 1 Same as MNC1
cell
growth medium
7 | AG50 | with CA:entrapped 5 Same as MNC1
cell
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Table 3.5 Composition of growth medium in respirometer for the PVA-entrapped cell

systems
o AgNP
No. Name Description
(mg/L)
1 MNC2 only growth medium test -
only AgNP with the control (no
2 PVANC
cell) gel
growth medium«with PVA-
3 PVAO00 -
entrapped-celi
growih medium with PV A-
4 PVAOQ5 0.5
entrapped cell
growth medium with PVA-
5 PVAL0 rF 4 1
entrapped cell
growth-medium with PV A-
6 PVA50 5

entrapbed cell

3.5 Microscopic observation

3.5.1 Scanning electron microscopy (SEM) observation

3.5.1.1:Scanning electron microscopic sample preparation

The ~PVA-entrapped..cells, from

respirometer, ,were~ fixed with 2.5%

glutaraldehyde in ‘0.1 M "phosphate buffer pH" 7.2 for overnight at 4*°C.*“Fhe beads were

washed using phosphate buffer twice followed by DI for 10 min each. The fixed beads were
dehydrated with ethanol 30%, 50%, 70%, and 90%, respectively for 10 min each. After that,

the absolute ethanol was applied for 3 times for 10 min as the last step of dehydration. The

dehydrated beads were critical point dried using a Critical Point Dryer (Balzers, CPD 020,

Liechtenstein). Then, the beads were divided into two parts using razor blade in liquid

nitrogen, attached to the stub by glue, coated with gold using an lon Sputter (Balzers, SCD

040, Liechtenstein).
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The CA-entrapped cells from respirometer were rinsed in 0.1 M CaCl,
solution for 15 min twice. The rinsed beads were fixed with 2.5% glutaraldehyde in 0.1 M
CaCl, for 1 hr. The fixed beads were washed in 0.1 M CaCl, solution for 15 min twice. Later,
the washed beads were cut into two parts by ultramicrotome (Leica, CM 3000, Nussloch,
Germany). After that, the beads were dehydrated with 30% ethanol and 0.07 M CacCl,
solution, 50% ethanol and 0.05 M CaCl; solution, 70% ethanol and 0.03 M CacCl, solution,
90% ethanol and DI, and 100% ethanol, respectively. Then, the absolute ethanol was applied
for 3 times for 10 min as the last step of dehydration. The dehydrated beads were critical
point dried using a Critical Point Dryer (Balzers, CPD 020, Liechtenstein). Then, the beads
were attached to the stub by glue, coated with.gold using an.lon Sputter (Balzers, SCD 040,
Liechtenstein).

3.5.1.2 Scanningeeleciron micrascopic observation procedure

The dried beads'Were observed using SEM with EDS Attachment (SEM-EDS)
(JEOL, JSM-5410LV, Tokyo, Japan). The surface, surface edge and two levels of the internal

parts of the beads were focused.
3.5.2 Transmission electron micrescopy (TEM) observation

For the free cells, the NAS samples were trafisferred to a microcentrifuge tube
of 2 mL and fixed with 2.5% giutaraidehyde in 0.1 M phosphate buffer pH 7.2 for overnight
at 4 °C. The fixed cell were washed using phosphate buffer twice followed by DI for 10 min
each. The fixed cells were centrifuged at 2,000 rpm for 5-10 min. After that, the sediment
was vigorously mixedsand washed with 0.1 M phosphate: buffer and,leaved for 15-20 min.
The washed cells were|repeated in the same manner for 3 times. The buffer was discarded
from the pellet-byrcentrifuaation.at the same speediand vigorouslyymixeehitawith 1% osmium
tetroxide in 0.1 M phosphate” buffer. The mixed "pellet"was left in hood for 1-2 hr and
centrifuged for disposing the supernatant. Then, the mixed pellet was washed with 0.1 M
phosphate buffer and DI for 15-20 min each. The supernatant from the centrifugation of the
washed cells was eliminated. The wet pellet was mixed with melt agar of 1.5% and formed
the gel at 45-50°C. The hardened agar was cut as a cube of 0.5 mm?>. The cubic cells were
dehydrated with 35%, 50%, 70%, and 95% of ethanol, respectively for 15-20 min each. Later,
the dehydrated cubic cells were consecutively dehydrated for 3 more times with absolute

ethanol for 15-20 min each. The dehydrated cubic cells were saturated in propylene oxide for
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15-20 min for 3 times. The saturated cubic cells were infiltrated overnight with a series of
Spur resin and propylene oxide mixture at ratios of 1:3, 1:1, and 3:1 consecutively. After that
the cells were infiltrated in Spur resin overnight for 3 times. Next, the infiltrated cells were
baked at 70 °C for 8-10 hr. The baked cells were cut by Ultramicrotome with size between 60
and 90 nm. The cut cells were pasted into copper grid and stained with uranyl acetate and

lead citrate for increasing the contrast.

For the entrapped beads, the bead:samples from respirometer were fixed with
the same manner as the preparation for SEM. The'beads were washed by phosphate buffer
twice and DI for 10 min each. Five washed beads were transferred to a microcentrifuge tube
of 2 mL with DI water of 1.5 mL..Fhen cut the beads in small pieces and squeezed the
microbial cells out of the matrices: Aiter discarding the matrices, centrifuged supernatant at
4,000 rpm for 5 min and drained out the'supernatant. The pellet was washed with DI for 4
times. After that, the washed cells werée prepared in the same manner as the free cells. The
stained cells were observed using TEM (JEOL, JEM-ZlOO, Tokyo, Japan).



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Nitrifying activated sludge acclimatization

Nitrifying activated sludge acclimatization was investigated to confirm the complete
nitrification in the enriched NAS on the steady state before application. The enriched NAS
has a hydraulic retention time at 2 days and sludge retention time at 18 days. Ammonia
reduction and nitrate production. were«calculated as the efficiency of nitrification process.
Base on the result in Figure 4.1 the efficiency of nitrification (based on ammonia removal)
was approximately 90%. The ammonia reduction and nitrate production were similar. This
obviously indicated that the /NAS was acclimatfiazed. The NAS performed full nitrification

because most of ammonia transformed to nitrate ét—_the end of the nitrification process.
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Figure 4.1 Ammonia concentrations during NAS acclimatization in: a) influent (#) and b)
effluent (m)
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Figure 4.2 Nitrate concentrations during NAS acclimatization in: a) influent (¢) and b)

effluent (m)
4.2 Nitrification activities by the free ceiis
4.2.1 Effect of initial-ammonia-concentration

Nitrification of the AgNP-contaminated wastewater at the ammonia concentrations of
28 and 70 mg-N/L was performéd«The concentrations (28 and 70 mg-N/L) were selected to
represent ammonia concentrations in municipal wastewater treatment and sludge digestion
systems, respectively. The observed DO values from the tests with each AgNP concentration
and ammonia‘cancentrations-of 28 and 70 mg-N/L were similaras ‘shown inFigure 4.3-4.6.
From the tests: with AgNP concentrations of 0, 0.05 and 0.5 mg/L and ammonia
concentrations of 28 and 70 mg-N/L (Test No. 1 to 3 and 5 to 7), DO quickly decreased
during the first 40-100 min and reached steady state at approximately DO of 0 mg-O,/L
thereafter. On the contrary, DO of the tests with AgNP concentration of 5 mg/L and ammonia
concentrations of 28 and 70 mg-N/L (Test No. 4 and 9) gradually. After testing for 200 min,
DO of 3 and 7 mg-O,/L still observed in the systems with the ammonia concentrations of 28

and 70 mg-N/L, respectively.
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Based on the results in Figure 4.3-4.6, OURs and SOURs were calculated as shown in
Table 4.1. The OUR and SOUR values indicated that the different ammonia concentrations
(28 and 70 mg-N/L) did not play any role in nitrification process. Normally, the initial
ammonia concentration influences nitrification (OUR and SOUR) rate. Higher ammonia
concentration gives higher nitrification rate while too high ammonia concentration inhibits
the rate. Phenomenon observed in this study could be because the tested ammonia
concentrations did not much different resulting in similar nitrification rates. The result
indicated that the ammonia concentration of lower than 70 mg-N/L did not inhibit
nitrification in the AgNP-contaminated wastewater. .Similarly, Kim et al. (2008) reported

ammonia concentration of lower than 350 mg-N/L did not affect nitrification process.
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Figure 4.3 Dissolved oxygensconcerntrations from: the tests at 28'(4) and-70"(m) mg-N/L with
AgNP concentrations of 0 mg/L
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Figure 4.6 Dissolved oxygen concentrations from the tests at 28 (¢) and 70 (m) mg-N/L with
AgNP concentrations of 5 mg/L '

4.2.2 Effect of initial silver nanoparticles concentration

Nitrification of the AgNP-contaminated WastéWéter at different AgQNP concentrations
were performed (Figures 4.7 and 4.8). Figures 4.7 and 4.8 present similar results. The DO
concentrations of the tests at the AgNP concentrations of 0, 0.05, and 0.5 mg/L were similar.
The DO values dramatically deereased during the.first hour to accomplished DO of 0 mg-
Oo/L. On the other hand, DO at the AgNP-concentration of 5 mg/L was slightly reduced and
did not reach steady state. It is also noticed that the tests at the AgNP concentration of 5 mg/L
were much mare tife-consuming: Based; anfthetQUR and ‘SOWUR resulfs in [Table 4.1, it is
obvious that different AgNP concentrations played an important role in nitrification process.
The rates of the tests at AgNP concentrations of 0.05, 0.5, and 1 mg/L were nearly the same
(OUR of 0.011 to 0.016 mg-O,/L/min and SOUR of 0.21 to 0.44 mg-O,/g VSS/min) while
the rates of the tests at AgNP concentration of 5 mg/L were 50-times less than those from
other tests. This indicated that AgNPs apparently inhibited nitrification process. However, the
concentrations of AgNPs also influenced nitrification differently. It could imply that
threshold concentration of AgNPs to NAS and nitrification process in this study may be

between 1 and 5 mg/L. Similarly, Cecen et al. (2010) concluded that the increasing of heavy
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metal concentration inhibited the OUR activity in nitrifying bacteria. According to Choi et al.
(2008), the concentration of AgNPs of 1 mg/L had the inhibition percentages of 86% on
respiration. The study also reported that the inhibition might be from the toxicity to the cell
metabolism but the cells did not get killed. In later study by Choi and Hu (2008), they
confirmed that AgNPs inhibited microbial cells since the intracellular reactive oxygen species

(representing damage in the cells) were observed. However, the toxicity mechanism is still

inconclusive.
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Figure 4.7 Dissolved oxygen concentrations from, the tests at 28 mg-N/L with AgNP
concentrations of 0 mg/L (#), 0.05 mg/L (®), 0.5 mg/L (A), and 5 mg/L (e)
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Table 4.1 Oxygen uptake rates and specific oxygen;upfake rates

et NH; AgNP ;?;,,_',,OUR SOUR  Activity (%
No. concentration cancentration: . =i(mg (mg O,/g  compared to

name (mg-N/L) (mg/L) ‘ Oy/L/min). +..\V/SS/min) control)
1 028NP 28 - 0.00 0.1675 0.4437 100.0000
2 00528NP 28 0.05 0.1649 0.4368 98.4449
3  0528NP 28 0.50 0.1197 0.3171 71.4672
4 528NP 28 5.00 0.0038 0.0101 2.2763
5 070NP 70 0.00 0.1455 0.38%4 100.0000
6 00570NR 70 0.05 0:1359 0.3600 93.4094
7  0570NP 70 0.50 0.1196 0.3168 82.2003
8 170NP 70 1.00 0.0822 0.2178 56.5127
9 570NP 70 5.00 0.0058 0.0152 3.9440

Note: The average initial VSS was 0.3775+0.1 mg-VSS/L.
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4.3 Nitrification activities by the entrapped cells

Nitrification by two types (PVA and CA) and two sizes (3 and 6 mm in diameters) of
entrapped cells were investigated. Nitrification activity tests of the AgNP-contaminated
wastewater at different AgNP concentrations (0, 0.5, 1, and 5 mg/L) were performed. Note
that based on the tests by the free cells, only the tests with ammonia concentration of 70 mg-
N/L were selected.

4.3.1 Polyvinyl alcohol-entrapped cells
4.3.1.1 Small PVA-entrapped cells

Nitrifications of.small(3.mm) PV A-entrapped cells in wastewater at different
AgNP concentrations were periormed (Figure 4.9). The DO eoncentration trends of the tests
at the AgNP concentrations of 0;0.5, and 1 mg/l_"'were different. In the control test (AgNPs
of 0 mg/L), the DO values contiptiously declined and accomplished stable within 25 hr. On
contrarily, DO from the tests” with the AgNP €encentration of 0.5 mg/L was gradually
decreased while DO from the tests with the AgNP concentration of 1 mg/L remained steady
for entire of the experiment. In overall; it-is noticed that the tests by the small PVA-entrapped
cells took longer time for nitrification compared to the. free cells. This could be from the
limitation of substrate and exygen diffusion into the entrapped cells (Siripattanakul et al.,
2008).

The OUR values and activity were calculated as'shown in Table 4.2. The OUR
of the tests at AgNP concentrations«of 0.5 and 1 mg/L were 0.0003 to 0.0006 mg-O,/L/min,
respectively. It indicated that the AgNP concentrations influenced on nitrification activities
by the small PVA-entrapped cells. Interestingly, the results by the small entrapped cells were
poorer than the, free cells,"When applying AgNPS/into wastewater, nitrification activities by
the entrapped cells and free cells were approximately 4-10 and 2-98% of the control,
respectively. It is inconclusive but this could be from two reasons. The first reason could be
from the entrapment environment having limitation of diffusion as stated earlier. This
situation leaded to poorer nitrification performance. Another reason could be because

entrapment environment initiate or promote toxicity of AgNPs.
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Figure 4.9 Dissolved oxygen concentrations from small P\ A-entrapped cell tests with AgNP
concentrations of 0 mg/L (), 0.5img/L (m), and 1 mg/L. (e)

4.3.1.2 Large P\/A-ghtrapped cells

The tests of nitrifications.on the large (6 mm) PVA-entrapped cells at the
different concentration of AgNPs (Figure 4.10). T'h_'_é'bo concentration trends of the AgNP
concentrations of 0, 0.5, 1, and 5 mg/L were similar. The DO values gently decreased and
reached stable in 8 hr. Table-4.2 presents the OUR and activity.of the large PVA-entrapped
cells which the rates were. in range of 0.0060-0.014 mg-O,/L/min. Higher AgNP
concentrations provided lower nitrification performance. As™ expected, the large PVA-
entrapped cells can reduce the, toxic effect of. AQNPs on the nitrification process (Dwyer et
al., 1986; Keweloh et al.;71989; Keweloh et al.*1990).-This could be because the large
entrapped cells have wider layer of matrix leading to pretecting the microorganisms away
from AgNPs.
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Figure 4.10 Dissolved oxygen coneentrations fro-r_nj-large PV A-entrapped cell tests with AgNP
concentrations of 0 mg/L (¢), 0°5 mg/L* (m), mg/L (A), and 5 mg/L (e)

Table 4.2 Oxygen uptake rate from PVA-entrapped‘-‘cells

Activity (%

AGNP 7,
Bead size : OUR (mg compared to
No. Test name concentration : P
(mm) o 4 O,/L/min)

(mg/L). ; control)
1 SPVAO 3 0 0.0056 100.0000
2 SPVAQ05 3 0.5 0.0006 10.8108
3 SPVA1l 3 1 0.0003 4.5045
4 LRVAO 6 0 0.0144 100.0000
5 LPVAQ5 6 0.5 0.0126 87.5000
6 LPVAl1 6 1 0.0118 81.9444
7 LPVAS 6 5 0.0064 44.0972
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4.3.2 Calcium alginate-entrapped cells
4.3. 2.1 Small CA-entrapped cells

Nitrifications of the AgNP-contaminated wastewater at different AgNP
concentrations in small CA-entrapped cells were presented in Figure 4.11. The DO
concentrations of the tests at the AgNP concentrations of 0, 0.5, 1, and 5 mg/L were similar.
The DO values gradually reduced during the first 13 hr to accomplish the stable; however,
only DO of the tests at the AgNP concentrations 0f 0.and 0.5 mg/L reached to 0 mg-O,/L.
Similar to the PVA-entrapped cells, it Is noticed that.ihe tests by the CA-entrapped cells took
longer time compared to the free-cells. This was because-of the oxygen diffusion limitation
from outside of the bead into the celis. Based on the OUR and activity results in Table 4.3,
the rates of the tests at AgNP congentrations of\0, 0.5, 1, and 5 mg/L were 0.0090 to 0.0139
mg-O,/L/min. The nitification activities in the tests with AgNPs were 64-109% of control.
Silver nanoparticles affected nitrification perforn;lan_ce. Higher AgNP concentrations resulted

in lower nitrification activities.
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Figure 4.11 Dissolved oxygen concentrations from small CA-entrapped cell tests with AgNP
concentrations of 0 mg/L (#), 0.5 mg/L (m), 1 mg/L (A), and 5 mg/L (e)
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4.3.2.2 Large CA-entrapped cells

The tests of nitrifications on large CA-entrapped cells at the different
concentration of AgNPs were determined (Figures 4.12). The DO concentration trends of the
AgNP concentrations of 0, 0.5, 1 and 5 mg/L were similar. The DO values continuously
decreased and remained stable within 7 hr. Table 4.3 presents OUR and nitrification activity
of large CA entrapped cells, the rates of the entrapped cells at each AgNP concentrations
were in range of 0.0194-0.0240 mg-O,/L/min: The nitrification activities in the tests with
AgNPs were 80-93% of control. Silver nanoparticles, affected nitrification performance.

Higher AgNP concentrations resulted in lower nitrification.activities.
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Figure 4.12 Dissolved oxygen concentrations from large CA-entrapped cell tests with AgNP
concentrations of 0 mg/L (#), 0.5 mg/L (m), 1 mg/L (A), and 5 mg/L (e)



Table 4.3 Oxygen uptake rate from CA-entrapped cells
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AgNP

Activity (%

No. Test name Bi?:rzize concentration CC))LZJ/FE /r(nn:r?) compared to
(mg/L) control)
1 SCAO 3 0 0.0139 100.0000
2 SCAO05 3 0.5 0.0125 89.5683
3 SCA1l 3 L 0.0153 109.7122
4 SCA5 3 5 0.0090 64.3885
5 LCAO 6 0 0.0240 100.0000
6 LCAO05 6 0.5 0.0225 93.7500
7 LCAl 6 1 0.0201 83.7500
8 LCA5 6 & 0.0194 80.6250

4.3.3 Comparison ofhitrification-activities-of PVA=-and CA-entrapped cell

As a result from Table 4.4, the CA-entrapped cells showed better performances on the

nitrification activity than those ©0f«the PVA-entrapped cells. The activities of the large CA-

entrapped cells in the tests with AgNP concentration at'5 mg/L were twice higher than those

of the PVA-entrapped cells. This indicated,that CA entrapment provided, better environment

for microorganisms, resulting, in- higher" nitrification performanges. Likewise, Yan and Hu

(2009) compared ammonia and nitrite removal by CA and PVA entrapped cells. They found

that CA gave better ammonia and nitrite removal. This is because CA had better adsorption

capacities than PVA. In addition, CA entrapment might provide better environment for

microorganisms. The insight information on better protection from toxic substance in CA

matrices needs to be continued.
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Moreover, Yao et al. (2010) reported that bifunctionalized AgNPs could react with
monovalent and divalent ions, such as Co?*, Fe?*, Mn®" Hg?*, Ni**, Cd**, Cu®*, Zn*, Pb*",
Li*, Na’, K*, and Cs" leading to the change in color. In this study, the CA-entrapped cells
may release Ca®" during the application. The reaction may change the AgNP physical

property (color) which also may relate AgNP toxicity.
4.3.4 Comparison of nitrification activities of small and large entrapped cells

There was an assumption which can conclude from small and large entrapped cells.
Better performance of the nitrification on the large€ntrapped cells was accomplished (Table
4.4). This could be from the large-enirapped-cells-had-ihicker matrices resulting in lower
contact of AgNPs to the microbial cell"leading to lower cell damage. Consequently, the large
entrapped cells performed better mutrification than the small entrapped cells. It was found in
several previous studies that“Small"beads attributed better mass and gas transfer (Aksu and
Bulbdl, 1999; Dursun and Tepe, 2005; Parti ar{d Karegoudar, 2005). This also included to
toxic substance as AgNPs; hence, the particle inhi’bi:[ed to the small entrapped cells more than

the large one.

Table 4.4 Comparison of oxygen uptakg rate between PVA-and CA-entrapped cells

) Nitrification acﬁvity (% of control)
AgNP concentration
PVA CA
(mg/L) Free cells
Small Large Small Large

0 100.0000 | 100.0000 4 ,100.0000 | 100.0000 100.0000

0.5 10.8108 87.5000 89.5683 93.7500 82.2003

1 4.5045 81.9444 | 109.7122 83.7500 56.5127

5 L 44.0972 64:3885 8016250 3.9440
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4.4 Comparison of nitrification process by free and entrapped cells

From Table 4.4, it was obvious on better efficiency of nitrification activity by
entrapped cells except the tests by the small PVA-entrapped cells. The nitrification activity
percentage of the small PVVA-entrapped cells was lower than free cells may be because of less
oxygen diffusion in the entrapped cells as discussed earlier. The other cases (large PVA,
small CA, and large CA), the activities from the entrapped cells were higher than free cells at
the high concentration of AgNPs, even though the cells had limitation of oxygen diffusion.
This obviously illustrated that the treatment efficiency from the entrapped cells performed
better than free cells (Scott, 1987; Cassidy et al., 1996).

This study aimed to investigate-the potential of the entrapped cells in nanoparticles
contaminated wastewater treatmentJt was found that in most of the cases, the entrapped cells
successfully performed. Howevery“itswas observed about entrapped bead damage after
application (data not shown), the further studies cinj matrix modification were required for real
practice. The modification may,foclis ‘on” bead durability. Similar scheme, some previous
studies modified the entrapped célls to pramote bialogical oxidation capacity of Fe** on
Acidithiobactillus ferrooxidans entrapped cells by-mixing PVA and CA matrices (Yujian et
al., 2007) and increase the physical strength of sodziur‘ﬁ-’alginate gel by barium alginate (Paul
and Vignais, 1980). TN S
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4.5 Scanning electron microscopic observation

The morphologies of the PVA- and CA-entrapped cells were observed. The
observation locations of entrapped cells were shown in Figure 4.13. There were four
locations to observe the bead structure in each entrapped cells which were presented in Figure
4.13.

s . /_,1
) \ %
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Figure 4.13 Observed location of the entrapped cells '(17-surface of the bead, 2-second location
(cross-sectional outer layer); 3-third location (cross-sectional .inner layer), and 4-forth

location (cross-sectional core layer)
4.5.1 Polyvinyl-aleohal-entrapped cells

The overview structure of the PVA-entrapped cells was observed (Figures 4.14 to
4.15). From Figure 4.14athere were plenty of pores and smooth surface.-The pores were
quite uniform. The pore sizes ranged between 10 to 20 um. The microorganisms occupied the
pores as shown in Figures 4.14b. Moreover, the surface of the beads looked rough because of
the microorganisms. Interestingly, from Figure 4.15, there was an agglomeration of AgNPs
with PVA (Figure 4.15b and 4.15c). Similarly, Kim et al., (2006) synthesized AgNPs using
the technique containing PVA, they also have the agglomeration between AgNPs and PVA.
This observation supported the nitrification activity test that better nitrification performance

by the PVA entrapped cells (compared to the free cells) was from the matrices physically
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protected the microbial cells from AgNPs. The matrices worked as a wall to reduce
opportunity of AgNP-cell contact. The matrices also combined with AgNPs and adhered on
its net structure (Figure 4.15c). After testing, it was found a large amount of microorganisms,
such as filamentous and rod colonies. However, the SEM observation could not really say

whether the cells were alive. The continued work on the cell viability was recommended.
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53

Figure 4.15 SEM images of the large PVA-entrapped cells a) only matrix (no microbial cell)
at the second location (1,500x), b) bead from the test with 1 mg/L of AgNPs at the second
location (1,000x%), and c) bead from the test with 1 mg/L of AgNPs at the forth location
(10,000x%)



54

o

‘e = |- | 1 d A E . - ) e
‘, h ‘A ;T" AR g N Y
DU el | N AW

9 o -
Figure 4.16 S ﬁgiathﬁﬁﬁﬁ r ﬁ\q‘jﬁﬁ ﬁzl]jr‘aﬁ test with 0 mg/L
of AgNPs andﬁ f he'tes 3; g f forth location (10,000x%)



55
4.3.2 Calcium alginate-entrapped cells

The structure diagrams of CA-entrapped cells were monitored (Figures 4.17 to 4.18).
From Figure 4.17a, the surface layer was smooth as a sheet of paper, which was differed from
Figure 4.17b. The surface of layer was rough and full of microorganisms. The pore sizes of
CA matrices were less than 1 um, therefore; the sheet structure was formed. Even though the
CA matrices did not bind with AgNPs as occurring in the PVA matrices, the nitrification
performance was high (even higher than the P\VA entrapped cells). This might be from the
CA structure (much smaller pores). Therefore, 1t could say that the protection of microbial
cells in the entrapment matrices. was mainly by-physieal protection from the matrix
microstructure. The microorganisms-in CA-entrapped cells were monitored. (Firgure 4.18).
Similarly to PVA-entrapped cells, «it “was found numerous microorganisms, such as

filamentous and rod colonies.
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Figure 4.17 SEM images of the CA-entrapped cells; a) only matrix (no microbial cell) and b)

bead before apply into the respirometer at the second location (150x)
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Figure 4.18 SEM images of tg small ells; a) bead from the test with 0 mg/L
of AgNPs at the second location, b) bead from thestest with 0.5 mg/L of AgNPs at the third

location, c) bead fronﬂ %tﬂit’}l W/ﬂﬁﬂg@% @ f'c')}tﬂo%ion and d) bead from

the test with 5 mg/L ofﬂgNPs the third Iocgnon (10, OOOx
4. 6Transm|sa m(:t-] a'n\ﬂ aiﬁém m’]"] V.I EI’] a E]

The spherical synthetic AgNPs at 14 nm was investigated (Figure 4.19). The free cells
and cells separated from PVA entrapment after treating with AgNPs were observed using
TEM (Figures 4.20 and 4.21). The free cell images are in Figures 4.20a and 4.20b while the
images of cell separated from the PVA entrapment are in Figure 4.21a and 4.21b. It is
obviously that AgNPs could penetrate into the microbial cells (Figure 4.20-4.21). The result
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was similar to previous studies that nanoparticles including AgNPs went through cell

membrane and wall causing cell damage (André et al., 2008; Wu et al., 2010).

The results from the TEM images indicated that cell membrane and wall damaged
after treating in wastewater contaminated with AgNPs. The free cell that cell membrane and
wall were noticeably damaged whereas membrane and wall of cells separated from PVA
entrapment were slightly injured (Figure 4.20-4.21). In addition, it was found that the
microbial cells were ruined and broken inside (Figure 4.20b). This is similar to previous
studies that reported about cell breakage after treatingsn.toxic substances (Andra et al., 2008;
Wu et al., 2010). The toxic substance attached on eeli*membrane and wall attributing to their
abrasion (soft edge). After that, outerdayer was detached. The cytoplasm then moved out as
white area in the microbial cells.as'Shown in Figure 4.21a.

According to Choi and Hu (2008), they found that the cell presented the damage
inside. The intracellular oxygen reactive speeies Was investigated. The result from this study
also well correlated. In previous study, the damage-'inside the cells was proved by molecular
biological approach while in this study the result Was discovered by physiological approach.
However, in previous study, cell membrane damagé which was determined using fluorescent
staining technique did not observed. i the pre“sen"lt': study, it is apparent that the cell
membrane and wall got damage. This Could be frdfﬁ"thé interference in analytical technique
in the previous study, différence-in-AghP-characteristics; or difference in tested condition

and environment.

Based on the TEM images;iit is clear that €ell entrapment can lessen the opportunity
of the cell damage by toxic_substance. The result was well supported the nitrification
activities discussed earlier. Silver nanagparticles cause cell damage, and affect cell
functionality. Howeyver, the result ican only preliminarily indicated thatvAgNPs affected on
nitrification and"microorganisms, the result could not clearly conclude about effect on cell
viability and community change. The continued works on effect of AgNPs on cell viability

and community change were needed for better understanding.
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Figure 4.20 TEM images of free cells treated from the test with 5 mg/L of AgNPs
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Figure 4.21 TEM images of separated cells from PVA entrapped cells treated from the test
with 5 mg/L of AgNPs



CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The effect of silver nanoparticles on the nitrification process was investigated. The
nitrification activities performances were tested with free cells and the entrapped cells. The
PVA and CA-entrapped cells were applied. The CA-entrapped cells represented of the natural
matrices material while PVA-entrapped cells"expressed in the synthetic matrices material.
The results were concluded as foliowed.

1. The effects of initial ampamonia (28 mg/L an.d 70 mg/L) and AgNP (0, 0.05, 0.5, and 5
mg/L) concentrations ol niirification acti;/ity were examined. The result presented
that the initial ammonia did  not play an important role on the nitrification
performance. On the other/hand,, the effect of initial AGNP concentration apparently
affected the nitrification process. Higher. AgNP concentration inhibited higher
nitrification process. The nitrification performance of the wastewater contaminated
with AgNPs indicated by OUR, SOUR and activity values ranged from 0.004-0.168
mg-O,/L/min, 0.010-0.444 mg-O,/g-VVSS/min, and 2.3-98.5.% of control (no AgNPs),
respectively.

2. The nitrification performance of the PVA- and CA-entrapped cells were studied. The
nitrification performance by‘the PVA- and CA-entrapped cells indicated by OUR and
activity values ranged from:0.0003-0.0144¢and 0.0090-0.0240'mg-O,/L/min and 4.5-
87.5 and 64.4-93.8% of control (n@ AgNPs), respectively. TheCA-entrapped cells
showed'better performances on the nitrification activity than the PV A-entrapped cells.
The activities of the large CA-entrapped cell in the tests with AgNP concentration at 5
mg/L were twice higher than those of the PVA-entrapped cells. This could be that
CA- entrapment provided better environment for microorganisms resulting in higher
nitrification performances. Additionally, AgNPs may interact on Ca®* ion in the CA-
entrapped cells causing the fewer amounts of AgNPs in the tests with CA.

3. Large entrapped cells (both PVA- and CA-entrapment) performed better than small
entrapped cells. It is because AgNPs penetrated thoroughly in smaller bead.
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4. Based on microscopic observation, pelnty of microorganisms were observed. Higher
AgNPs concentration resulted in more movement of microoraganisms.

5. Agglomeration of AgNPs with PVA was observed. This observation supported that
better nitrification performance by the PVA entrapped cells compared to free cells
was from the matrices physically and chemically protected the microbial cells from
AgNPs. Physically, the matrices worked as a wall for entrapping AgNPs. Chemically,
the matrices could bind with AgNPs attributing in less cell damage by AgNPs.

6. CA-entrapped cells were protected froam AgNPs by physical property. The matrices
acted as a wall for entrapping AgNPs.

7. Silver nanoparticles could penetrate into the microbial cells. The cell membrane
damaged after treating™in wastewater contaminated with AgNPs. The free cell
membrane and cytoplasm were.more brutal damage compared to cells separated from

PVA entrapment.
5.2 Recommendations
The continued works should he performed as follows.

1. The viability of microorganism. affected by AgNPs should be performed for both free
and entrapped cells. e

2. The change in mi¢robial community and effect “‘off AgNPs on individual
microorganisms is also needed.

3. The durability of the entrapped cells for long term test should be performed.



63

REFERENCES

Aksu, Z., Bilbll, G. Determination of the effective diffusion coefficient of phenol in Ca-alginate-
immobilized P. putida beads. Enzyme and Microbial Technology 25, 3-5 (1999): 344-348.

American Public Health Association. Standard methods for the examination of water and wastewater,
20" edition, Washington DC, USA, 1998.

An, JS., Zhang, M., Wang, SJ., et al. Physical, chemical and microbiological changes in stored green

asparagus spears as affected by coating of silver nanoparticles-PVP. LWT - Food Science and

Technology 41, 6 (2008): 1100-1107:

Andrd, J., Jakovkin, 1., Grétzinger, J., HechiyO ,Krasnosdembskaya, A.D., Goldmann, T.,Gutsmann, T.,
Leippe, M. Structure and mode of /action of the antimicrobial peptide arenicin. Biochemical
Journal 410, 1 (2008): 113-122. '

Antoniou, P., Hamilton, J., Koopman, B., Jain/R,, Holloway, B., Ly beratos, G., Svoronos, S.A. Effect

of temperature and pH on the effective maximum specific growth rate of nitrifying bacteria.

Water Research 24, 1 (1990): 97-101.

Asharani, P.V., Lian Wu, Y., Gong,.Z., Valiyaveettil, S. Toxicity of silver nanoparticles in zebrafish
models. Nanotechnology 19, 25(2008):1179-1184:

Axtell, R.C., Guzman, D.R. Encapsulation of the mosquito fungal pathogen Lagenidium giganteum
(Oomycetes:Lagenidiales) in_calcidm alginate. Journal of the American Mosquito Control
Association 3, 3 (1987): 450-459.

Bashan, Y. Alginate beads as synthiatic inoculant carriers for'slow, release  of tbaCteria that affect plant
growth. Applied and Environmental Microbiology 51, 5 (1986): 1089-1098.

Benmossa, H., Martin, G., Richard, Y., Leprince, A. Inhibition of nitrification by heavy metal cations.
Water Research 20, 11 (1986): 1333-1339.

Benn, T.M., and Westerhoff, P. Nanoparticle silver released into water from commercial available sock
fabrics. Environmental Science and Technology 42 (2008): 4133-4139.




64

Bettmann, H., and Rehm, H.J. Degradation of phenol by polymer entrapped microorganisms. Applied
Microbiology and Biotechnology 20, 5 (1984): 285-290.

Biju, V., Itoh, T., Anas, A., Sujith, A., Ishikawa, M. Semiconductor quantum dots and metal
nanoparticles: Syntheses, optical properties, and biological applications. Analytical and
Bioanalytical Chemistry 391, 7 (2008): 2469-2495.

Blaser, S.A., Scheringer, M., MacLeod, M., Hungerbiihler, K. Estimation of cumulative aquatic
exposure and risk due to silver: Contribution of nano-funetionalized plastics and textiles. Science
of the Total Environment 390, 2-3 (2008): 396-409.

Brant, J., Lecoanet, H., Wiesner, M.R«"Aggregation and deposition characteristics of fullerene

nanoparticles in aqueous systems.dournal.of Nanagparticle Research 7, 4-5 (2005): 545-553.

Braydich-Stolle, L., Hussain, S., Schlager, JJ. Hofmann, M.-C. In vitro eytotoxicity of nanoparticles in

mammalian germline stem cells. Toxicological Sciences 88, 2 (2005): 412-419.

Campos, J.L., Mosquera-Corral, A., Sanchez, M., Méndez, R., Lema, J.M. Nitrification in saline

wastewater with high ammonia concentraiioh in an activated sludge unit. Water Research 36, 10
(2002): 2555-2560.

Cassidy, M.B., Lee, H., Trevors, Ji Environmental applications of immiobilized microbial cells: A
review. Journal of Industrial Microbiology 16, 2 (1996): 79-101.

Cavin, J.F., Saint, C., Divies, C..Continuous productiorn of emrmental cheese flavours and propionic acid
starters by immobilized eells of a propionic acid bacterium. Biotechnology Letters 7, 11 (1985):
821-826.

Cecen, F., Semerci, N., Geyik, A.G. Inhibition of respiration and distribution of Cd, Pb, Hg, Ag and Cr
species in a nitrifying sludge. Journal of Hazardous Materials 178, 1-3 (2010): 619-627

Chandran, K., Smets, B.F. Estimating biomass yield coefficients for autotrophic ammonia and nitrite
oxidation from batch respirograms. Water Research 35, 13 (2001): 3153-3156.




65

Chandran, K., Love, N.G. Nitrification monitoring in activated sludge by oxygen uptake rate (OUR)
measurements. Applied and Environmental Microbiology 74, 8 (2008): 2447-2453.

Chen, K.-C., Lee, S.-C., Chin, S.-C., Houng, J.-Y. Simultaneous carbon-nitrogen removal in wastewater
using phosphorylated PVA-immobilized microorganisms. Enzyme and Microbial Technology
23, 5(1998): 311-320.

Choi, O., Deng, K.K., Kim, N.J., Ross, L., Surampalli; ¥ ; Hu, Z. The inhibitory effects of silver
nanoparticles, silver ions, and silver chloride colloids on"microbial growth. Water Research 42
(2008): 3066-3074.

Choi, O., and Hu, Z. Size dependent and.reactive oxygen species related nanosilver toxicity to nitrifying
bacteria. Environmental Science and Technology 42 (2008): 4583-4588.

Ciudad, G., Werner, A., Bornhardt, Ci; Munoz, .C., Antileo, C. Differential kinetics of ammonia and
nitrite-oxidizing bacteria: A simple Kingtic study based on oxygen affinity and proton release
during nitrification. Process Biochemistry 41 (2006): 1764-1772.

Connick, Jr., and William, J. CONTROLLED RELEASE OF THE HERBICIDES 2,4-D AND
DICHLOBENIL FROM ALGINATE GELS. Journal of Applied Polymer Science 27, 9 (1982):
3341-3348.

Coskuner, G., and Jassim, M.S. Development of a correlation to study parameters affecting nitrification
in a domestic wastewater treatmentsplant. Journal of .Chemical Technology and Biotechnology
83, 3 (2008): 299-308.

Del Nobile, MA., Cannarsi=M-, Altieri,.C.,-Sinigagha; M., /Favia, P+, dacoviello, .G;, D'agostino, R.
Effect of Ag-containing nano-composite active ‘packaging system on survival ‘of Alicyclobacillus
acidoterrestris. Journal of Food Science 69, 8 (2004): E379-E383.

Diab, S., and Shilo, M. Effect of light on the activity and survival of Nitrosomonas sp. and Nitrobacter

sp. isolates from flsh ponds. The Israeli Journal of Aquaculture Bamidgeh 40, 2 (1988): 50-56.




66

Dionisi, H.M., Layton, A.C., Robinson, K.G., Brown, J.R., Gregory, I.R., Parker, J.J., Sayler, G.S.
Quantification of Nitrosomonas oligotropha and Nitrospira spp. using competitive polymerase
chain reaction in bench-scale wastewater treatment reactors operating at different solids retention
times. Water environment research : a research publication of the Water Environment Federation
74,5 (2002): 462-469.

Dubas, ST., Kumlangdudsana, P., Potiyaraj, P. Layer-by-layer deposition of antimicrobial silver
nanoparticles on textile fibers. Colloids and Surfeces: A: Physicochemical and Engineering
Aspects 289, 1-3 (2006): 105-109.

Dulieu, C., Poncelet, D., Neufeld, R.J. Encapsulation and Immaobilized Techniques. Kuhtreiber, W.M.,
Lanza, R.P., Chick, W.L., (Eds.) @ell" Encapsulation Technology and Therapeutics, 3-17
Birkhauser, Boston, 1999

Dursun, A.Y., Tepe, O. Internal mass transfer effect an biodegradation of phenol by Ca-alginate
immobilized Ralstonia eutropha:’Journal of Hazardous Materials 126, 1-3 (2005): 105-111.

Dwyer, D.F., Krumme, M.L., Boyd, S.A; Tiedje; J.I\/I.r":Kinetics of phenol biodegradation by an

immobilized methanogenic consortium. Applied and Environmental Microbiology 52, 2 (1986):
345-351. e

Eisler, R. A review of silver hazards te-plants and animals In: Andren, -Anders W.; Bober, Thomas W.
(ed.) The 4™ international conference proceedings: transport, fate and effects of silver in the
environment 143-144 (1996).

Elechiguerra, J.L., Burt, J.L., Morones, J.R., Camache-Bragado, A., Gao, X., Lara,,H.H., Yacaman, M.J.

Interaction of silver nenoparticles with HIV-1. Journal of Nanobiotechnology 3 (2005).

EPA 2002. Nitrification [Online]. Available from:
http://www.epa.gov/safewater/disinfection/tcr/pdfs/whitepaper_tcr_nitrification.pdf [2010, Aug
15]

Estrin, Y., Khaydarov, R., Khaydarov, R.A., Scheper, T., Endres, C., Cho, S.Y. Antimicrobial and

antibacterial effects of silver nanoparticles synthesizied by novel electrochemical method.



67

Proceedings of the 2008 International Conference on Nanoscience and Nanotechnology (2008):
44-47.

Fabrega, J., Renshaw, J.C., Lead, J.R.Interactions of silver nanoparticles with Pseudomonas putida
biofilms. Environmental Science and Technology 43, 23 (2009): 9004-9009.

Fabrega, J., Fawcett, S.R., Renshaw, J.C.,Lead, J.R. Silver nanoparticle impact on bacterial growth:
Effect of pH, concentration, and organic matter. Environmental Science and Technology 43, 19
(2009): 7285-7290

Fan, F.F., and Bard, A.J. Chemical, Electrochemicél, Gravimetric, and Microscopic Studies on
Antimicrobial Silver Films. Journalof Rhysical Chemistry B Materials 106, 2 (2002): 279-287.

Fauss, E. 2008. Silver Nanotechnology Commercial inventary.Washington, DC: Woodrow Wilson
International Center for Scholars, Preject for Emerging Nanotechnelogies [Online]. Available

from: www.nanotechproject.org/inventories/silver. i2_010, Sept 1]

Fernandez, Avelina., Soriano, Eva., Lopez-Carballo; Gracia.,«Picouet, Pierre., Lloret, Elsa., Fett, W.F.,
and Wijey, C. Yields of alginates produced by fll]o}é"scent pseudomonads in batch culture.
Journal of Industrial Microbiology 14, 5 (1995): 412-415. -

Fett, W.F., Osman, S.F., Fishman, “M.L.Siebles IlI, T.S. Alginate production by plant-pathogenic
pseudomonads. Applied and Environmental Microbiology 52, 3 (1986): 466-473.

Franklin, N.M., Rogers, N.J., Apte;'S.C., Batley, G.E., Gadd, G.E.,'Casey; R.S. Comparative toxicity of
nanoparticulate ZnO, bulk ZnO, and ZnCl2 to a freshwater microalga (Pseudokirchneriella
subcapitata): The.importance, ofsparticle selubility,, Environmental, Science and Technology 41,
24 (2007): 8484-8490.




68

Friend of the Earth. 2007. Nanosilver — A Threat To Soil, Water And Human Health?
[Online]. Available from:
http://www.foeeurope.org/activities/nanotechnology/Documents/FOE_Nanosilver_report.pdf.
[2010, Sept 4].

Furno, F., Morley, KS., Wong, B., Sharp, BL., Arnold, PL., Howdle, SM., Bayston, R., Brown, PD.,
Winship, PD., Reid, HJ., Silver nanoparticles and polymeric medical devices: a new approach to
prevention of infection? Journal of Antimicrobial Chemotherapy 54, 6 (2004): 1019-1024.

Gadkari, D. Nitrification in the presence of soil particles, sand,-alginate beads and agar strands. Soil
Biology and Biochemistry 22, 1 (1990):17-21.

Gavara, Rafael. and Hernandez-Mufioz, Pilar.Preservation of aseptic conditions in absorbent pads by
using silver nanotechnology. Food Researeh International 42, 8 (2009): 1105-1112.

Ginestet, P., Audic, J.-M., Urbain, V., Block, J.-C. Estimation of nitrifying bacterial activities by
measuring oxygen uptake in the' presence: of -the' metabelic inhibitors allylthiourea and
azide. Applied and Environmental Migrobielagy 64,‘6 (1998): 2266-2268.

Gratton, S.E.A., Ropp, P.A., Pohlhaus, P.D., Luft, J.C, Maddg)n, V.J., Napier, M.E., DeSimone, J.M.
The effect of particle design on cellular internalization pathways. Proceedings of the National
Academy of Sciences of the Uaited States of America 105, 33 (2008): 11613-11618.

Guerrero, M.A., and Jones, R.D. Photoinhibition of marine nitrifying bacteria. 1. Wavelength-dependent
response. Marine Ecology: Progress Series 141, 1:3 (1996): 183-192:

Guiseley, K.B. Chemical and physical properties of‘algal polysaccharides used for.cell immobilization.
Enzyme and Microbial Technology 11,41(1989): 706-716.

Harms, G., Layton, A.C., Dionisi, H.M., Gregory, I.R., Garrett, V.M., Hawkins, S.A., Robinson, K.G.,

Sayler, G.S. Real-time PCR quantification of nitrifying bacteria in a municipal wastewater

treatment plant. Environmental Science and Technology 37, 2 (2003): 343-351.



69

Hashimoto, S., and Furukawa, K. Immobilization of activated sludge by PVA-boric acid method.
Biotechnology and Bioengineering 30 (1987): 52-59

Hong, R., Han, G., Fernandez, J.M., Kim, B.J., Forbes, N.S., Rotello, V.M. Glutathione-mediated
delivery and release using monolayerprotected nanoparticle carriers. Journal of the American
Chemical Society (ACS Publications) 128 (2006): 1078-1079.

Hori, K., Martin, T.G., Rainey, P. Believe it or not--silver still poisons! Veterinary and Human

Toxicology 44, 5 (2002):291-292.

Hu, Z.-C., Korus, R.A., Levinson, W.EsCrawford, R.L. Adsorption and biodegradation of
pentachlorophenol by polyurethane=immohilized flavobacterium. Environmental Science and
Technology 28, 3 (1994): 491-496

Hu, Z., Chandran, K., Grasso, D., Smets, B:F. Effect of nickel and cadmium speciation on nitrification
inhibition. Environmental Science'and Technalogy 36, 14 (2002): 3074-3078.

Huang, X., Gui, P., Qian, Y. Effect of sludge reieation time on microbial behaviour in a submerged
membrane bioreactor. Process Biochemisiry 36, 10 (2:001?): 1001-1006.

Hussain, S.M., Hess, K.L., Gearhart, J-M., Geiss, K.T., Schlager, J.J. In vitro toxicity of nanoparticles in
BRL 3A rat liver cells. Toxicelogy in Vitro 19, 7 (2005): 975-983.

Hussain, S.M., Javorina, A.K., Schrand, A.M., Duhart, H.M,, Helen, M., Ali, S.F., Schlager, J.J. The
interaction of manganese: nanoparticles “with | PC-12 cells 'induces dopamine depletion.
Toxicological Sciences 92; 2(2006): 456-463.

Hyning, D.L.V., and Zukoski, C.F:Formation mechanisms and aggregation behavior of borohydride

reduced silver particles. Langmuir 14 (1998): 7034-7046.

Intrasungkha, N., Keller, J., Blackall, L.L. Biological nutrient removal efficiency in treatment of saline
wastewater. Water Science and Technology 39, 6 (1999): 183-190.




70

Jain, P., and Pradeep, T. Potential of silver nanoparticle-coated polyurethane foam as an antibacterial
water filter. Biotechnology and Bioengineering 90, 1 (2005): 59-63.

Jittawattanarat, R., Kostarelos, K., Khan, E. Immobilized Cell Augmented Activated Sludge Process for
Treating Wastewater Containing Hazardous Compounds. Water Environment Research 79
(2007): 461-471.

Kaiser, J., P., Wick, P., Manser, P., Spohn, P., Bruinink, A. Single Walled carbon nanotubes (SWCNT)
affect cell physiology and cell architecture. Journal oi*Materials Science: Materials in Medicine
19, 4 (2008): 1523-1527.

Kassaee, M.Z., Akhavan, A., Sheikh, N. and Sedagar, A. Antibacterial effects of a new dental acrylic
resin containing silver nanoparticies. Journal of Applied Polymer Science 110 (2008): 1699-
1703.

Kemp, M.J., and Dodds, W.K. The dinfluence eof amrhonium, nitrate, and dissolved oxygen
concentrations on uptake, nitrification, and denitrification rates associated with prairie stream
substrata. Limnology and Oceanography 475 (2002): 1380-1393

Keweloh, H., Heipieper, H.-J., Rehm, H.-J. . Protection of bacteria against toxicity of phenol by
immobilization in calcium alginate. Applied Microbiology and Biotechnology 31, 4 (1989): 383-
389.

Khan, E. Yang, P.Y., Kinoshita, C.M.. Bioethanol production from dilute feedstock. Bioresource

Technology 4 (1994): 29:38,

Kim, H.-S., Lee, K. -H,, Kim, .S. -G. Growth of Monodisperse*Silver Nanoparticles in Polymer
Matrix by Spray Pyrolysis: Aerosol Science and Technology'40,-7 (2006): 536-544.

Kim, J.S., Kuk, E., Yu, K.N., Kim, J.H., Park, S.J., Lee, H.J., Kim, S.H., Park, Y.K., Park, Y.H., Hwang,
C.Y., Kim, Y.K., Lee, Y.S., Jeong, D.H., Cho, M.H. Antimicrobial effects of silver
nanoparticles. Nanomedicine: Nanotechnology, Biology, and Medicine 3, 1 (2007): 95-101.




71

Kim, Y.M., Park, D., Lee, D.S., Park, J.M. Inhibitory effects of toxic compounds on nitrification process

for cokes wastewater treatment. Journal of Hazardous Materials 152, 3 (2008): 915-921.
Keweloh, H., Weyrauch, G., Rehm, H.-J. Phenol-induced membrane changes in free and immobilized
Escherichia coli. Applied Microbiology and Biotechnology 33, 1 (1990): 66-71.

Koops, H, -P., and Pommerening-Rdser, A. The Lithoautotrophic Ammonia-Oxidizing Bacteria. D.J.
Brenner et al. (eds.), Bergey’s _Manual® of  Systematic  Bacteriology
Volume Two: The Proteobacteria, Part A Introductory.Essays, 141-147. US: Springer, 2005.

Koshcheyenko, K.A., Turkina, M.V., Skryabin,-G.K. Immobilization of living microbial cells and their
application for steroid transformatiens: Enzyme and Microbial-Technology 5, 1 (1983): 14-21.

Lee, H.J., and Jeong, S.H. Bacteriostasis.and.skin innoxiousness of nanosize silver colloids on textile
fabrics. Textile Research Journal 7,7 (2005):551-556.

Lee, K.J., Nallathamby, P.D., Browning, L.M:, Osgood, C.J., Xu, X.H. In vivo imaging of transport and
biocompatibility of single silver nanoparticles in eafly-development of zebrafish embryos. ACS
nano 1, 2 (2007): 133-143. 4.

Linko, P., Stenroos, S.-L., Linko, Y.-Y. Applications of immebilized lactic acid bacteria. Annals of the
New York Academy of Sciences 434 (1984) 406-417.

Lok, C.-N., Ho, C.-M., Chen, R., He, Q.-Y., Yu, W.-Y., Sun, H., Tam, P.K.-H., Chtu, J.-F., Che, C.-M.
Proteomic Analysis of the Moder of Antibacterial Action of Silver Nanoparticles. Journal of
Proteome Research 5 (2006): 916-924.

Lozinsky, V.I., and Rlieva,, E.M.. Poly(vinyl .alcohal), cryogels .employed .as .matrices for cell
immobilization. 3. overview: of recent tesearch and developments. ' Enzyme and Microbial
Technology 23 (1998): 227-242.

O'Shea, G.M., Goosen, M.F.A., Sun, A.M. Prolonged survival of transplanted islets of Langerhans
encapsulated in a biocompatible membrane BBA. Molecular Cell Research 804, 1 (1984): 133-
136.




72

McGeer, J.C., Playle, R.C., Wood, C.M., Galvez, F. A physically based biotic ligand model for
predicting the acute toxicity of waterborne silver to rainbow trout in freshwater. Environmental
Science and Technology 34, 19 (2000): 4199-4207.

Morones, J.R., Elechiguerra, J.L., Camacho, A., Holt, K., Kouri, J.B., Ramirez, J.T., Yacaman, M.J. The
bactericidal effect of silver nanoparticles. Nanotechnology 16, 10 (2005): 2346-2353.

Moussa, M.S., Lubberding, H.J., Hooijmans, C.M., V/an L.oosdrecht, M.C.M., Gijzen, H.J. Improved
method for determination of ammonia and nitrite oxidatien activities in mixed bacterial cultures.
Applied Microbiology and Biotechnology 63, 2 (2003): 247-221.

Mueller, N.C., and Nowack, B. Exposure«modeling of engineered nanoparticles in the environment.
Environmental Science and Technelogy 42,12 (2008): 4447-4453.

Mulder, J.W., Van Loosdrecht, M.C.M: Hellinoa, Cer Van Kempen, R. Full-scale application of the
SHARON process for treatment of rejection water.of digested sludge dewatering. Water Science
and Technology 43, 11 (2001): 127-434. '

NanoHorizons. 2007. Polymer-Compatible” Nable - Metal Nanoparticles [Online]. Available from:
http://www.nanohorizons.com/prodparticles.shtml. {2009, Oct 15]

Ngeontae, W., Janrungroatsakul, W Maneewattanapinyo, P., Ekgasit; S., Aeungmaitrepirom, W.,
Tuntulani, T. Novel potentiometric approach in glucose biosensor using silver nanoparticles as
redox marker. Sensors and Actuators B: Chemical 137 (2009): 320-326.

Onaka, T., Nakanishi K., Ingue” T.;~Kubo"S.“Beer' Brewing-with " Yeast Immobilized. Nature

Biotechnology 3 (1985): 467 — 470,

Pal, S., Tak, Y.K., Song,J.M. Does the antibacterial activity of silver nanoparticles depend on the shape
of the nanoparticle? A study of the gram-negative bacterium Escherichia coli. Applied and
Environmental Microbiology 73, 6 (2007): 1712-1720.




73

Patil, N.K., Karegoudar, T.B. Parametric studies on batch degradation of a plasticizer di-n-

butylphthalate by immobilized Bacillus sp. World Journal of Microbiology and Biotechnology
21, 8-9 (2005): 1493-1498.

Panswad, T., and Anan, C. Specific oxygen, ammonia, and nitrate uptake rates of a biological nutrient
removal process treating elevated salinity wastewater. Bioresource Technology 70, 3 (1999):
237-243.

Paul, F., Vignais, P.M. PHOTOPHOSPHORYLATION “IN..BACTERIAL CHROMATOPHORES
ENTRAPPED IN ALGINATE GEL: IMPROVEMENT OF THE PHYSICAL AND
BIOCHEMICAL PROPERTIES*OF GEL BEADS WITH "BARIUM AS GEL-INDUCING
AGENT. Enzyme and MicrobialTechnoleqy. 2, 4(1980): 281-287.

PEN 15. 2009. Silver Nanotechnologies and the Environment Old Problems or New Challenges?
[Online]. Available from:
http://www.pewtrusts.org/uploadedFileshivwwpewtrustsorg/Reports/Nanotechnologies/Nano_PE
N_15 Final.pdf [2010, Sept 10]

Poland, C.A., Duffin, R., Kinloch, I., Maynard, A, Wallace,: Wr.:A.H., Seaton, A., Stone, V., Brown, S.,
MacNee, W., Donaldson, K.-Carbon nanotubes introduced into the abdominal cavity of mice

show asbestos-like pathogenicy inra pitot study: Nature-Nanotechinology 3, 7 (2008): 423-428.

Prosser, J.1. Autotrophic nitrification in-bacteria. Advances in microbial physiology 30 (1989): 125-181.

Ruiz, G., Jeison, D., Chamy, R. [Nitrification with high_nitrite--accumulation for the treatment of

wastewater with high ammonia concentration,.Water Research 37, 6 (2003): 1371-1377.

Savage, N., and Diallo," M.S. Nanomaterials-and“water “purification:* Opportunities-and Challenges.
Journal of Nanoparticle Research 7, 4-5 (2005): 331-342.

Schramm, A., De Beer, D., Wagner, M.,Amann, R. Identification and activities in situ of Nitrosospira
and Nitrospira spp. as dominant populations in a nitrifying fluidized bed reactor. Applied and
Environmental Microbiology 64, 9 (1998): 3480-3485.




74

Scott, C.D. Immobilized cells: A review of recent literature. Enzyme and Microbial Technology 9, 2
(1987): 66-73.

Shirtcliffe, N., Nickel, U., Schneider, S. Reproducible preparation of silver sols with small particle size
using borohydride reduction: for use as nuclei for preparation of larger particles. Journal of
Colloid and Interface Science 211 (1999): 122-129.

Siripattanakul, S., Wirojanagud, W., McEvoy, J.,.Khan, E. Effect of cell-to-matrix ratio in polyvinyl
alcohol immobilized pure and mixed cultures on airazine. degradation. Water, Air, and Soil
Pollution: Focus 8, 3-4 (2008): 257-266.

Siripattanakul, S. and Khan, E. Fundamentals.and Applications of Entrapped Cell Bioaugmentation for

Contaminant Removal. Shah V. (eds.); Emerging Environmental Technologies, Volume 2, 147-
169. Netherlands Springer, 2010.

Sondi, 1., and Salopek-Sondi, B. Silver nanoparticles as antimicrobial agent: A case study on E. coli as a

model for Gram-negative bacteria. Journal of Colloid and Interface Science 275, 1(2004): 177-
182. ==

Spieck, E., Bock E. Nitrifying Bacteria. D.J-Brenner et al. (eds.), Bergey’s Manual® of Systematic

Bacteriology Volume Two: . The Proteobacteria, Part A Introduciory Essays, 137-140. US:

Springer, 2005a.

Spieck, E., Bock E. The LithoautotrophiciNitrite-Oxidizing Bacteria. D.J. Brenner et al. (eds.), Bergey’s
Manual® of Systematic’ Bacteriology Volume! Two: The ‘Proteobacteria, Part A Introductory
Essays, 149-153. US: Springer, 2005b.

Spieck, E., Bock E. The Lithoautotfophic Nitrite-OXidizing Bacteria. D.J.'Brenner et'al. (eds.), Bergey’s
Manual® of Systematic Bacteriology Volume Two: The Proteobacteria, Part A Introductory
Essays, 149-153. US: Springer, 2005b.

Sun, Y., Mayers, B., Xia, Y. Transformation of silver nanospheres into nanobelts and triangular

nanoplates through a thermal process. Nano Letters 3, 5 (2003): 675-679.



75

Surmacz-Gorska, J., Gernaey, K., Demuynck, C., Vanrolleghem, P., Verstraete, W. Nitrification

monitoring in activated sludge by oxygen uptake rate (OUR) measurements. Water Research 30,
5(1996): 1228-1236.

Surve, N.N., and Bagde, U.S. Silver toxicity in pathogenic Staphylococcus epidermidis and Klebsiella
pneumonia. International Journal of Integrative Biology 7, 3 (2009): 139-144.

Tankhiwale, R,. and Bajpai, SK., Graft copolymerization onto cellulose-based filter paper and its further
development as silver nanoparticles loaded antibacierialfood-packaging material. Colloids and
Surfaces B: Biointerfaces 69, 2 (2009): 164-168.

Tampion, J, and Tampion, MD. Immobilized Cells: Principles and Applications. Cambridge University
Press Cambridge Studies in Biotechnoleoy 5, UK: Cambridge, 1987.

Van Hyning, D.L., Zukoski, C.F. Formatign mechanisms and aggregation behavior of borohydride
reduced silver particles. Langmuird4, 24 (1998): 7034-7046

White, J.M.L., Powell, A.M., Brady, K. Russell-Jones; R., Severe generalized argyria secondary to

ingestion of colloidal silver protein. Clinical and Experimental Dermatology 28, 3 (2003): 254-
256. ;

Woese, C.R., Weisburg, W.G., Pasier; B:J: The phylogeny of purple bacteria: The beta
subdivision. Systematic and Applied Microbiology 5, 3 (1984): 327-336

Woese, C.R., Weisburg, W.G./Hahn] C.M¢ The/phylogeny-ofipurple bacteriaThe gamma subdivision.
Systematic and Applied Microbiology 6, 1 (1985): 25-33.

Wu, P., Xie, R., Imlay, K., Shang, J.K.\Visible-Light-Induced Bacteric¢idalActivity of Titanium Dioxide
Codoped with Nitrogen and Silver. Environmental Science and Technology 44, 18 (2010): 6992-
6997.

Yao, Y., Tian, D., Li, H. Cooperative binding of bifunctionalized and click-synthesized silver
nanoparticles for colorimetric Co(2+) sensing. ACS applied materials & interfaces 2, 3 (2010):
684-690.




76

Yan, J., Hu, Y.Y. Partial nitrification to nitrite for treating ammonium-rich organic wastewater by

immobilized biomass system. Bioresource Technology 100, 8 (2009): 2341-2347.

Yang, P.H., Sun, X.S., Chiu, J.F., Sun, H.Z., He, Q.Y. Transferrin-mediated gold nanoparticle cellular
uptake. Bioconjugate Chemistry 16 (2005): 494-496.

Yang, P.Y., Zhang, Z.Q., Jeong, B.G. Simultaneous removal of carbon and nitrogen using an entrapped-
mixed-microbial-cell process. Water Research 31 (1997b): 2617-2625.

Yeo, M.-K., and Kang, M. Effects of nanometer sized silver maierials on biological toxicity during
zebrafish embryogenesis. Bulletin of the‘Korean Chemical Society 29, 6 (): 1179-1184 2008.

Yoksan, R., and Chirachanchai, S. Silver nanoparticle-leaded chitosan—starch based films: Fabrication

and evaluation of tensile, barrier and ‘antimicrobial  properties. Materials Science and
Engineering: C 30, 6, 20 (2010)#891<897. ?

Yoshioka, T., and Saijo, Y. Photoinhibition and recovery, of NH4 +-oxidizing bacteria and NO2 -

oxidizing bacteria. Journal of General and Applied Microbiology 30, 3 (1984): 151-166.

You, S.-J., Tsal, Y.-P., Huang, R.-Y. Effects of heavy metalsronr’the specific ammonia and nitrate uptake
rates in activated sludge. Environmental Engineering Science 26, 7 (2009): 1207-1215.

Yujian, W., Xiaojuan, Y., Wei, T., Hongyu, L. High-rate ferrous iron oxidation by immobilized
Acidithiobacillus ferrooxidans™ with complex of PVA and sodium alginate. Journal of
Microbiological Methods68, 2 (2007): 212-217:

Zhang, Z.Q., Patel, R.C., Kothari, R., Johnsons C.P., Friberg, S.E. Stable, silver clusters and
nanoparticles prepared in ‘polyacrylate and inverse micellar 'solutions:'Journal of Physical
Chemistry B 104 (2000): 1176-1182.




AULINENINYINS
ARIANTANNINGIAY



AULINENINYINS
ARIANTANNINGIAY



79

o)
1 growth medium 8.34+0.03

2 growth medium with plain beads 7.85+0.05

3 growth medium with AgNPs 8.06+0.04

4 growth medium with plain beads and AgNPs 8.30+0.05

5 AgNPs with DI 7.93+0.04

6 AgNPs with plain bead 8.46x0.05

Table A.1 Dissolved oxygen ¢ o resp =\ up test
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Table B.1 Ammonia reduction and nitrate production tests

81

NH;3 concentration (mg-N/L)

NOj3 concentration (mg-N/L)

Cycle Sample Influent Effluent Reduetion Influent Effluent Production
1 Sample 1 58.9956 0.2984 58.6972 39.2765 104.1667 64.8902
Sample 2 51.7062 0.2543 51.4519 26.0336 80.1034 54.0698
2 Sample 1 56.7312 0:2407 56.4904 43.5724 133.0749 89.5026
Sample 2 56.5104 0.2478 56.2326 36.7248 108.8501 72.1253
3 Sample 1 55.5358 0.2190 55,3168 43.6693 114.0181 70.3488
Sample 2 50.8062 0.1979 50.6083 40.6331 90.2778 49.6447
4 Sample 1 59.8366 0.3594 59.4[73"-" 44 5736 97.7067 53.1331
Sample 2 48.1006 0.1648 47,9358 31.5568 84.1408 52.5840
5 Sample 1 53.4399 0:4910 52.9489 36.8863 98.0297 61.1434
Sample 2 45.1918 0.2703 44,9215 27.1318 94.9612 67.8295
6 Sample 1 55.4696 0.7040 54.7656 35.6912 111.7571 76.0659
Sample 2 52.9168 0.2432 52.6736 817183 86.0788 54.3605
7 Sample 1 51.9737 0.5754 51.3983 32.4612 109.6576 77.1964
Sample 2 54.6647 0.8502 54.3115 28.19%7 90.9238 62.7261
8 Sample 1 57.1176 0.1614 56.9562 22.0284 74.4509 52.4225
Sample 2 56.6762 0.1366 56.5396 18.9922 68.7984 49.8062
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NH; concentration (mg-N/L)

NOj3 concentration (mg-N/L)

Cycle Sample Influent Effluent Reduction Influent Effluent Production
9 Sample 1 52.6494 0.3328 52:3165 23.1266 87.5323 64.4057
Sample 2 58.9179 0.2519 58.6659 24.6770 84.7868 60.1098
10 Sample 1 51.9414 0.5328 51.4086 26.2920 98.5142 72.2222
Sample 2 60.6303 0.4349 60.1954 23.3204 90.4393 67.1189
11 Sample 1 57.0948 0.3275 56.7673 23.6434 80.5879 56.9444
Sample 2 59.7811 0.3238 59.4573 22.7067 89.7933 67.0866
12 Sample 1 52.2788 0.7295 7 21.6731 75.9044 54.2313
Sample 2 64.7899 0.3847 64.4052 22.3514 73.8049 51.4535
13 Sample 1 60.4722 0.5374 59.93'3__'4:8 26.2920 90.2778 63.9858
Sample 2 65.2883 0.3089 64.9794 26.8088 96.5762 69.7674
14 Sample 1 55.2062 0:2426 54.9636 28.1331 86.8863 58.7532
Sample 2 52.6469 0.1944 52.4525 33.8501 90.4393 56.5891
15 Sample 1 59.7512 0.1509 59.6003 34.3023 87.6938 53.3915
Sample 2 60.2258 0.1299 60.0959 34.8837 102.0672 67.1835
16 Sample 1 59.0464 0.1583 58.8881 30.6848 77.5194 46.8346
Sample 2 61.6723 0.1796 614927 318152 103.8437 72.0284
17 Sample 1 55.2062 0.2334 54.972829 39.6318 78.3269 38.6951
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NH; concentration (mg-N/L)

NOj3 concentration (mg-N/L)

Cycle Sample Influent Effluent Reduction Influent Effluent Production
Sample 2 65.9622 0.1785 65.7838 32.6550 97.3837 64.7287
18 Sample 1 47.6230 0.1522 47.4708 44.2506 84.3023 40.0517
Sample 2 49.3708 0.2528 49,1181 38.2106 97.0607 58.8501
19 Sample 1 54.1241 0.2081 58.9160 41.1176 98.0297 56.9121
Sample 2 55.6468 0.1748 55.4720 36.8863 103.5207 66.6344
20 Sample 1 50.7983 0.1516 50.‘6468 34.3346 83.0103 48.6757
Sample 2 49.2129 0.1445 49.,0_683 34.9483 90.4393 55.4910
21 Sample 1 55.6468 0.1319 55.5149 35.9173 86.4018 50.4845
Sample 2 55.8678 0.1144 55.7534 37.5000 89.1473 51.6473
22 Sample 1 55.6468 0.2254 55.42"1-'4-? 35.9173 83.4948 47 5775
Sample 2 55.8678 01795 55.6883 37.5000 92.3773 548773
23 Sample 1 63.3084 1.8127 63.0830 35.8204 79.6189 43.7984
Sample 2 67.6781 0.5944 67.4986 31.5568 91.5698 60.0129
24 Sample 1 50.4155 0.3417 48.6028 26:3889 102.0672 75.6783
Sample 2 64.8174 0.2125 64.2230 33.6240 94.9612 61.3372
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Table B.2 Dissolved oxygen concentration from free cells with ammonia concentration at 28 mg-N/L

;rn']rns 0 m?é'é%jg\lps (rﬁ;.ecr)ig/li) Difference | |Difference| Q.05 r(nng]]él__C;J;LA)gNPs (Qg?gigﬁ) Difference | |Difference|
10 9.43 9.46 9.45 -0.02 0.02 = o) 5.94 5.73 -0.22 0.22
20 9.38 9.08 9.23 0.15 0.15 ' 5.02 5.45 5.24 -0.22 0.22
30 9.35 9.05 9.20 0.15 0.15 4.35 4.92 4.64 -0.29 0.29
40 8.53 8.35 8.44 0.09 009 3.92 4.39 4.16 -0.24 0.24
50 8.50 8.34 8.42 0.08 0.08 3.49 3.86 3.68 -0.19 0.19
60 7.55 7.31 7.43 0.12 0.12 ] 2.97 3.30 3.14 -0.17 0.17
70 7.09 6.95 7.02 0.07 007 LM\AZE 2.75 2.51 -0.25 0.25
80 6.57 6.10 6.34 0.24 024 = 1.84 2.19 2.02 -0.18 0.18
90 5.27 5.78 5.53 -0.26 0.26 L 19 0196 1.31 1.14 -0.18 0.18
100 4.92 4.78 4.85 0.07 0.07 4 0.65 0.87 0.76 -0.11 0.11
110 3.52 3.36 3.44 0.08 0.08 +0.48 0.60 0.54 -0.06 0.06
120 3.24 3.00 3.12 0.12 0.12 40.0.30 0.41 0.36 -0.06 0.06
130 2.66 1.93 2.30 0.37 0.37 021 0.28 0.25 -0.04 0.04
140 1.22 1.52 1.37 -0.15 0.15 —0.08 0.16 0.12 -0.04 0.04
150 0.82 0.75 0.79 0.03 0.03 <005 0,08 0.06 -0.02 0.02
160 0.25 0.22 0.24 0.02 0.02 0.02 0.05 0.04 -0.02 0.02
170 0.20 0.19 0.20 0.01 0.01 0.04 0.04 0.00 0.00
180 0.09 0.08 0.09 0.00 0.00 0.05 0.05 0.00 0.00
190 0.09 0.08 0.09 0.00 0.00 0.05 0.05 0.00 0.00
200 0.08 0.07 0.08 0.01 0.01 0.04 0.04 0.00 0.00




85

Time

0.05 mg/L of

Average

1 mg/L of AgNPs

Average

(min) | AgNPs (mg-O,/L) | (mg-0,/L) Difference | |Difference| (Mg-O,/L) (mg-O,/L) Difference | |Difference|
10 7.84 7.99 7.92 -0.08 0.08 8.16 6.67 7.42 0.75 0.75
20 7.51 7.63 7.57 -0.06 0.06 7702 6.65 7.14 0.48 0.48
30 7.11 7.22 7.17 -0.05 0.05 7.60 6.65 7.13 0.48 0.48
40 6.56 6.61 6.59 -0.03 0.03 754 6.63 7.09 0.46 0.46
50 6.12 6.14 6.13 -0.01 004 ok 6.61 7.06 0.45 0.45
60 5.51 5.49 5.50 0.01 0.01 7.49 6.58 7.04 0.46 0.46
70 5.03 4.97 5.00 0.03 0.03 7.46 6.55 7.01 0.46 0.46
80 4.37 4.27 4.32 0.05 @.05 0\ A\42 6.46 6.94 0.48 0.48
90 3.87 3.72 3.80 0.07 0007 7.40 6.42 6.91 0.49 0.49
100 3.18 2.98 3.08 0.10 0.10 3 N30 6.37 6.88 0.51 0.51
110 2.67 2.42 2.55 0.13 043 & Y 6.31 6.84 0.53 0.53
120 1.98 1.69 1.84 0.15 Fl5*~ —#9.34 6.19 6.77 0.58 0.58
130 1.48 1.18 1.33 0.15 0.15 i 7.31 6.06 6.69 0.63 0.63
140 0.89 0.63 0.76 0.13 043¢ - 1.28 6.01 6.65 0.64 0.64
150 0.54 0.35 0.45 0.10 0.10 = .25 5.94 6.60 0.66 0.66
160 0.25 0.12 0.19 0.07 0.07 22 5.86 6.54 0.68 0.68
170 0.13 0.07 0.10 0.03g 0.03 6.38 577 6.08 0.31 0.31
180 0.05 0.05 0.05 0.00-. 0.00 6.35 5.72 6.04 0.32 0.32
190 0.03 0.05 0.04 -0.01 0.01 6.34 5.70 6.02 0.32 0.32
200 0.02 0.05 0.04 -0.02 0.02 6.32 571 6.02 0.31 0.31




Table B.3 Dissolved oxygen concentration from free cells with ammonia concentration at 70 mg-N/L
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Time 0 mg/L of Average | Diff | |Diff 0.05 mg/L of Average | Diff | |Diff 0.5 mg/L of Average | Diff | |Diff
(min) AgNPs (mg- (mg- eren | erenc AgNPSs (mg- (img* eren | erenc | AgNPs (mg- (mg- eren | erenc
0,/L) 0O,/L) ce el O,/L) O4fL) ce el 0,/L) O,/L) ce el
1 8.09 | 8.25 8.17 -0.08 | 0.08 7.30 i14 [~ -0.22 | 0.22 | 7.18 7.95 7.57 -0.39 | 0.39
10 7.86 | 8.03 7.95 -0.08 | 0.08 6.89 /38 7.14 -025| 0.25 | 6.70 7.53 7.12 -0.42 | 0.42
20 7.53 | 7.68 7.61 -0.07 | 0.07 644 6.99 6.72 -0.28 | 0.28 | 6.20 7.03 6.62 -0.42 | 0.42
30 716 | 7.31 7.24 -0.08 | 0.08 596 6,54 6.25 -0.29 | 0.29 | 5.66 6.48 6.07 -041 | 041
40 6.75 | 6.90 6.83 -0.08 | 0.08 5.42 6.06 |2 45.74 -0.32'| 0.32 | 5.09 5.89 5.49 -0.40 | 0.40
50 6.31 | 6.46 6.39 -0.08 | 0.08 484 P2 5118 -0.34 | 034 | 451 5.29 4.90 -0.39 | 0.39
60 584 | 5.98 5.91 -0.07 | 0.07 4.10 4,98 ' |'\ 454 -0.44| 0.44 | 3.89 4.63 4.26 -0.37 | 0.37
70 535 | 551 5.43 -0.08 | 0.08 362 4.40:1584.01 -0.39 | 0.39 | 3.27 3.99 3.63 -0.36 | 0.36
80 481 | 5.00 491 -0.10 | 0.10 2.99 3.80 3.40 -041| 041 | 2.64 3.33 2.99 -0.35| 0.35
90 425 | 4.45 4.35 -0.10 | 0.10 234 3,17 . 2.76 -0.42 | 042 | 2.00 2.67 2.34 -0.34 | 0.34
100 | 3.66 | 3.87 3.77 -0.11 | 0.11 1.71 2:56 214, [-043| 043 | 1.40 2.26 1.83 -0.43 | 0.43
110 | 3.06 | 341 3.24 -0.18 | 0.18 1.13 92 1.53 -0.40 | 0.40 | 0.88 1.61 1.25 -0.37 | 0.37
120 | 246 | 2.66 2.56 -0.10 | 0.10 0.66 -'-~1:33 1.00 | -034| 0.34 | 0.48 1.04 0.76 -0.28 | 0.28
130 | 1.85 | 2.01 1.93 -0.08 | 0.08 0.35 0.84 0.60 -025{,0.25 | 0.23 0.59 0.41 -0.18 | 0.18
140 | 1.27 | 1.40 1.34 -0.06 | 0.06 0.16 0.47 0.32 -0.16 |/ 0.16 | 0.10 0.30 0.20 -0.10 | 0.10
150 | 0.78 | 0.88 0.83 -0.05 | 0.05 0.07 0.25 0.16 -0.09 | 0.09 | 0.05 0.16 0.11 -0.06 | 0.06
160 | 0.42 | 0.48 0.45 -0.03 | 0.03 0.03 0.12 0.08 -0.05| 0.05 | 0.02 0.07 0.05 -0.03 | 0.03
170 | 0.20 | 0.24 0.22 -0.02 | 0.02 0:02 0.06 0.04 -0.02 | 0.02 | 0.01 0.05 0.03 -0.02 | 0.02
180 | 0.04 | 0.06 0.05 -0.01 | 0.01 0.02 0.04 0.03 -0.0%+() 0:01
190 | 0.02 | 0.05 0.04 -0.02 | 0.02
200 | 0.02 | 0.04 0.03 -0.01 | 0.01
210 | 0.02 | 0.04 0.03 -0.01 [10:0%




Time

1 mg/L of AgNPs

Average

5 mg/L of AgNPs

Average

(min) (Mg-O/L) (Mg-O4/L) Difference | |Difference| (Mg-0,/L) (Mg-0,/L) Difference | |Difference|
1 7.29 7.45 7.37 -0.08 0.08 299 4.53 5.06 -0.53 0.53
10 6.97 7.15 7.06 -0.09 0.09 s 4.48 5.03 -0.55 0.55
20 6.62 6.82 6.72 -0.10 0.10 Ry 4.40 4.97 -0.57 0.57
30 6.27 6.47 6.37 -0.10 0.10 Su3 4.33 4.93 -0.60 0.60
40 5.87 6.15 6.01 -0.14 014 s 4.22 4.87 -0.65 0.65
50 5.48 5.73 5.61 -0.13 Qs = 5.49 4.10 4.80 -0.70 0.70
60 5.10 5.36 5.23 -0.13 0/13 5.47 3.96 4.72 -0.76 0.76
70 4.68 4.92 4.80 -0.12 0.12 5.45 3.84 4.65 -0.81 0.81
80 4.26 4.53 4.40 -0.14 0:14 543 3.67 4.55 -0.88 0.88
90 3.79 411 3.95 -0.16 0.16 4 5.40 3.51 4.46 -0.95 0.95
100 3.32 3.69 3.51 -0.19 019 il 4 3.36 4.37 -1.01 1.01
110 2.85 3.23 3.04 -0.19 0.19 . 534 3.17 4.26 -1.09 1.09
120 2.40 2.84 2.62 -0.22 0.22 = 15.30 3.01 4.16 -1.15 1.15
130 2.00 2.44 2.22 -0.22 022 . 5.28 2.85 4.07 -1.22 1.22
140 1.59 2.04 1.82 -0.23 =23 T9E20 2.68 3.97 -1.29 1.29
150 1.22 1.59 1.41 -0:19 0.19 o 2.51 3.87 -1.36 1.36
160 0.86 1.21 1.04 -0.18 0.18 5.18 2.33 3.76 -1.43 1.43
170 0.54 0.84 0.69 -0.15 0.15 5.15 2.16 3.66 -1.50 1.50
180 0.29 0.29 0.00 0.00
190
200
210
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Table B.4 Dissolved oxygen concentration from the small PVA-entrapped cells

Aver Aver Aver

. Omg/L of | age . |Diff 0.05 mg/L | age : . 1mg/Lof | age . .

2;:::;5 AgNPs (mg- [;':zgr eren of AgNPs | (mg- [glrr::gr Er:fg;r AgNPs (mg- Zlnfégr |Dr|]1;f:|re
(mg-O,/L) | O,/L ce| (mg-05/L) |- O,/L (mg-O,/L) | O,/
) ) )

1] 771 808 | 790| -0.19| 0.19 7,000 1 S0 787 L0.03% 063 8.16 | 829 | 8.23 | -0.06 0.06
70| 750| 7.99| 7.75| -0.25| 0.25 7.794%7.85,4 47824 -0.03|. 0.03 8.15| 8.28 | 8.22 | -0.06 0.06
140 | 7.26 | 794 | 760 | -0.34| 0.34 774 | 4184 ) B.79°): £0.05 | " 0.05 8.13 | 8.27 | 8.20| -0.07 0.07
210 | 654 | 743 | 6.99 | -0.45| 0.45 7.690 #77\/7.731.,-0.04| ,0.04 8.13| 8.22| 8.18| -0.04 0.04
280 | 6.22 | 6.92| 6.57| -0.35| 0.35 704 702 ) 7.68| % -0.04 |, "0.04 8.09| 8.06| 8.08| 0.01 0.01
350 | 6.07| 6.71| 6.39| -0.32| 0.32 7590 764| 7.62:0.02Y 0.02 8.06 | 8.00| 8.03| 0.03 0.03
420 | 584 | 6.43 | 6.14| -0.30| 0.30 7.56 |#7.61:4 759 |+0.03 [, 0.03 8.06| 799 | 8.03| 0.04 0.04
490 | 531 | 598 | 5.65| -0.34| 0.34 7.524" 7568 | 7.55| +-0.03 | = 0.03 8.05| 8.02| 8.04| 0.02 0.02
560 | 4.99 | 578 | 5.39| -0.40| 0.40 747 | 1494 748 | =004, 0.01 8.02| 8.03| 8.03| -0.01 0.01
630 | 452 | 5.41| 497 | -0.45| 0.45 7.45 | 747+ 746+ -0.01| 0.01 8.00 | 8.02| 8.01| -0.01 0.01
700 | 416 | 495| 456 | -0.40| 0.40 7.43 | 743743 000} 0.00 8.00| 8.01| 8.01| -0.01 0.01
770 | 3.63| 425| 394 | -031| 0.31 740 | 7.31| 7.36| 0.05| 0.05 8.01| 8.04| 8.03| -0.02 0.02
840 | 3.29 | 3.87 | 3.58| -0.29| 0.29 7391 7211 730 0.09| 0.09 798| 8.01| 8.00| -0.01 0.01
910 | 2.79 | 3.37 | 3.08| -0.29| 0.29 738 7.18| 7.28| 0.10| 0.10 798| 8.00| 7.99| -0.01 0.01
980 | 249 | 3.00| 2.75| -0.26 | 0.26 738 | 7.13| 7.26| 0.13| 0.13 798| 799| 7.99| 0.00 0.00
1050 | 2.22 | 2.76 | 249 | -0.27 | 0.27 7374 .7.09| 723 | 014 | 0.14 8.00| 798| 7.99| 0.01 0.01
1120 | 1.87 | 246 | 2.17| -0.30| 0.30 1.87)| 7%.06n @221 <0.06,| @ D16 799 | 796 | 798| 0.01 0.01
1190 | 1.74| 2.38 | 2.06 | -0.32| 0.32 7.34'| 6.99 | Z17 || ©.187 .0.18 797 | 794 | 7.96| 0.01 0.01
1260 | 1.66 | 2.33| 2.00| -0.34| 0.34 733 | 6.98| 746| 0.18| 0.18 796 | 7.94| 795| 0.01 0.01
1330 | 1.65| 2.33| 1.99| -0.34 |~0.34 7.32 697 47115 | o 0.28 [~ 0.48 79641794 | 795| 0.01 0.01
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Table B.5 Dissolved oxygen concentration from the large PVA-entrapped cells

Z-r;rl?s 0 m(grill_g_ocf)jE)NPs (rﬁ\g/?cr)aji) Difference | |Difference| - T%/é‘gz /ﬁ?NPS (Qg?gigﬁ) Difference | |Difference|
1 7.55 7.34 7.45 0.11 0411 7 Sz 7.57 7.56 -0.01 0.01
25 7.34 7.16 7.25 0.09 0:09 7.40 7.42 7.41 -0.01 0.01
50 7.15 6.99 7.07 0.08 0.08 7.11 7.07 7.09 0.02 0.02
75 6.98 6.83 6.91 0.08 0,08 -4 6.72 6.69 6.71 0.01 0.01

100 6.68 6.57 6.63 0.05 L5 A% 6.43 6.40 6.42 0.01 0.01
125 6.38 6.30 6.34 0.04 o4 5.92 5.93 5.93 0.00 0.00
175 6.11 6.04 6.08 0.04 D:04 U7X &\ 568 571 5.70 -0.01 0.01
200 5.98 5.94 5.96 0.02 0.02u.5508 b 5.35 5.31 -0.04 0.04
225 5.57 5.59 5.58 -0.01 0.0t #1149 5,09 5.18 5.14 -0.04 0.04
250 5.29 5.34 5.32 -0.03 0,03 AL 490 5.01 4.96 -0.05 0.05
275 4.99 5.09 5.04 -0.05 0:05 i A 4.58 4.53 -0.05 0.05

300 451 471 4.61 -0.10 0.10 421 4.35 4.28 -0.07 0.07

325 4.14 4.36 4.25 -0.11 et 4,05 4.20 4.13 -0.08 0.08

350 4.01 4.23 4.12 -0.44 0.11 3.73 .3.90 3.82 -0.09 0.09

375 3.87 4.09 3.98 -0.17 0.11 3.55 3.74 3.65 -0.10 0.10

400 3.43 3.64 3.54 -0.1% 0.11 3.15 3.36 3.26 -0.11 0.11

425 3.20 3.39 3.30 -0.10 0.10 2.98 3.21 3.10 -0.12 0.12

450 3.08 3.26 3.17 -0.09 0.09 2.82 3.04 2.93 -0.11 0.11

475 2.90 3.09 3.00 £0.09 0109 271 293 2.82 -0.11 0.11

500 2.29 2.39 2.34 -0.05 0.05 261 2.82 2.72 -0.11 0.11
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2;:::;5 ! m?rﬁ]lé_oéjgNPs (nAq\;-e(t)ajE) Difference | |Difference| ; mg;Lg_oéjE)N Ps (rﬁ‘;?cr)ajﬁ) Difference |Difference|
1 7.58 7.68 7.63 -0.05 0.05 7.49 7.42 7.46 0.04 0.04
25 7.42 7.51 1.47 -0.04 0.04 oo 7.27 7.30 0.03 0.03
50 7.20 7.33 7.27 -0.06 0:06 7.03 6.97 7.00 0.03 0.03
75 7.03 7.19 7.11 -0.08 0.08 6.70 6.64 6.67 0.03 0.03
100 6.89 7.09 6.99 -0.10 g4y 6.56 6.51 6.54 0.03 0.03
125 6.76 6.96 6.86 -0.10 0.10 6.48 6.41 6.45 0.04 0.04
175 6.65 6.85 6.75 -0.10 0:10 6.33 6.25 6.29 0.04 0.04
200 6.75 6.52 6.64 0.12 012 6.21 6.12 6.17 0.04 0.04
225 6.64 6.40 6.52 0.12 0.12 _ 6.05 5.98 6.02 0.04 0.04
250 6.56 6.31 6.44 0.13 0.13 9% 593 5.83 5.88 0.05 0.05
275 6.21 6.47 6.34 -0.13 013 ol 5.78 5.65 5.72 0.06 0.06
300 6.12 6.39 6.26 -0.14 014 Wi lub.62 5.47 5.55 0.08 0.08
325 6.01 6.29 6.15 -0.14 0.14 + 545 5.30 5.38 0.08 0.08
350 5.88 6.18 6.03 -0.15 -~ A% J45:27 511 5.19 0.08 0.08
375 5.76 6.06 5.91 -0.15 0.15 5.09 .4.89 4.99 0.10 0.10

400 5.66 5.95 5.81 -0.15 0.15 4.96 4.76 4.86 0.10 0.10

425 5.55 5.87 5.71 -0.16 0.16 4.80 4.56 4.68 0.12 0.12

450 5.43 5.75 5.59 -0.16 0.16 4.63 4.37 4.50 0.13 0.13

475 5.31 5.66 5.49 -0.18 0.18 4.39 411 4.25 0.14 0.14
500 5.20 5.54 5.37 0.17 0.17 4.29 401 4.15 0.14 0.14
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Table B.6 Dissolved oxygen concentration from the small CA-entrapped cells

Z-FHIT:S 0 m?rfqlé_ocf)jE)NPs (n'i‘;_eéaji) Difference | |Difference| 7 Tr%/é‘ 82 ;ﬁ‘?NPS (rﬁg?éaﬁi) Difference |Difference|
1 7.58 8.52 8.05 -0.47 0.47 8.18 9.05 8.62 -0.44 0.44
40 7.54 8.23 7.89 -0.35 035 -z 8.97 8.54 -0.43 0.43
120 7.53 8.16 7.85 -0.32 082 8.05 8.76 8.41 -0.35 0.35
160 7.41 7.86 7.64 -0.23 0.23 99 8.60 8.30 -0.31 0.31
200 7.35 7.75 7.55 -0.20 020 -4 7.82 8.16 7.99 -0.17 0.17
240 7.27 7.73 7.50 -0.23 grds c-als 71.67 7.90 7.79 -0.12 0.12
280 7.05 7.45 7.25 -0.20 0420 ’ 7.48 7.56 7.52 -0.04 0.04
320 6.98 7.39 7.19 -0.20 0.20 | 4 687 6.67 6.77 0.10 0.10
360 6.84 7.32 7.08 -0.24 0.24 6.60 6.33 6.47 0.14 0.14

400 6.21 6.77 6.49 -0.28 0.28 'S 037 6.02 6.20 0.18 0.18

440 5.90 6.50 6.20 -0.30 0.30 s, 6.0 5.62 5.84 0.22 0.22

480 5.30 6.29 5.80 -0.50 @.50 ha2di5. 70 5.16 5.43 0.27 0.27
520 4.68 5.99 5.34 -0.66 066 . 5.44 4.97 521 0.24 0.24
560 4.00 5.58 4.79 -0.79 079 SIT<N797 4.46 4.72 0.26 0.26
600 3.04 4.92 3.98 -0.94 0.94 4.80 A4.24 4.52 0.28 0.28
640 2.39 4.42 3.41 -1.02 1.02 4.53 4.02 4.28 0.26 0.26
680 1.25 3.19 2.22 -0.97 0.97 4.31 3.84 4.08 0.23 0.23
720 0.95 2.78 1.87 -0.92 0.92 3.94 3.52 3.73 0.21 0.21
760 0.53 2.09 1.31 -0.78 0.78 3.78 3.36 3.57 0.21 0.21
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z-rrllrlr;g ! m?é'é%jg\lps (rﬁ‘;_ecr)ig}i) Difference | |Difference| > mg;z_cgjg\l Ps (rﬁ;?cr)igllﬁ) Difference |Difference|
1 9.37 9.05 9.21 0.16 0.16 8.29 8.46 8.38 -0.09 0.09
40 9.05 8.79 8.92 0.13 0.13 8.15 8.48 8.32 -0.16 0.16
120 8.62 8.62 8.62 0.00 0.00 8.08 8.39 8.24 -0.16 0.16
160 8.04 8.30 8.17 -0.13 0.13 8:00 8.18 8.09 -0.09 0.09
200 7.59 7.99 7.79 -0.20 0:20 90 8.07 7.99 -0.09 0.09
240 7.28 7.75 7.52 -0.23 023 779 7.94 7.87 -0.08 0.08
280 6.87 7.33 7.10 -0.23 0,28 748 7.58 7.53 -0.05 0.05
320 6.58 7.03 6.81 -0.23 028 7.15 7.24 7.20 -0.04 0.04
360 5.86 6.34 6.10 -0.24 0.24 6:95 7.01 6.98 -0.03 0.03
400 5.66 6.16 5.91 -0.25 0.25 6.73 6.82 6.78 -0.04 0.04
440 5.32 5.83 5.58 -0.26 0.26 6.21 6.25 6.23 -0.02 0.02
480 4.86 5.34 5.10 -0.24 0.24 5.38 5.27 5.33 0.05 0.05
520 4.17 4.51 4.34 -0.17 0.17 e 5y 7 5.04 511 0.07 0.07
560 3.76 3.98 3.87 -0.11 0.11 s 5.00 4.83 4.92 0.09 0.09
600 3.19 3.31 3.25 -0.06 0:06 204,81 4.61 4.71 0.10 0.10
640 2.96 3.00 2.98 -0.02 0.02 | 433 4.12 4.23 0.11 0.11
680 2.46 2.36 2.41 0.05 -0.05 I 406 3.76 3.91 0.15 0.15
720 2.17 2.04 2.11 0.06 0.06 3.80 /3.44 3.62 0.18 0.18
760 2.00 1.83 1.92 0.09 0.09 388 2.97 3.15 0.18 0.18




Table B.7 Dissolved oxygen concentration from the large CA-entrapped cells
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Time

0 mg/L of AgNPs

Average

0.5 mg/L of AgNPs

Average

(min) (mg-0,/L) (mg-0,/L) Difference | |Difference| (mg-0,/L) (mg-0,/L) Difference |Difference|
1 7.00 7.22 7.11 -0.11 0.11 8.05 8.11 8.08 -0.03 0.03
25 6.81 6.90 6.86 -0.04 0.04 oo} 7.87 7.83 -0.04 0.04
50 6.50 6.76 6.63 -0.13 0:13 7.18 7.26 7.22 -0.04 0.04
75 6.20 6.45 6.33 -0.13 0713 6.98 7.09 7.04 -0.05 0.05
100 5.86 6.30 6.08 -0.22 0.22 6.17 6.35 6.26 -0.09 0.09
125 5.62 5.95 5.79 -0.17 047 5.79 6.01 5.90 -0.11 0.11
175 5.24 5.75 5.50 -0.26 0.26 5.00 5.31 5.16 -0.16 0.16
200 4,94 5.44 5.19 -0.25 0:25 4.68 5.03 4.86 -0.18 0.18
225 4.64 5.25 4.95 -0.31 P31 413 4.51 4.32 -0.19 0.19
250 4.06 4,93 4.50 -0.44 0.44 3.83 4.25 4.04 -0.21 0.21
275 3.52 4.41 3.97 -0.45 0.45 I 3% 8 3.65 3.42 -0.24 0.24
300 3.04 3.90 3.47 -0.43 0.43 s 2.91 3.38 3.15 -0.24 0.24
325 2.56 3.40 2.98 -0.42 0.42 4201 2.47 2.24 -0.23 0.23
350 2.13 2.93 2.53 -0.40 040 - .1.80 2.25 2.03 -0.23 0.23
375 1.75 2.48 2.12 -0.37 0:37 SENTI39 1.81 1.60 -0.21 0.21
400 1.41 2.07 1.74 -0,33 0.33 1.27 1.68 1.48 -0.21 0.21
425 1.12 1.71 1.42 -0.30 0.30 1.08 1.40 1.24 -0.16 0.16
450 0.89 1.41 1.15 -0.26 0.26 1.00 1.30 1.15 -0.15 0.15
475 0.68 1.16 0.92 -0.24 0.24 0.89 1.14 1.02 -0.13 0.13
500 0.51 0.94 0.73 -0.22 0.22 0.82 1.05 0.94 -0.12 0.12
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(Trms 1 m(grﬁ]lé_oéj\gNPs (rﬁ‘;%igi) Difference | |Difference| ; mg;Lg_oéjE)N Ps (rﬁ‘;?cr)ajﬁ) Difference |Difference|
1 8.30 8.14 8.22 0.08 0.08 8.20 8.29 8.25 -0.04 0.04
25 8.10 7.93 8.02 0.09 0.09 3.10 8.25 8.18 -0.07 0.07
50 7.98 7.80 7.89 0.09 0:09 7.95 8.10 8.03 -0.07 0.07
75 7.24 7.06 7.15 0.09 0.09 o) 7.54 7.44 -0.11 0.11
100 6.94 6.72 6.83 0.11 041 7.03 7.25 7.14 -0.11 0.11
125 6.54 6.32 6.43 0.11 0.11 6.87 7.11 6.99 -0.12 0.12
175 5.91 5.68 5.80 0.12 012 6.27 6.56 6.42 -0.15 0.15
200 5.20 4.97 5.09 0.12 0.12 6.00 6.30 6.15 -0.15 0.15
225 4.99 4.79 4.89 0.10 0.10 _ 5.48 5.81 5.65 -0.17 0.17
250 4.24 4.04 4.14 0.10 0.10 = Syl 5.47 5.29 -0.18 0.18
275 4.05 3.86 3.96 0.10 0,10 . 4.96 5.34 5.15 -0.19 0.19

300 3.87 3.69 3.78 0.09 0.09 Wil .63 5.01 4.82 -0.19 0.19

325 3.40 3.22 3.31 0.09 0.09 + . 4.30 4.69 4.50 -0.20 0.20

350 3.13 2.96 3.05 0.09 ~-0.09 Sl 4.51 4.31 -0.20 0.20

375 3.00 2.85 2.93 0.07 0.07 3.84 4.24 4.04 -0.20 0.20

400 2.85 2.71 2.78 0.07 0.07 3.41 3.82 3.62 -0.21 0.21

425 2.45 2.34 2.40 0.06 0.06 3.18 3.60 3.39 -0.21 0.21

450 2.20 2.10 2.15 0.05- 0.05 2.85 3.27 3.06 -0.21 0.21

475 1.87 1.78 1.83 0.05 0.05 2.54 2.96 2.75 -0.21 0.21

500 1.78 1.71 1.75 0.04 0.04 2.32 2.74 2.53 -0.21 0.21
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