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The silver ion is the most bactericidal of all the metals, followed by mercury, lead and 

copper YEZ. Several researchers have reported that the necessary concentration for 

antibacterial effectiveness of silver ions is only 0.3 to 2.0 ppm YA#-,Z.  Table 1.1 lists a 

survey of the literature of the diversity of microorganisms inactivated by silver ions and/

or nanoparticles.    In medical treatment, silver salts are used to control certain types of 

infections, although somewhat less frequently since the advent of modern antibacterial 

pharmaceuticals.   Silver nitrate drops are placed in newborns’ eyes at birth for the 

prevention of contracting gonorrhea from the mother YDZ.  To prevent infections in burn 

wounds, silver sulfadiazine topical creams are applied to damaged skin Y--Z.  Copper-

silver ionization systems for water disinfection are used to eliminate the spread of 

Legionella in healthcare facilities Y-C�	-+Z.

TABLE 1.1. Survey of literature on microorganisms inactivated by silver ions and/or nanoparticles.

Microbe Type Microbe Name Form of Ag Reference

Bacteria

Bacillus anthracis Ag Zn zeolite [162]
Bacillus cereus Ag Zn zeolite

AgBR NP polymer composite
[162]
[152]

Bacillus subtilis AgNPs
Ag Zn zeolite

 Fe3O4@AgNPs 
AgNP polymer films

[96, 155]
[162]
[151]
[154]

Enterococcus faecalis Ag+ ions, AgNPs [153]
Vancomycin-R E. faecium Ag+ ions, AgNPs [23, 153]
Escherichia coli Ag+ ions

AgNPs
Ag - activated carbon fibers

AgNP - granular activated carbon 
Fe3O4@AgNPs 

AgNP rice paper plant stem
AgNP ceramic beads 

AgBR NP polymer composite 
Ag+ ions in ceramics

Polyethersulfone membranes 
with AgNPs in multilayers

[6, 10, 26, 153]
[17, 23, 96, 155, 156]
[145, 161]
[90]
[151]
[59]
[146]
[152]
[141]
[98]

Escherichia coli GFP AgNPs [20]
Escherichia coli O157:H8 AgNPs [21]
Ampicillin-R E. coli AgNPs [156]
Klebsiella pneumoniae AgNPs [157]
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ESBL-R K. pneumoniae Ag+ ions, AgNPs [23, 153]
Legionella Cu and Ag ionization [12, 13]
Listeria monocytogenes AgNPs on paper, silicone [160]
Micrococcus lylae AgNP TiO2 [159]
Nitrifying bacteria Ag+ ions, AgNPs, AgCl colloids [7]
Providencia stuartii Ag+ ions [6]
Proteus mirabilis Ag+ ions [6]
Pseudomonas aeruginosa Ag+ ions

AgNPs
 AgNP polymer films
AgNP ceramic beads 

AgBR NP polymer composite

[6]
[17, 23, 153]
[150, 154]
[146]
[152]

Salmonella typhi AgNPs [17, 156]
Serratia Ag+ ions [6]
Sphingomonas Ag ceramic beads [158]
Staphylcoccus albus Ag+ ions [6]
Staphylcoccus aureus Ag+ ions

 AgNPs 
AgNP polymer films
AgNP ceramic beads

[6, 26, 153]
[21, 23, 155-157]
[150, 154]
[146]

Methicillin-R. S. aureus Ag+ ions, AgNPs
AgBR NP polymer composite

[23, 153]
[152]

Staphylcoccus epidermis Fe3O4@AgNPs 
AgNP polymer films

[151]
[150]

MR S. epidermidis AgNPs [23]
Streptococcus group D Ag+ ions [6]
Streptococcus mitis Ag+ ions, 

Ag Zn zeolite
[6]
[149]

Streptococcus mutans Ag+ ions, 
Ag Zn zeolite

[6]
[149]

Streptococcus pyogenes Ag+ ions [6]
Streptococcus salivarius Ag+ ions [6]
Vibrio cholera Ag+ ions

AgNPs
[148]
[17]

Fungi

Aspergillus niger AgNP hydrogel 
AgNP ceramic beads

[147]
[146]

Bovine mastits AgNPs [21]
Candida albicans AgNP hydrogel, 

AgNP rice paper plant stem, 
AgNP ceramic beads

[147]
[59]
[146]

Pichia pastoris Ag - activated carbon fibers [145]
Saccharomyces cerevisiae Ag - activated carbon fibers [145]

Protozoa

Hartmannella vermiformis Cu and Ag ionization [143]
Naegleria fowleri Cu and Ag ionization [144]
Tetreahymena pyriformis Cu and Ag ionization [143]
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Viruses

HIV-1 AgNPs [142]
Murine Norovirus AgNPs in ceramics [97]
Reovirus Ag+ ions in ceramics [141]
SARS Coronavirus Ag/Al2O3 wafers [140]

[H	\	�
��������	���	/'I3	\	
(�
��
�	��
�����	�
��#��������


1.2.2 Silver nanoparticles 

 Silver nanoparticles are crystalline particles of Ag0 metal with at least one 

dimension between 1 to 100 nm.  AgNPs can have spherical, prism, cubic, or rod 

shaped morphologies.  In comparison with silver ions, the nanoparticles have longer 

lasting biocidal properties, are less prone to complexation and precipitation into forms 

unavailable to bacteria, and are easier to incorporate into matrix materials, such as 

papers, fibers, polymers, and ceramics.  The nanoparticles act as a controllable 

reservoir for silver ion release over time, which lends to the material’s reusability.  Due 

to the nanometer-sized diameters of the nanoparticles, the surface area is much greater 

than the bulk metal, and is more bio-active as a result.   
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1.2.3 Antibacterial mechanism of silver

 Silver ions and nanoparticles show a wide spectrum biocidal activity (Table 1.1).  

In diagnostic laboratories, researchers use the procedure of minimum inhibitory 

concentration (MIC) to determine microbial resistance to various antibiotic medications. 

The MIC is defined as the lowest concentration of an antimicrobial that will inhibit the 

visible growth of a microorganism after overnight incubation in a specified culture media 

Y-AZ. Silver ions and silver nanoparticles in suspension have similar MIC values, 
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however generally the MIC for silver ions is somewhat lower (Figure 1.2).  The MIC 

literature values for AgNPs in suspension are in the ppm range but vary due to 
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	-�C�	���������	��
������	���	����������	�������
�������	��	�������	 ��
���	��2
�	����	YP-Z�

Water Sourcee
Selected D

Quality O
rinking Water 
Objectives

Characteristics

Typical 
Surface 
Water

Typical 
Ground-

water

Domestic 
wastewater 

(U.S.)
Raw water 

source
Drinking 

water
Physical
Turbidity, NTU -- -- -- -- < 1
Solids, total, g/m3 -- -- 700 -- 500

Suspended, g/m3 > 50 -- 200 -- --
Settleable, mL/L -- -- 10 -- --
Volatile, g/m3 -- -- 300 -- --
Filtrable 
(dissolved), g/m3 < 100 > 100 500 -- --

Color, units -- -- -- < 150 < 15
Odor, number -- -- Stale -- < 3
Temperature, oC 0.5-30 2.7-25 2012-10-25 < 20 --
Chemical: Inorganic Maatter
Alkalinity, eq/m3 < 2 > 2 > 2 -- --
Hardness, eq/m3 < 2 > 2 -- -- --
Chlorides, g/m3 50 200 > 100 250 250
Calcium, g/m3 20 150 -- -- --
Heavy metals, g/m3 -- 0.5 -- -- --
Nitrogen, g/m3 < 10 <10 40 -- --

Organic, g/m3 5 -- 15 -- --
Ammonia, g/m3 -- -- 25 -- --
Nitrate, g/m3 < 5 5 0.5-30 -- 10

Phosphorus, total, g/m3 -- -- 12 -- --
Sulfate, g/m3 -- -- -- -- 250
pH, unitless -- 6.5-8 6.5-8.5 -- 6.0-8.5
Chemical: Organic Mattter
Total organic carbon 
(TOC), g/m3 < 5 -- 150 -- --
Fats, oil, greases, g/m3 -- -- 100 -- --
Pesticides, g/m3 < 0.1 -- 100 -- --
Phenols, g/m3 < 0.001 -- -- -- 0.2
Surfactants, g/m3 < 0.5 < 0.5 -- -- 0.5
Chemical: Gases
Oxygen, g/m3 7.5 ~7.5 < 1.0 > 4.0 > 4.0
Biological
Bacteria, MPN/100 mL < 2000 < 100 108-109 < 5000 < 1.0
Viruses, pfu/100 mL <10 < 1 102-104 -- --
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1.4.1.1 Freshwater chemical composition and terminology
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1.4.1.2 Microorganisms in freshwater		
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1.4.1.3 Indicator organisms for water quality
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1.4.2 Point-of-use water purification
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	 Examples of existing POU technologies include: chemical disinfection, filtration 

through ceramic, polymeric membranes, or granular materials, disinfection by exposure 

to sunlight or UV light, thermal treatment, coagulation, and various combination 

approaches. No single technology has been able to successfully reduce all waterborne 

pathogens Y-�	*CZ.  Different technologies can have vastly differing abilities to reduce 

pathogens, as shown in Table 1.4, where higher log reduction values correspond to a 

higher efficiency at removing pathogens Y*CZ.  The log reduction value is the difference 

of the log of the pretreatment CFU and of the post-treatment CFU, as enumerated 

through culturing methods. Additionally, the effectiveness of water treatment in the field 

is often impaired due to improper instruction or handling, which results in lower than 

expected pathogen removal.
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TABLE 1.4. Estimates of baseline* and maximum** effectiveness of POU technologies against microbes 

Y*CZ.  

Microbiological Assessmeent

EPA requirements 6.0 4.0 3.0

Filter/Method
Bacteri

Redu
ial Log 
ction

Virus
Redu

s Log 
uction

Protozo
Redu

oa Log 
uction

Diarrheal 
Reduction (%)

Baseline Max Baseline Max Baseline Max
Porous ceramic filtration 2 6 0.5 4 3 6 63
Free Chlorine (Bleach) 3 6+ 3 6+ 3 6+ 37
Solar Disinfection 3 5.5+ 2 4+ 1 3+ 31
Coagulation/Chlorination 7 9 2-4.5 6 3 5 31
Biosand Filter 1 3 0.5 3 1 3+ 47

[ Baseline refers to expected performance in actual field practice with unskilled users.
** Maximum refers to optimized performance with skilled operators.

1.4.3 Silver use in water disinfection
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1.5.1 Release of silver from nanomaterials
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1.5.2 Stability of AgNPs in aqueous systems
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1.5.3 Environmental toxicology of AgNPs
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The transport, fate, and toxicity of silver nanoparticles in aquatic environments is an 
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emerging area of environmental chemistry research.   The transport of silver 

nanoparticles has been investigated by passage of AgNPs through various porous 

media columns, which simulate soils.  Transport of AgNPs in groundwater can be aided 

by the surface coatings on nanoparticles Y--*Z.  Studying AgNPs in environmental test 

solutions has contributed to the understanding of their chemical fate in terms of 

dissolution, aggregation, deposition, and transformation processes.  The environmental 

corrosion of AgNPs could lead to an increase or decrease in the environmental toxicity 

by either releasing potent silver ions or by becoming less bioavailable through binding to 

complexing agents, such as thiosulfate compounds YCPZ. For example, in sewage 

treatment plants, nano-sized silver sulfide particles have been detected, where the 

silver is assumed to originate from AgNP products Y--FZ.   Higher rates of aggregation 

will lead to particle deposition into the sediments Y-,DZ.  The release of silver 

nanoparticles as composite colloids bound to organic binders was observed in 

weathering of exterior paints containing AgNPs Y-,AZ. Toxicity and bioaccumulation of 

silver ions, nanoparticles, and compounds are not well understood. There have been 

some reports of fish toxicity from AgNPs in fathead minnows and zebra fish embryos 

Y-C,�	-C-Z.  Other studies have shown considerable variation in toxicity and 

bioaccumulation in many species of plants and algae, with the main conclusion being 

that the toxicity results from silver nitrate more so than from other forms of silver 

compounds YCPZ. Certain bacteria, specifically Pseudomonas maltophilia, located near 

silver mine drainage areas have even shown silver resistance and bioaccumulation Y+-Z.  

Currently there is insufficient toxicity and exposure data necessary to fill the knowledge 

gap for the ‘‘source to pathway to receptor to impact’’ framework necessary for proper 

risk assessment of silver nanoparticles Y-CCZ.

1.5.4 Effects of silver on human health
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1.5.5 Guidelines for silver in water

	 The current US EPA guidelines specify the maximal level for silver in drinking 

water as 100 ppb.  This non-enforceable guideline is part of the National Secondary 

Drinking Water Regulation, which regulates contaminants that cause cosmetic or 

aesthetic effects in drinking water Y-+CZ. For silver, this guideline is based on the idea 

that if a person lives 70 years, the limit would be half the maximum daily intake needed 

to accumulate enough silver to develop argyria Y-++Z.  For the protection of aquatic 

microorganisms, the dissolved silver criterion in moderately hard freshwater is 3.2 ppb, 

and in seawater, it is 1.9 ppb Y-+DZ.  Generally, the presence of water hardness 

decreases the environmental toxicity of metal ions due to metal ion competition for 

binding sites on cell surfaces YCPZ.
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2.3.2 Preparation of silver nanoparticle (AgNP) paper

	 0
	���
��
�	��������	���
�	��

��	�A�E	��	��	A�E	���	��	C,	�3	��	����
�	������
	

���������	��	����
���������	����	,	��	-,,	�G	���	+,	�����
��		0
	�
���
�	��
	��

��	

����	��
	����
�	������
	��������	���	����
�	��
�		 ���	
������	��	�
���
	
(�
��	����
�	

������
	����	 ��	���	������
�	��	��
	�
������
	������
�		��	����	������	��
	���
�	 ��	

��
�	����
�	��	�)�
���	��I1D	���������	��������	����	-B-	��	-,B-	�����	������	��I1D	B	

���!+�	���	-E	�����
��		>���� ���	�����	��
	���
�	 ��	���2
�	��	 ��
�	���	A,	�����
��	

���	��
	
(�
��	 ��
�	 ��	�
���
�	��	������		��
	��

�	��	��	��
�	��	A,U9	���	C#+	

������	�����	��������	 ��	���
�	��	�
�����	�
����
�	��	�
�
�
��
�	YEZ	���	YPZ��	>��	

���
	
(�
���
����	��
	��������	���
�	 ��	���2
�	��
������	��	�	����
�����
�	����	

����
������	 ����	 ��	��
���
�	�
�����
���		��
	����
�����
�	����	����
�����	 ��	

�	��(���
	��	,�FE	�G	���������	������
�	,�C+	�G	����
�	������
�	���	,�C+	�G	������	

����������
�

2.3.3 Characterization 	

	 ��
	��
�
��
	��	�����	��	��
	��������	���
�	 ��	
��������
�	��	�
�������	��
	

�
��
�����
	��
����	��	��
	����	���
��	 ���	�	������
	�
��
�����
	�������
��	

�3������
�
�	;H�#9�#+,�	��	�	.<#<��	��
����������
�
�	�<�����	�9�#9���	+,,�	��	

 ��
�
�����	��	+,,	��	*,,	���		��
	�
��
�����
	 ��	�
����
�	�
�����
	��	�	

������
���������
����
�
�	�� �
�	���������		'���
�	�����������
�	���
	�	�������
������	

Bactericidal paper impregnated with silver nanoparticles for point-of-use water treatment 

46



������
	�������	�
������
	�
�2	������	D,,	��	Y-*Z�	��
	����
	���	������������	��	��
	

����
�	�����������
�	��	��
	��

�	 
�
	
(����
�	��	
�
�����	�����������		
���������	

���
�	���
��	����������	����
�	�����������
�	 
�
	�
�����
�	��	������	����
�	����
�	

�����	����	���	�

�	��
��
�	 ���	�����3#�����
��	���	����
�	 ���	�	�������	9GC,,	C,,	

2<	������������	
�
�����	���������
	��/G��		�����������
	����
�
��	 
�
	�
����
�	

���	��
��
�	����	-,,	�������
�	�
�	�����
�	 ���	��������	�
�������	����
�	�
����
��		


������	���		��������	��	��
	����	���
�	 ��	�
�����
�	 ���	�	��
��	
�������	��������	


�
�����	����������	�1������	'#DP,,	>/#'/G�		������
�	��	��	
�
���#����
����
	R#���	

��
���������	�
�
����	�/;R��

	 ��	)�������	��
	������	��	����
�	��	��
	����	���
���	 
	�
�����
�	��	����	

���
�����	��	��
	���
�	���	������
�	��
	������	��	�������
�	����
�	 ���	��	��������
��	

�����
�	������	������	
�������	��
�����
�
�	�
9�#�/'��		I��
����	�����(����
��	-,,	

��	��	���
�	���
�	 ��	�
���
�	 ���	E	�3	P,X	������	����	��	E	�3	 ��
��	��
�	����
�	�����	

��
	���
�	������
����
��		���
�	�	�
 	�����
�	��	��������	WE	�3	��	������
�	�
��(��
	

�+,X�	 ��	���
�	���	��
	����
�����	 ��	�
#����
��		���
�	��������	��
	����
�����	 ��	

����
�
�	�������	�	�����	���
�	����
�	���	��
	
����
��	 ��	�����
�	��	-,,	�3	 ���	 ��
��		

��
	����
�	����
��	��	��
	
����
��	 ��	�
����
�	 ���	
9�#�/'	�
����	��
���	M���
��	�����	

 ���	�
�	�
������
�	�
�	�����
�	���	��������	�
��������	 
�
	�
����
��
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2.3.5 Analysis for silver in effluent  
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2.3.6 Observations of bacteria morphology			
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FIGURE S2.1. SEM image of fiber surface coated with silver nanoparticles: (a) 50,000x magnification and 

(b) 100,000x magnification. (c) EDX spectra of the Ag NP paper. Samples were sputter coated with AuPd.
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3.3.2 Preparation of silver nanoparticle paper
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3.3.3 Paper characterization
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3.3.4 Bactericidal testing
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3.3.5 Analysis for silver in effluent 
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3.4.1 Paper characterization
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Heating method Reducer  Concentration (M) Synthesis time* (min) Nanoparticlee Diameter (nm)

Microwave none n/a 20 13.4 ± 10.2
Microwave Glucose 0.01 9 7.1 ± 3.2

Microwave Glucose 0.1 5 7.2 ± 2.6

Microwave Glucose 1 3 3.2 ± 1.6

Oven none n/a 8 days 5.5 ± 2
Oven Glucose 0.01 90 7.1 ± 3

Oven Glucose 0.1 75 6.9 ± 4.8

Oven Glucose 1 40 7.5 ± 2.2

n/a NaBH4** 0.26 15 7.1 ± 3.7

* Time required to generate overall yellow/orange color on the paper

** Results from Chapter 2, (Dankovich and Gray, 2011 [138])
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Precursor Ag+ ion Silveer Content (mmg Ag/g paaper)g
concentration (mM) Microowave Oven ((105°C)

1 0.5  ± 0.4 0.7 ± 0.2

5 1.4  ± 0.5 1.5 ± 0.4

10 2.4  ± 0.8 2.4  ± 0.7

25 5.2  ± 1.3 5.3  ± 1.4
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3.4.2 Effect of glucose
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3.4.3 Effect of heat source

	 ��	�������
�	����
�	��
	���
����	����� ��
	�
�����	 ��	�������
�
���	��
	

��	��
	���������	��	��������	 ��
��	 ����	�
����	��	���
	�����	��
��
������	��	����
�	

$���	�����%�		�	���
�	��

�	�������
�	 ���	��	�)�
���	������
	��������	�-G�	��� 
�	

������
�����	���
	��� ����	����	����� ��
	�
�����	����	��	����
��
�	��

�	�>����
	

+�C�T	��	�������������	 ��	���
��
�	 �
�	�	�������	������
#�������
�	��

�	 ��	���
�	��	

�	����
�������	��
��	��
	����� ��
#���
�	��

�	
����
�	�	��
�����	�����
�	�����		

=�����
	���
���
�	�����
(	�����
��&�����	�
�������	��	�
��
�����
�	��
��
�	����	

-A,U9�	�
�������	��	�����
��	��	��
�����	���������	���������	�������	�������
��	

�����
��	���	������������	Y-PZ�	��
	�������	�����
��&�����	����
�	������
	��
	�(�������	��	

Microwave-assisted synthesis of silver nanoparticles in paper

84



������
	��	��������	����	���	��
	����
��&�����	��	������
	��	�������
T	����
)�
��	

�
�������	������
	�����
�������	���	�����
��&�����	�
�������	YC,Z�	��	�
�
��	�����
�	

�����������	 
	��
�	.<#<��	��
���������	��	�
����
	��
	��
����	��	�)�
���	
(������	

����	����	���
�	��

���		��
	�� 	���
�����	 
����	�����
�	�����������	����	��	E#

������(��
�������������	�1G>��	��
	�
�
��
�	��	��
	����
	CP,#+,,	���	���	��
	2��
����	

��	�����
��&�����	���	�
	�������
�	��	��
	�
����
�
��	��	1G>	����
��������	Y-P�C-Z�	

!�
�����	��
	����� ��
#���
�	�����
�	��� 
�	�����	��
�����	����������	��
	��	�����	

��
��
�����	��	��
	����� ��
�	1� 
�
��	��
	��� �	�����
�	�����	��� 
�	��
	��
��
��	

���������
	��	��
	CP,#+,,	��	����
	�>����
	+�-,��		��
	�����
�	�
��
�	��	��
	

����
�������	��
�	���	���	��� 	���	��
����������
����	
���
��
	��	�����
��&������			

��
�
	 ��	��	��
��	��
��	���	����������	��	������
	��	����
�	����
��	���	��
	����
)�
��	

�����
�	���������	����������			

FIGURE 3.10. UV-Vis spectra of effluent water from rinsing AgNP paper with the same glucose 

concentration, 1 M, the same AgNO3 concentration, 10 mM, and varying heating conditions:  (a) heated in 

the oven at 105°C, (b) paper placed in a “hot spot” in the microwave, and (c) paper placed in a “cold spot”  

in the microwave.
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3.4.4 Antibacterial activity
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4.3.3 Characterization of AgNP cellulose films and suspensions
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4.3.4 Stability of AgNPs in cellulosic materials

	 ��	���
������
	��
	���
�����	���	����
�	�����������
	����
������	��	�
��������	

���
������	 
	��
�	��
	����	�99	�����	��	�	���
�	���
�����		>���� ���	����	

����������	��
	����	�99	�����	 
�
	
���
�	�
�	����
	��	��
	��	
(���
�	��	����	

����������		��
	����
�	 
�
	2
��	��	��
	�����	�
���	����
�	���	C�E	�
����	��
	����
�	 
�
	

���2
�	��	�	-,	�3	��������	��	-G	��9�	���	A,	�����
��	�
���
�	����	��
	����	���������	

���	���� 
�	��	���	����		'���
)�
�����	��
	�����	 
�
	�������
��&
�	���	�
�����	��	

�
�����	D�+�+�

4.3.5 Contact angle measurement
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4.4.1 AgNP characterization on cellulose substrates

	 ��
	����
�	�����������
�	 
�
	�
�����	����
�	��	��
	������
	��	��
	�99	��������
	

��	�
�������	��	����
�	����	 ���	��	
(�
��	��	������	����������
�		'���������	��
	�����	

 
�
	����
�	��	����
�����	 ���	�	�����
	����
��������	��	�99	���	�	CB-	�����	�����	��	

������	����������
	��	����
�	������
�		��
	�����	�����
�	�����	����	��������
��	 ���
	��	

�
��� J�����
	 ���	����
�����	��
������	����
�	���	����
���������	�>����
	D�C��	'������	

�����	�����
�	 
�
	���
��
�	��	����	�99	����
������	�>����
	D�C��	��
	�����	

�����
�	��	��
	�99	�����	��
	��
	��	��
	������
	�������	�
������
	�'�H�	��	����
�	

�����������
��	.<#<��	���������
	��
���������	�>����
	D�+�	����
�	���
��	��� 
�	�	

�
�2	��	DC,	���	 ����	�����	��	��
	�������
������	'�H	����
	�+F,#DC,	���	���	���
�����	

����
�	�����������
�	YC-Z�		��
	����	�99	����
������	��� 
�	�	����� 
�	'�H	�
�2	��	

+*E	��	��	������
�	��	��
	����	�99	�����	�>����
	D�+�	�����	���
���		��
	�����
�	'�H	

�
�2	��	��
	�99	����	��
����	���	�
	��
	��	��	����
��
	��	��������
�����	��	��
	

Chapter 4

111



�����������
��			��
	����
��
�	�99	�����	��	���	��� 	���	���������
	��	��
	.<#<��	

��
�����	���	����	��
	���	������
�	��	>����
	D�+�

>
=.H/	D�C�	 ��������������
	�
������
	�����	�	���	��������
�	���	����
���	���	 ���	����
�	�����������
�B	���	

-�A	��	��J	�	����		���	���	D�+	��	��J	�	�����	/���	����	��	�����(����
��	-#C	���	 ���	���
�����	����
�	��
	

��	��
	������
	�����
	��	�99	������		��
	� �	�����	�������	�99	����
������	 ���	������	 ���	��
������	

����
�	����
���������	��	C	�G	��
���	���	-,	�G	��������

Silver nanoparticle stability on model nanocrystalline cellulose surfaces

112



>
=.H/	D�+�		.<#<�����
	���������
	��
����	��	�99	�����	���	����
������	 ���	����
�
��	����
�	

�����������
	����
����	���	C	�G	��	����
������	���	-,	�G	��	����
������	���	-�A	��	��J	�	�����	���	���	

D�+	��	��J	�	�����		��
	�� 
�	���������
	�
�2�	����
�����	��	��
	�� 
�	����
�	����
����������		��
	�����	

���
	�
��
�
���	��
	����
�����	���	��
	���2
�	���
	����
��	�
��
�
���	��
	������		>���	����2�
��	��	W	-+,	

������
�
���

	 ��
	�����	����
�	��	��
	���
�	�99	�����	���
��
�	)���
	�������	��	��
	��
�	

����
�	��	�����
�	���
���	��	�
���	��	�������
	��&
�	��&
	�������������	���	����������	Y-FZ�		

'��
�����	�����������
�	 
�
	���
��
�	��	'/G	�>����
	D�D	����	���	�/G	�>����
	D�E	

�����		��
	��
���
	����
�
�	��	��
	�����	��	��
	���
�	�99	�����	 ��	E�C	a	C�D	���	��	

�
�
����
�	�������	�/G	�������	���	��������	�>����
�	D�E	���	���	D�A	�����2	�������

Chapter 4

113



>
=.H/	D�D�	'/G	����
�	��	�99	����	�����	���	��
����	��
���
��	���	����� ���	-G	��9�	���2���	���	

�������	���	���	��	��	���	����� ���	�����	C�E	�
����

Silver nanoparticle stability on model nanocrystalline cellulose surfaces

114



>
=.H/	D�E�		�/G	����
�	��	�99	����	�����	���	��
����	��
���
��	���	����� ���	-G	��9�	���2���	���	

�������		���	���	��	��	���	����� ���	�����	C�E	�
����		���
	����	��
	����
	���	��	���	��	-,,	���	 ���
	��	��	C,	

��	��	���	���	����

Chapter 4

115



>
=.H/	D�A�	�����������
	����
�
�	��&
	���������	��	����
�	�����������
�	��	�99	�����B	��
����	��
���
�	

�����2	�����	���	��
�	C�E	�
���	�����	������

4.4.2 Stability of AgNP cellulosic materials
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Influent Test Solutions Concentration(s)

Deionized water -
NaCl 0.1-1.0 M
PBS 0.14 M

LB broth 0.25-2.5%
Tryptone 1.0%

Tryptone and NaCl 2.0%
Fulvic Acid 0.1-0.5%

5.3.2 Preparation of silver nanoparticle (AgNP) paper 
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5.3.3 Bactericidal testing
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5.3.4 Analysis for silver in effluent 
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5.3.5 Characterization of AgNP papers
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Effluent Water Effluent Bacteria 
00.5 2.44 0.55 2.44

Solution mg Ag/ gg paper mg Ag/ g paper
Deionized Water 0.072 ± 0.034 0.055 ± 0.037 0.010 ± 0.008 0.015 ± 0.004
PBS 0.390 ± 0.004 0.346 ± 0.043 - - - -
Fulvic Acid 0.074 ± 0.022 0.096 ± 0.022 0.047 ± 0.034 0.181 ± 0.093
Tryptone 0.542 ± 0.265 1.640 ± 0.324 0.001 ± 0.0002 0.007 ± 0.001
LB Broth 0.197 ± 0.280 1.369 ± 0.532 0.008 ± 0.003 0.007 -

5.4.1 Impact of natural organic matter on bactericidal activity
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5.4.2 Impact of biological growth media on bactericidal activity
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5.4.3 Effect of test liquids on AgNP paper
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