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Pathogenic microorganisms must be removed or inactivated before water can be distributed as
drinking water and when discharging treated wastewater effluent to natural water bodies. It is
known that many pathogenic bacteria, such as E. coli, do not survive when they come into contact
with certain metals, such as silver and copper; this concept is applied in certain industries to make
touch surfaces resistant to microbial contamination.

The major objective of this study is to determine antibacterial activity of microstructure metal
materials with high surface area at laboratory scale. Several different metal materials were tested.
The results obtained from E. coli indicated that copper foam had the best antibacterial performance
compared with other materials. The optimum metal to water ratio was 0.85 g copper foam/100 mL
for the treatment of secondary wastewater. The leaching test indicated that the leached copper was
within the safe limit. The study suggests that copper foam has the potential to be used in water
disinfection application.
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1 Introduction
Many environmental issues have arisen as consequences of urbanization, such as surface and
groundwater pollution, waste management, natural resources overconsumption and air pollution.
(Suresh & Kumaran, 2003). Among these issues, water crisis has been one of the biggest problems
World Health Organization (WHO) and United Nations Children’s Fund (UNICEF) predict that
by 2015, 844 million people are living in an environment without access to get safe water (WHO
& UNICEF, 2011). Water also has a great impact on environment quality, industrial production
and agriculture activities. Emission of emerging pollutants, such as endocrine disrupting pollutant,
have a huge impact on the aquatic environment and living creatures (Amin et al., 2014). Crops
need irrigation from both nature sources (e.g. raining, groundwater) and artificial irrigation. And
discharged wastewater also affects the whole biosphere through the water cycle. Therefore, treated
water and wastewater quality remains a global challenge.

Disinfection is a predominating problem among water quality issues. The total coliform group
consists of many genera, such as Escherichia, Klebsiella, Enterobacter, etc. They are present in
fecal and non-fecal environments. One subset, fecal coliform, is often used as a fecal indicator
(Water and Air Quality Bureau, Healthy Environments and Consumer Safety Branch, 2016).
Escherichia coli (E. coli) also exists in all mammalian faeces (Edberg et al., 2000). As an indicator
of fecal pollution, E. coli is often used in combination with other indicators to test water quality.

At present, the main technologies for water disinfection are chemical disinfection, such as chlorine
and advanced oxidation process (AOP). Chlorine is widely used for water disinfection, and it is an
1

essential chemical in primary disinfection. The main reaction of AOP is homogeneous Fenton-like
reaction. It was initially defined as a technique for producing highly oxidizing hydroxyl radicals
(OH•) through catalyzing hydrogen peroxide. The main medias of homogeneous AOPs are
ultraviolet (UV), ozone and hydrogen peroxide. They can be combined to efficiently remove
organism compound and microorganism (e.g. UV & ozone).

However, there are many problems associated with the conventional disinfection methods.
Disinfection by-products (DBPs) is one of the main problems for chlorine system. Hypochlorous
acid and hypochlorite, the main forms of chlorine in water, can react with humic and fulvic acids
to produce halogenated organic compounds such as chlorophenol, trihalomethanes (THMs),
haloacetonitriles (HANs); volatile substances such as bromodichloromethane (BDCM),
bromoform and chloroform can also be formed (Surendhiran et al., 2017). These by-products have
been shown to be associated with reduced offspring survival, weight loss, cardiovascular, cancer
and congenital malformations of nervous system (Surendhiran et al., 2017). Many bacteria are
strongly resistant to UV irradiation. Therefore, prolonged irradiation time and high dose are needed
to achieve effective disinfection. Although ozone is a very powerful disinfectant, ozone
disinfection consumes high energy (Hodges et al., 2018). In order to reduce demands of chemical
and energy demands, and improve efficiency, alternative water disinfection technologies are
needed.

In this study, an alternative water disinfection technology is studied. Several microstructure metal
materials were tested to evaluate their disinfection performance at laboratory scale. The
2

disinfection efficiency of different E. coli concentrations was measured and compared to select the
best performing material for further testing. The selected material was then used to treat secondary
wastewater to determine the optimum metal to water ratio. Total coliform, fecal coliform and E.
coli concentrations were measured. Leaching tests were performed to evaluate if the concentration
of the metal leached out is within the safety limits.

2 Literature review
2.1 Conventional disinfection technologies
2.1.1

Chlorine-based

Free chlorine is a chemical commonly used in water disinfection. Its forms include chlorine gas,
sodium hypochlorite, chloramine and chlorine dioxide (Collivignarelli et al., 2018). Chlorine gas
(Cl2) dissolves in water to form hypochlorite and hydrochloric acid (Equation1). Hypochlorite is
partially ionized into hypochlorite ion, which is a major functional chemical to kill microorganisms
(Equation 2). Although the by-products produced by chlorine gas disinfection have been proved
to have a certain impact on human health, it is still the dominant disinfectant because of its broadspectrum antibacterial ability and low cost (Snowden-Swan et al., 1998). Residual level of chlorine
in disinfection system can assure that water is not contaminated by microorganisms. Effective
component of sodium hypochlorite (NaClO) is also hypochlorite ion. However, sodium
hypochlorite is easy to degrade and needs to be compensated this effect regularly (Shah & Qureshi,
2008). The disinfection capability of chloramines is poorer than chlorine, hence it is mostly used
for preservative and residual. The disinfection ability of chlorine dioxide (ClO2) is higher than that
of chlorine gas and chloramines, and it has strong oxidation ability. But due to extremely unstable,
3

it needs to be manufactured on site (Collivignarelli et al., 2018; USEPA, 2013). The traditional
production method can refer to Equation 3, 4, 5 (Snowden-Swan et al., 1998). Also, ClO2 shows
poorer efficiency in low pH, and it also has different disinfection activities for some different
microorganisms (USEPA, 2013).
Cl2 + H2O → HCl + HClO

(1)

HClO ⇄ H++ClO-

(2)

NaClO2 + H2O → ClO2 + NaOH + 1/2 H2

(3)

HCl + 2 NaClO2 + HOCl → 2 ClO2 + 2 NaCl + H2O

(4)

NaClO2 + 1/2 Cl2 → ClO2 + NaCl

(5)

2.2 Advanced oxidation processes
Advanced oxidation processes (AOPs) can be roughly classified into five categories: ozone-based,
UV-based, catalytic AOPs, physical AOPs and electrochemical AOPs (Miklos et al., 2018). AOPs
can also be divided into chemical, photochemical, sonochemical and electrochemical AOPs
according to different reaction types (Oturan & Aaron, 2014). Also, it is categorized by different
effective disinfectants: hydroxyl radical-based and sulfate radical-based AOPs (Deng & Zhao,
2015). Because the technologies involved are complex and diverse, the classifications of AOPs are
also different. This part reviews the widely used AOPs based on the classification of Miklos et al.
(2018).

4

2.2.1

Ozone-based AOPs

Ozone (O3) is an extremely unstable oxidant stronger than chlorine (Baruah et al., 2016). In general,
ozone generation is carried out by applying high pressure to the tube/pipeline containing filtered
dry air or pure oxygen (Equation 6), and corona discharge happens at the same time. Ozone
disinfects faster than chlorine because of its direct and rapid oxidation of cell walls or membrane
(Snowden-Swan et al., 1998). For example, ozone kills E. coli about three thousand times faster
than chlorine (Snowden-Swan et al., 1998). And compared with other treatment methods, ozone
is very effective for Giardia and Cryptosporidium (USEPA, 2013). Furthermore, ozone
disinfection does not produce toxic by-products, which makes it an ideal choice for water
disinfection. But the disadvantage is that the cost of manufacturing and maintenance is higher than
other technologies. Ozone remains in water for a very short time, thus it should be used in
combination with other disinfection methods.
3 O3 + H2O → 4 O2 + 2 OH•

(6)

If ozone is used for direct oxidation reaction, the reaction is selective (Deng & Zhao, 2015).
Ionized and dissociated organic substrates are the priority targets for ozone to react (Deng & Zhao,
2015). However, the ozonation efficiency is low. This means that the yield of hydroxyl radicals
which can effectively kill microorganisms is very small. In the presence of other oxidants, the
production of OH• will be greatly increased. O3/H2O2 (peroxone process) is a proven potable water
treatment technology. Its main reaction processes refer to Equation 7, 8, 9. There are two substrates
that can react directly with ozone. One is peroxide anion (HO2-) produced by decomposition of
hydrogen peroxide (H2O2), the other is H2O2. As a direct reaction substrate, the addition of H2O2
5

can significantly increase ozone decomposition rate and production of hydroxyl radicals. HO2- is
a conjugated base, which are directly affected by pH (Andreozzi et al., 1999). Therefore, the higher
pH, the higher production rate of OH radical existed in O3/H2O2 system. Paillard, Brunet, & Dore
(1988) found that H2O2/O3 = 0.5 and pH = 7.7 were the optimal reaction ratios for O3
decomposition and OH radical production. The results of Pisarenko et al. (2012) and Katsoyiannis
et al. (2011) on the ratio of H2O2/O3 are consistent with those of Paillard et al. (1988).
H2O2 + H2O → HO2- + H3O+

(7)

HO2- + O3 → O2- + O2 + OH•

(8)

H2O2 +2 O3 → 2 OH• + 3 O2

(9)

2.2.2

UV-based AOPs

UV light has been used in water disinfection since the 1970s (Baruah et al., 2016). UV can be
produced by low pressure (LP), low pressure high output (LPHO) and medium pressure (MP)
mercury vapor lamps, and they are suitable for conventional full-scale water disinfection (USEPA,
2013). The electrical arc will be generated after the lamp is powered on, and with the increase of
the electrical arc temperature, mercury will become vapor. When mercury vapor conducts
electricity through circuit, UV light is produced. In LP or LPHO lamps, mercury produces UV
light at 253.7 nm, low pressure and medium temperature (USEPA, 2013). DNA damage occurs in
UV-C (200-280 nm) range, and the effect is maximized at around 254 nm. In MP lamp, due to the
increase of temperature and vapor pressure, the collision probability of mercury atom becomes
higher. Therefore, it can produce broad-spectrum ultraviolet (180-300 nm) (USEPA, 2013). For
most microorganisms, UV light produced at 260 nm is the most active disinfectant. However, due
6

to technical reasons, UV produced at 254 nm has become the standard of water treatment. The
effect of UV disinfection depends on the radiation time, UV intensity and dose, and the quality of
water (Collivignarelli et al., 2018; Snowden-Swan et al., 1998; USEPA, 2013).

UV/H2O2 is widely employed in water treatment process. Water containing H2O2 is generally
radiated at 254 nm. H2O2 can be photolyzed by UV light to produce OH• (Equation 10). If the
wavelength is less than 242 nm, the photolysis of water may also produce OH• (Equation 11).
Although OH radicals are produced by this series of reactions, UV/H2O2 combination is mainly
used to treat various organic pollutants in water, such as pesticides, dyes, pharmaceuticals, etc.
(Collivignarelli et al., 2018; Schulze-Hennings & Pinnekamp, 2013). There are few reports to
indicate that presence of OH• in UV/H2O2 system have a positive effect on water disinfection
(Collivignarelli et al., 2018; Schulze-Hennings & Pinnekamp, 2013). In other words, UV/H2O2
system has little effect on microorganism. Koivunen (2007) even pointed out that this method had
antagonism on the disinfection of fecal coli group. The low molar extinction coefficient of H2O2
is the main disadvantage of UV/H2O2 (Andreozzi et al., 1999; Collivignarelli et al., 2018; Miklos
et al., 2018). Its value is ε = 18.6 M-1 cm-1 (254 nm), and the conversion of hydrogen peroxide is
less than 10% (Miklos et al., 2018). Hydrogen peroxide itself can also react with hydroxyl radicals,
so high concentration of H2O2 is not conducive to disinfection.
H2O2 + hv → 2 OH•

(10)

H2O + hv → H• + OH•

(11)

Advanced UV/O3 process has been applied in industrial water treatment to eliminate toxic or
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difficult to be oxidized organics and chlorinated organic compounds (Oturan & Aaron, 2014).
Ozone pyrolysis is triggered rapidly by UV radiation to generate H2O2 (Equation 12), and H2O2 is
radiated to produce hydroxyl radicals (Equation 13). At the same time, ozone can react directly
with hydrogen peroxide (Equation 9) to produce more free radicals. Compared with the molar
extinction coefficient of H2O2 at 254 nm, the molar extinction coefficient of O3 under the same
conditions is much higher (ε = 3600 M-1 cm-1) (Andreozzi et al., 1999). This is beneficial to the
photolysis of O3. In terms of reaction formula, many hydroxyl radicals are generated. But in fact,
due to cage recombination, only a small part of H2O2 can be converted into free hydroxyl radicals
(Miklos et al., 2018). UV/O3 had synergy on E. coli disinfection but had antagonistic effect on
bacteriophage MS2 (Fang et al., 2014).
H2O + hv + O3 → O2 + H2O2

(12)

H2O2 + hv → 2 OH•

(13)

2.2.3

Fenton and photo-Fenton

Fenton reaction is a classical oxidation reaction proposed by Fenton in the late 19th century
(Oturan & Aaron, 2014). Simply, Fe2+ is added to H2O2 in an acidic condition to produce hydroxyl
radicals. Science it was proposed, this old reaction system has been concerned and developed by
many researchers. It has been used in water treatment processes, including decolorization (e.g. C.I.
Acid Red 17, C.I. Acid Orange 8) and destruction of toxic organic compounds (e.g. herbicides,
chlorophenols, tetrachloroethylene) (Oturan & Aaron, 2014; Rahim Pouran et al., 2015). The main
principle of free radical production by Fenton reaction is shown in equation 14-20.
Fe2+ + H2O2 → OH• + Fe3+ + OH-

(14)
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H2O2 + Fe3+ → HO2• + Fe2+ + H+

(15)

Fe3+ + HO2• → Fe2+ + HO2+

(16)

OH• + H2O2 → HO2• + H2O

(17)

OH• + Fe2+ → OH- + Fe3+

(18)

HO2• + Fe2+ + H+ → H2O2 + Fe3+

(19)

2 HO2• → H2O2 + O2

(20)

The reaction is affected by many factors, including pH, temperature, catalyst concentration, etc.
(Oturan & Aaron, 2014). The most suitable reaction condition is pH 2.8-3.0, which Fe3+ can be
reduced to Fe2+ (Andreozzi et al., 1999; Miklos et al., 2018; Oturan & Aaron, 2014). However, the
rate constant of this reduction process is much smaller than that of the main reaction (Equation
14), about several orders of magnitude (Deng & Zhao, 2015). Hence, the classical Fenton process
will generate iron slag with the increase of pH value of the reaction system, which will cause
secondary pollution. Also, treated water needs to be acidified before reaction. These are the
disadvantages of the Fenton system. But even then, Fenton system is adopted by many factories
because of its no energy input, simple operation and low cost.

Photo-Fenton is a process that combines UV with classical Fenton reaction. Under the UV-VIS
light assisted condition, Fe3+ complexes can be reduced to Fe2+ to promote the Fenton reaction. At
the same time, two additional reactions (Equation 21, 22) increase the production of hydroxyl
radicals (Rahim Pouran et al., 2015). In photo-Fenton process, both iron sludge and iron
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consumption are greatly reduced (Rahim Pouran et al., 2015). However, the main disadvantage of
photo-Fenton is the strict limit of pH value and the low quantum yield.
hv + Fe(OH)2+ → OH• + Fe2+

(21)

hv + H2O2 → 2 OH•

(22)

UV/Ferrioxalate/H2O2 overcomes some shortcomings of photo-Fenton system. The complex
intermediates (e.g. Fe(OH)2+, Fe2(OH)24+) of Fe (III) are the main rate-limiting factors in Fenton
reaction (Pignatello et al., 2006). Ferrioxalate can be excited to generate quantum under UV light
irradiation, and Fe3+ can be reduced to Fe2+ to maintain Fenton reaction (Equation 23, 24, 25). This
process effectively improves the quantum yield, and ferrioxalate has a wide spectrum of UV
absorption (200-400 nm) (Andreozzi et al., 1999). But the narrow range of pH is still the main
limitation.
[FeIII (C2O4)3]3- + hv → [FeII (C2O4)2]2- + C2O4•-

(23)

[FeIII (C2O4)3]3- + C2O4•- → [FeII (C2O4)2]2- + 2 CO2 + C2O42-

(24)

C2O4•- + O2 → O2•- + 2 CO2

(25)

2.3 Engineered nanomaterials
With the development of nanoscience, nanotechnology can be used to solve some environmental
issues, including drug-resistant bacteria (Feng et al., 2017), pathogens (Amin et al., 2014),
desalination (Goh & Ismail, 2015) and solar energy application (Nanotechnology Workgroup U.S.
Environmental Protection Agency, 2005). As a method, it can help to change the properties of
materials by controlling their morphology and size, and give them different structures (Alvarez et
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al., 2018). Some special nanomaterials with unique physicochemical properties, one-dimension
nanoscale of structural unit in the range of 1-100 nm and intentionally manufactured are defined
as engineered nanomaterials (ENMs) (Yokel & MacPhail, 2011). This potential applications of
ENMs in water treatment have already been proposed (Luo et al., 2013). The more complex water
pollutants, including personal care products, toxic chemicals, pharmaceuticals etc., the traditional
water treatment technologies have been unable to fully deal with these intractable problems (Amin
et al., 2014). Novel engineered nanomaterials can improve some water treatment processes and
increase efficiency.

Generally, ENMs used in disinfection include carbon-based nanomaterial (e.g. graphene, carbon
nanotube), metal & metal oxides nanomaterial (e.g. zero valent iron, iron oxides), nanocomposites
(e.g. organic supports, inorganic supports, membrane8, magnet) and noble metal nanoparticles. At
present stage, metal engineering nanomaterials widely used include ZnO, TiO2, nAg, nFe0, Fe2O3
and Fe3O4. With the development of research, these engineered materials are combined with other
materials in different ways to give a better disinfection performance. For instance, some nanometal oxides (NMOs) are fixed on graphene or graphene oxide, which can be used to improve
adsorption efficiency (Santhosh et al., 2016) or photocatalytic self-reduction efficiency (Kemp et
al., 2013); NMOs are also added in membrane, which can optimize the performance of membrane
(e.g. enhancing the antimicrobial properties to reduce bacteria growth and hole blockage)
(Maguire-Boyle et al., 2012). In addition to binding with inorganic substances and membranes,
NMOs can also be combined with nanometals. For example, the disinfection rates of Ag/TiO2 and
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Cu/TiO2 composites to E. coli were tested by photoelectrochemical test (World Health
Organization & UN-Habitat, 2018).

2.3.1

Cu and CuO nanomaterials

Table 2.1 summarizes some common synthesis methods and properties of Cu/CuO nanomaterials.
As shown in Table 1, copper (II) oxide nanomaterial can be synthesized independently. That is, it
can be synthesized without adding stabilizers. On the contrary, it is difficult to synthesize pure
copper nanoparticles/nanomaterials because copper is easy to be oxidized and agglomerated
(Usman et al., 2013). Hence, Cu NPs and stabilizers (such as polymer matrix and surfactant) are
usually combined to form copper nanocomposites. For instance, Cu NPs were embedded in
polyvinylmethyl ketone, polyvinylidene fluoride, polyvinyl chloride and chitosan (Cioffi et al.,
2005; Usman et al., 2013; X. Zhang et al., 2018), and these composites are also antimicrobial.
Another way of synthesis Cu ENMs/NMs is to incorporate copper or copper oxide nanomaterials
into other materials to intensify the disinfection performance. For example, impregnating
antibacterial carbon nanotubes (CNTs) with copper nanoparticles acid solution49, growing CuO
nanowires on reduced graphene oxide (rGO) to enhance photocatalysis activity50 and adhering Cu
NPs to the surface of polyamide RO membrane to functionalize RO membrane (Ben-Sasson et al.,
2014).

Copper or copper oxide particles (Cu NPs, CuO NPs) in these nanomaterials are generally
spherical, ranging in size from 2 to 300 nm. Particle size plays a crucial role in antimicrobial
activity. It directly affects the specific surface area-to-mass ratio and surface area-to-volume ratio;
12

thus, it affects the number of active sites. Commonly, small metal nanoparticles have strong
bactericidal effect. Cu NPs or CuO NPs are synthesized in various ways, and the preparation
methods can lead to their different morphologies (e.g. sphere, rod, wire, plate-like, grain). Also,
Physical and chemical factors such as temperature, pressure, and stabilizer and capping agent
concentration directly affect shape and size of metal nanoparticles. In some studies, with the
increase of stabilizer concentration, the size of Cu NPs became smaller, and distribution of
particles was more even (Usman et al., 2013); Cu-PVNK, Cu-PVC and Cu-PVDF have different
nanoparticles loading due to adding different stabilizers (Cioffi et al., 2005).

Table 2.1: Summary of synthesis methods and properties of some Cu and CuO nanomaterials

Nanomaterial
Cu NPs-polymer
matrix composites

Cu NPs

Synthesis
method
Electrolysis

Properties

Ref.

Spherical, core diameter:
3.2 nm (standard deviation:
1.6 nm), hundreds of
nanoparticles form clusters
(50 nm dispersed into
polymer matrix)

(Cioffi et al., 2005)

Chemical
reduction

Face centered cubic
structure

(Ramyadevi et al.,
2012)
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Cu NPs-chitosan

Wet chemical
processing

Cu NPs size:
0.05wt%: 50-300 nm;
0.1wt%: 50-270
nm;0.2wt%: 2-50 nm;
0.5wt%: 2nm.

(Usman et al., 2013)

The color of Cu NPs: from
light brown to deep red
(depends on the
concentrations of
dispersant)
Cu NPs-chitosan: green

Cu clusters

Thermal
reduction;
Sonochemical
process

CuO NPs

Laser ablation

CuO NPs

So-gel
processing

CuO NM

Wet chemical
processing;
hydrothermal

Spherical, rod-shaped or
cylindrical
Particle size: 50-70 nm
(sonochemical); 200-250
nm (thermal)
Morphology：dense, sharp
faces (thermal); porous
(sonochemical)
Spherical, diameter: 8-35
nm (spherical); 5-40 nm
(round)
Hexagonal, monoclinic, and
rhombohedral, particle size:
29.11 ± 1.61 nm
No PEG surfactant:
i)CuO 75: spherical,
diameter < 50 nm, more
aggregates ii)CuO 100:
elongated, lees aggregates
iii)HYD 100: nanoplate,
100 nm length
PEG:
i)CuO 75: rice grain-like
shape ii)CuO 100,
nanoneedle-like structure,
length > 300 nm, width
about 50 nm.
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(Dhas et al., 1998)

(Khashan
2016)

et

al.,

(Azam, Ahmed,
Oves, Khan, Habib,
et al., 2012)
(Ananth et al., 2015)

CuO NPs

Wet chemical
processing

Spherical: 33.2 ± 6.18 nm

(Laha et al., 2014)

Sheet:
257.12 ± 13.6 × 42 ± 5.10
nm

2.3.2

Ni and NiO nanomaterials

For the application of nickel nanoparticles/materials in water disinfection, it is reported that nickel
nanoparticles can produce singlet oxygen under UV radiation and have significant antimicrobial
activity at same time (Choi et al., 2010; W. Zhang et al., 2013). It provides scientists with an idea
of using nickel nanomaterials. Table 2.2 exhibits some common synthesis methods and properties
of Ni/NiO nanomaterials. Although there are not many reports about synthesis methods and
application of nickel nanomaterials in water disinfection, some methods are consistent with some
synthesis methods of Cu/CuO NPs and MgO NPs. Ni and NiO NPs have various shapes such as
non-sphere, sphere and flake-like. Average particle diameter is 8-65 nm.

Nickel nanomaterials are often used to improve disinfection performance of other materials,
especially those with photocatalytic properties. Ni or NiO is often doped with titanium dioxide
(TiO2) or other photocatalytic materials to ameliorate photocatalysis rather than used alone. TiO2
has been widely studied and applied due to photocatalytic disinfection activity, but its efficiency
is low (H. M. Yadav et al., 2014). Nickel, a transition metal dopant, can effectively reduce the
recombination of electron-hole pairs and greatly improve the photoinactivation of TiO2 (Khojasteh
et al., 2016; C. Sun et al., 2010). It is generally believed that TiO2 modified by transition metals
can act on electron or electron-hole pairs, thus light absorption and activity can possibly be affected
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(C. Sun et al., 2010). NiO is also proved that it is able to perform antimicrobial activity without
UV radiation (Pang et al., 2009). The disinfection effect of Ni/NiO NMs used alone may not be as
efficient as that of other metals (e.g. Ag, Fe, CeO2), but it can be added to other metal
nanomaterials as an effective intensified component.

Table 2.2: Summary of synthesis methods and properties of Ni/NiO nanomaterials

Nanomaterial
Ni-TiO2
Ni-TiO2

NiO nanotube

Synthesis
method
Sol-gel
processing
Sol–gel
processing

Wet chemical
processing

Properties

Ref.

Yellowish, uneven and nonspherical particles, size: 810 nm
Particle sizes of Ni-doped
TiO2 sample: 1) 5% Ni: 55
nm; 2) 20% Ni:
homogeneous spherical, 65
nm

(H. M. Yadav et al.,
2014)

Final product size: spherical
particles about 25–30 nm in
diameter
Average inner diameter:
200 nm.

(Khojasteh
2016)

et

al.,

(Pang et al., 2009)

Surface is very rough. Porous
hollow nanotube.
NiO-TiO2

Graphene-NiO
nanocomposite

Wet chemical
processing;
ammonia‐
evaporation‐
induced
synthetic
method
Wet chemical
processing

No NiO particle data.
Thickness:
2.66 nm

(Karunakaran et al.,
2011)

Diameter: 23.1 nm
Surface area: 65.3 m2/g
Flake-like NiO composed
by many particles, graphene
sheet
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(Arshad et al., 2017)

2.4 E. coli disinfection performance of Cu, CuO, Ni and NiO nanomaterials
E. coli is commonly selected as the target of most disinfection experiments. Table 2.3 summarizes
some experiment results about killing E. coli by metal nanoparticles or nanomaterials. Due to
different material, microorganism dosage, NPs or NMs dosage and treatment duration, the results
are diverse and difficult to be evaluated directly. However, some factors affecting the experimental
results can still be discussed in the same experiment.

Table 2.3: The disinfection performance of killing E. coli

Nanomaterial

E. coli
dosage

Cu NPs1 mL
PVMK, Cu
organism
NPs-PVC, Cu broth
NPs-PVDF

NPs/NMs
dosage

Duration

Result

Ref.

Thin films

24 h incubation

Normalized
CFU% of
PVMK: 0.01

(Cioffi et al.,
2005)

Cu NPs

50 μL, 104 50 μL
cells/mL

37 ℃, 24 h
incubation

Inhibition
zone: 26 ±
0.985 mm

(Ramyadevi
et al., 2012)

CuO NPs

0.2 mL, 5
× 107
cells/mL

0.5 mL,
400, 600,
1000
μg/mL

37 ℃, 24 h
incubation

Inhibition rate
at
concentration
1000 μg/mL:
38.9%

(Khashan et
al., 2016)

CuO NPs

100 μL，
106
CFU/mL

100 μL
(50μg) for
each of five
wells

37 ± 2 ℃,
overnight
incubation

Inhibition
zone: 15 mm

(Azam,
Ahmed,
Oves, Khan,
Habib, et al.,
2012)
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100 μL,
106
CFU/mL

100 μL
(50μg)

CuO NMs

100 μL,
107
CFU/mL

10 μL, 10
mg/mL

37 ℃, 24 h
incubation

Inhibition
zone: CuO 75:
1.5 mm; CuO
100: 1.6 mm;
HYD 150: 2.6
mm

(Ananth et
al., 2015)

CuO NPs

4 mL, 107
CFU/mL

0 mg/mL0.4 mg/mL
dissferent
shaped
CuO NPs
for every
sample,
respectively

37 ℃, 24 h
incubation,
recorded OD at
600 nm

Sphere CuO
NPs
concentration
from 0.160.20 mg/mL
completely
inhibited E.
coli; 0.28
mg/mL
nanosheet can
inhibit E. coli

(Laha et al.,
2014)

Fe3O4 @ C @
MgO-Cu

150 mL, 1
× 105 to 2
× 105
CFU/mL

312.5 mg/L

Within 60 min

CuO NPs

35 ± 2 ℃, 24 h
incubation

Inhibition
zone:
400 ℃: 20
mm; 500 ℃:
17 mm;
600 ℃: 15
mm; 700 ℃:
14 mm

Fe3O4 @ C @
MgO-Cu-1.5:
log(N/N0) = 2.02 (99%
killing rate)
Fe3O4 @ C @
MgO-Cu-1.5
is optimal
composite
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(Azam,
Ahmed,
Oves, Khan,
& Memic,
2012)

(X. Zhang et
al., 2018)

Ni-TiO2 NPs

1 × 106
1 mg
CFU ml, 5
mL

5h

For Ni3-TiO2:
after 5 h, log
(CFU/mL)
=0.9

(H. M.
Yadav et al.,
2014)

NiO-TiO2

50 mL,
Catalyst
log
loading is
(CFU/mL) 0.020 g
=13

30 min, W‐lamp
illumination: light
intensity=1650
W/m2. Natural
sunlight: solar
irradiance=∼1000
W/m2,
illumination cross
section=11.43
cm−2.

Tungstenlight: log
(CFU/mL)
changed from
13 to 3

(Karunakaran
et al., 2011)

37 ℃, 24 h
incubation,
recorded OD at
600 nm for 24 h

Killing rate:

GrapheneNiO

5 mL LB
medium +
100 μL
inoculum

10 mg/mL,
200 μL

Sunlight: log
(CFU/mL)
changed from
13 to 5

NiO: 39.9%;
Ny (100 mg
graphene
loading):
92.9 %; Nz
(300 mg
graphene
loading):
100% killed
after 2 h.

(Arshad et
al., 2017)

Cioffi et al. (2005) embedded Cu NPs with a diameter of 3.2 nm (± 1.6 nm) into three different
polymer matrixes (PVMK, PVC, PVDF), and disinfection performances were tested. The results
showed that Cu NPs-PVMK (particle size: 4.6 ± 1.8 nm) had the best bactericidal effect (killed
99.99% in 4 h) on E. coli compared with Cu NPs-PVC (4.6 ± 1.9 nm) and Cu NPs-PVDF (5.3 ±
2.5 nm). Under the same experimental condition (colloidal solution concentrati, E. coli
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concentration, Cu NPs concentration, Cu NPs size and morphology), different colloidal solutions
affect the size of nanocomposite particles, which directly affects the disinfection activity.

Azam, Ahmed, Oves, Khan, Habib, et al. (2012) evaluated the antimicrobial property of different
shapes of CuO NMs. Three different morphologies of CuO NMs were prepared: CuO 75 (sphere),
CuO 100 (nanoneedle-like) and HYD150 (nanoplate). After treating E. coli with the same amount
of nanomaterials, HYD150 exhibited the highest disinfection efficiency after 24 h. The inhibition
zones of three CuO NMs are 2.75 nm (HYD 150) and 1.5 nm (CuO 75, CuO 100). The
experimental results indicated that plate-like CuO NMs killed microorganisms more effectively
than needle-like and rice grain-like CuO NMs under the same treatment conditions. Laha et al.
(2014) synthesized two different shapes of CuO NPs: sphere and nanosheet. These two
nanoparticles were used to test the disinfection efficacy. The results showed that spherical CuO
NPs have better disinfection performance on Gram-negative bacteria.

In Azam, Ahmed, Oves, Khan, & Memic's (2012) study, 20, 21, 25, 27 nm nanoparticles were
synthesized by wet chemical annealing at 400, 500, 600 and 700 degrees, respectively. And these
nanoparticles were used to do anti-E. coli test. CuO NPs prepared at 400°C were found to have a
remarkable inhibitory property. In the anti-E. coli results of CuO NPs, the maximum inhibition
zone (20 mm) appeared in the plates of CuO NPs annealed at 400°C, which was the same result
with tetracycline. The results exhibit that under the same experimental conditions, the
antimicrobial activity is related to the nanoparticle size, namely, CuO NPs disinfection
performance is size-dependent. Interestingly, another study done by the same research team also
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demonstrated that the disinfection activities of CuO NPs are size-dependent. In the previous study,
particle size of the smallest monoclinic structure CuO NPs is 20 nm. In this study, a monoclinic
structure of CuO NPs with particle size of 29.11 ± 1.61 nm was synthesized (Azam, Ahmed, Oves,
Khan, Habib, et al., 2012). The treated conditions of the two experiments were same (100 μL, 106
CFU/mL E. coli dosage, 50 μg CuO NPs, 35 ± 2 ℃, 24 h incubation), but disinfection results were
different. The inhibition zone of the former is 20 mm, and that of the latter is 15 mm. Obviously,
CuO NPs with smaller particle size produce larger inhibition zone.

Compared with other common materials (e.g. Ag, ZnO, etc.), Ni/NiO have relatively low
bactericidal activity, and Ni itself is toxic. Therefore, they are mostly used in the synthesis of
composite nanomaterials. Yadav et al. (2014) studied the effect of different Ni doping on the
bactericidal activity of Ni-TiO2. 1 mol%, 2 mol% and 3 mol% of Ni were doped into the same
amount of TiO2 nanoparticles separately. After the same treatment with E. coli samples, Ni-TiO2
(3 mol%) exhibited higher photocatalytic bactericidal activity than other Ni-TiO2 NMs. Arshad et
al. (2017) added different amount of graphene to prepare graphene-NiO composites. And
composite with 300 mg graphene adding has the optimal disinfection performance-E. coli were
completely killed by it in 2 h. For Ni/NiO nanomaterials, obviously, they are often used to improve
the photocatalytic efficiency because additional energy level can be provided by Ni/NiO and thus
reduce energy required for electrons from valence band to conduction band. TiO2 photoexcitation
needs light energy higher than 3.2 eV, which means TiO2 can only be excited by UV light but not
by most visible light (Fu et al., 2012). And TiO2 materials have problem of high electron-hole
recombination rate (H. M. Yadav et al., 2014). Therefore, Ni/NiO nanomaterials are often used to
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intensify the photocatalytic performance of TiO2. On the other hand, NiO cannot be used as an
effective photocatalyst because of its wide band gap (Arshad et al., 2017). Therefore, graphene
with excellent conductivity is selected to adjust the band gap energy of NiO nanomaterials to
improve photocatalytic activity.

2.5 Hypotheses of disinfection mechanism
2.5.1

Reactive oxygen species production and oxidation reaction

The underlying antimicrobial mechanism of metal materials is undetermined. Reactive oxygen
species (ROS)-mediated oxidative damage in cells is a widely recognized and wide-discussed
potential bactericidal mechanism. It is based on the Fenton reaction and the Fenton-like reaction.
Fenton reaction is a free radical production reaction driven by Fe2+ reacting with molecular oxygen
(e.g. H2O2, O 2 · -) to produce free radicals, namely, Fe-catalyzed autoxidation (Equation 26, 27,
28). The hydroxyl radicals (OH•) produced by Fenton reaction can also react with other biological
molecules to form different types of free radical (Equation 29, 30, 31) (Hodges et al., 2018). These
free radical series can cause protein oxidation, DNA degradation and polysaccharides and lipid
peroxidation. Fenton-like reaction is considered as a free radical chain reaction catalyzed by other
metal ions (Cu (II), Cr (VI), Co (II), etc.) (Chatterjee et al., 2014), and the process is similar to
Fenton reaction. It is triggered by by-products of aerobic respiration (e.g. H2O2, O 2 · -) and other
metal ions in microorganisms.
Fe2+ + H2O2 → Fe3+ + (OH)- + OH·

(26)

H2O2 + Fe3+ → Fe2+ + HO2· + H+

(27)

Fe3+ + HO2· → Fe2+ + O2· + H+

(28)
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RSH + OH· → H2O + RS·

(29)

(R)3CH + OH· → H2O + (R)3C· + H2O

(30)

(R)3C· +O2 → (R)3COO·

(31)

However, hydroxyl radicals produced by Fenton reaction usually effectively work below pH 4
(Hodges et al., 2018), which means that the pH of water/wastewater need be reduced before going
to Fenton reaction system. This makes the reaction conditions harsher. Heterogeneous Fenton
reaction based on transition metal oxides as catalysts can effectively break this restriction. For
example, Fe3O4 can be effectively catalyzed in a wide pH value 2-9 (W. Wang et al., 2013). SilcaAgNPs can keep the action rate unchanged in a broad range of pH 2-9 (Das et al., 2013). This may
explain the occurrence of Fenton reaction or Fenton-like reaction in non-acid environment.

2.5.2

[4Fe-4S] protein clusters

The theory that some metals prefer to act on [4Fe-4S] protein clusters can explain the ROS
production by Fenton-inactive metals (e.g. Ag, Hg, Cd) (Hodges et al., 2018; Xu & Imlay, 2012).
[4Fe-4S] is a solvent-exposed protein cluster from dehydratase-lyase family, and it contains free
ion which can take part in Fenton reaction freely (Brzóska et al., 2006; Touati, 2000). Some studies
have shown that many metals act primarily on [4Fe-4S] to destroy proteins (Xu & Imlay, 2012;
Macomber & Imlay, 2009), thereby releasing Fenton-active iron into the cytoplasm. This reaction
causes additional Fenton reactions and increases ROS levels. Other Fe-containing proteins may
suffer the same attack, thus releasing iron ions.
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2.5.3

Cell membrane/wall change

Some studies have shown that cell membrane potential plays an important role in some stages of
cell division (Chimerel et al., 2012; Strahl & Hamoen, 2010). Research points out that membrane
potential can affect the distribution of several conserved cell division proteins (e.g. MinD, MreB,
FtsA) (Strahl & Hamoen, 2010). The functions of MinD, MreB and FtsA are septum positioning,
cytoskeleton and cell division, respectively. Before proton motive force (pmf) dissipating, the
localizations of MinD, MreB and FtsA were polar, helical clustering and septal, respectively; after
pmf dissipating, MinD, MreB and FtsA lost membrane binding, helicity and septal localization,
severally (Strahl & Hamoen, 2010). Also, the membrane potential change of E. coli was also
measured by another study. The membrane potential of untreated E. coli was −184.5 (±12) mV.
After cell treating with 7.5 μg mL−1 Cu NPs, it changed to −76.5 (±9.5) mV (Chatterjee et al.,
2014). Moreover, the cell morphologies of E. coli and S. aureus treated by CuO NPs are
significantly changed, and it is obvious to see that some CuO NPs accumulated on cell
membrane/wall (Applerot et al., 2012).

Except changes in protein function caused by cell membrane potential changes, physical damage
of cell membrane is also a possible mechanism. It was pointed out that MgO NP can attach to cell
membrane and bind with phosphate, hydroxyl and carboxyl groups, thus changing the membrane
elasticity (Leung et al., 2014). This process directly leads to physical damage of cell membranes.
Reduction of outer membrane components and proteins involved in lipid metabolism in cell can
make cell membranes fragile (Leung et al., 2014). In this study, even though ROS production and
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oxidative stress were not observed, MgO NP still showed strong antimicrobial activity.
Abrasiveness of MgO NP also contributes to the physical damage of cell membranes.

2.5.4

Functional biomolecule dysfunction

Metal ions leached from metal nanoparticles/materials also have effects on functional biomolecule.
The catalytic sites of some proteins and enzymes are metal ions. Sometimes, external metal ions
interfere with these proteins or enzymes to obtain the correct metal cofactors. For example, Co ion
can capture the site of Fe ion on Fe/S protein cluster (X. Sun et al., 2013). Pb2+ and Hg2+ inhibit
SW3 β-carbonic anhydrase activity, and Zn2+, Fe3+, Co2+ and Cu2+ can enhance enzyme activity
(Ramanan et al., 2009). Also, some biomolecules may bind to metal ions/ion compounds which
have highly similar structures to the correct metal cofactors. These incorrect analogues are highly
to lead functional biomolecule dysfunction.

These physical and biochemical changes may result in impaired membrane or protein function,
and it inhibit microorganism growth.

2.6 Microstructure metal materials
Some of common application of metallic materials so far are incorporated into membranes or filter
papers in the form of particles to improve the structure and properties of materials, for example,
enhancing the adsorption effect, and preventing the fouling or membrane pollution
(Sheikholeslami & Bright, 2002; Tian et al., 2011; Wu et al., 2015). Unlike conventional metallic
materials, microstructure metal material (e.g. copper foams) is a new kind of multifunctional
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material with a large number of connected or unconnected holes evenly distributed in the copper
matrix. This structure has high (95%) porosity, which minimizes pressure losses as water travels
through it, while having high surface area for effective contact between the alloy and the flowing
water. It is also metallurgically stable and resists dissolution in water. These properties should
allow the development of a continuous flow-through bed treatment system that can be small and
long lasting, while having little impact on water flow. However, its applications in water
disinfection is limited with only handful of preliminary studies. Yue et al. (2019) modified copper
foam with silver nanoparticles and copper nanowires to test disinfection effect, and the killing rate
of E. coli can reach 97.77% after applying electric field. Similarly, Wang et al. (2020) modified
copper foam with Cu2O nanowires and silver nanoparticles covered with carbon layer. Under the
condition of 104 CFU mL-1, 1200 mL min-1 at 10 V voltage, the killing rate of E. coli can still reach
99%.

3 Materials and methodology
3.1 Materials properties
The nickel foam and copper foam material were supplied by Cnem Corporation. The surface area
and pore size of copper foam were 0.2 m2/g and 110 ppi (pores per linear inch). For the nickel
foam, the surface area and pore size were 0.1 m2/g and 90 ppi. Fig 3.1 shows the microstructure
of copper foam and nickel foam observed by using a digital microscope (VHX-5000, Keyence).
Both of these materials are mesh structure with high porosity. The copper mesh for household
usage was supplied by Bird B Gone, and the surface area of copper mesh is 0.0027 m2/g. The
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porosity of copper mesh was undetermined, but it can be visibly seen from Fig 3.2 that it is lower
than the foam structure.

Figure 3.1: Microstructure image of a) copper foam and b) nickel foam

a)

b)
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c)

Figure 3.2: Metallic materials image of a) copper foam, b) nickel foam and c) copper mesh

3.2 Microorganism culture preparation
E. coli CMF-Sh1 strain (ATCC® 43651™) was purchased from American Type Culture Collection
(ATCC). The E. coli strain was activated by inoculating into autoclaved agar medium (supplied
by Fisher Scientific) and incubating under 37± 2 ℃ for 24 hours followed the ATCC® bacterial
culture guide (ATCC, 2013). The E. coli concentrations recorded from around the world were
summarized and classified into three levels: low concentration (Boutilier et al., 2009; Wen et al.,
2004), middle concentration (Lazarova et al., 1999; Pérez et al., 2010), and high concentration
(Le-Thi et al., 2017; N. Wang et al., 2007). The dosage of the bacterial stock solution was adjusted
to achieve low concentration (102-103 CFU/mL), medium concentration (103-104 CFU/mL) and
high concentration (106-108 CFU/mL) in 300 mL autoclaved Milli-Q water. The samples prepared
with Milli-Q water were used for metal selection experiments in the lab-scale.
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3.3 Wastewater samples preparation
Wastewater samples were collected from the City of Guelph Wastewater Treatment Plant (WWTP)
secondary effluent on the day of the experiment. The secondary effluent had passed through a
pump station, screen, grit chamber, primary clarifier, aeration tank, and secondary clarifier before
collecting. The secondary wastewater contained an average concentration of total coliform, fecal
coliform, and E. coli at 621 ± 173 CFU/mL, 82 ± 28 CFU/mL, and 111 ± 23 CFU/mL,
respectively. Water samples were stored in a cooler at a temperature of 1 - 4℃ during transition to
the laboratory. The samples prepared with wastewater were used for lab-scale optimization
experiments.

3.4 Experiment design
3.4.1

Metal selection

Nickel foam, copper mesh, and copper foam were cut and rolled up to a set of cylinders with
increasing diameters to fill three 600 mL beakers. The weight of the three materials was constant
at 5.5 g. The three layers were stabilized by thin copper wire to keep the equal distance between
each other and avoid floating. An air pump (Tetra 77847) was applied during experiments to
achieve aeration and agitation. The experiments were conducted under normal room temperature.
The control group, copper foam group (CF), copper mesh group (CM), and nickel foam group (NF)
were set in the uniform beakers, respectively. Fig 3.3 shows a visualized illustration of the batch
scale experiment setup. 300 mL Milli-Q water with different E. coli concentrations were treated
by different metal materials. The processed water samples were collected at 0 hour, 0.5 hour, 1
hour, 2 hours, 3 hours and 4 hours after the experiment started. The metal selection experiments
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were conducted in triplicate for comparing the bactericidal performance of different metal
materials and selecting the suitable metal material for ratio optimization.

Figure 3.3: The lab-scale experiment set up

3.4.2

Ratio optimization

The metallic material selected from metal selection experiment was used in the ratio optimization
experiment. Optimization experiment set up was same as metal selection experiment (Fig 3.3), and
Milli-Q water samples contained E. coli were replaced by secondary wastewater samples in
experiment. The metal material weight was fixed at 5.5 g with adjusted wastewater volume in the
range from 550 mL to 2000 mL. The ratio optimization experiments were organized in triplicate
in order to investigate how to treat the most wastewater with the least materials and achieve high
killing rate at the same time.
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3.4.3

Leaching test

The leaching test was conducted by ICP-MS NexION 2000 (PerkinElmer). Water samples were
collected and autoclaved after a four-hour treatment procedure with metallic materials. 1 mLautoclaved samples were filtrated by the syringe filtration (Thermo Fisher Scientific, 13100112)
and diluted with 1 mL nitric acid solution and 0.01 mL internal standard (10 mg/kg Indium
solution). Then, the diluted sample was titrated with Milli-Q water to 100 mL. The prepared
samples were then analyzed by ICP-MS.

Seven nickel and copper standards which the concentrations were ranged from 0.01 µg/kg to 20
µg/kg were prepared respectively for calibration purposes. The internal standard was added to each
standard and sample for variability correction. The correlation coefficients of all linear calibration
curves are greater than 0.995 to ensure the calibration quality. In order to better reflect the accuracy
of the experiment, the analyses were conducted in triplicate. Between each batch of 10 samples, a
solvent blank and a median concentration of standards were reanalyzed to check the reproducibility
and contamination.

3.4.4

Effect of copper ions

Metal selection and ration optimization experiments indicate that copper foam is effective inhibitor
of bacteria growth. It is interest to gain some insights into the mechanism by which microbes were
killed. Based on the previous experiments, copper ion presented in water could be considered to
be the most vital factor that initiates microbial decay. Therefore, copper ions solutions were
prepared, and their disinfection performance were tested and compared with that of copper foam.
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There are two experimental groups. Each group has four experimental settings. The 300 mL MilliQ water samples with low E. coli concentration (102 CFU/mL) was applied to one group. And 300
mL Milli-Q water samples with high E. coli concentration (106 CFU/mL) was applied to another
group. 5.5 g copper foam was used to treat water samples. The low copper ion concentration
dosage is 2.5 μg/L. The high copper ion concentration dosage is 2 mg/L, which is the maximum
acceptable concentration of copper in drinking water. Experiment was conducted under room
temperature for 4 hours. Tested samples were collected at 0 hour, 0.5 hour, 1 hour, 2 hours, 3 hours
and 4 hours, respectively. The bacteria detection method was same as metal selection and ratio
optimization experiment. DO, OD and pH were also detected.

3.4.5

Result analysis methods

The membrane filtration technique was adopted from the procedure outlined in the EPA Method
9132, Method 1603 and Method 1604 (U.S.EPA, 1986)(U.S.EPA, 2002a)(U.S.EPA, 2002b) for
trapping total coliform, fecal coliform, and E. coli. The subsequent enumeration was conducted by
cultivation on different mediums. Millipore membrane filters with 0.45 μm pore size, Membrane
Endo Agar (M-Endo), Membrane Fecal Coliform Agar (MFC), and Plate Count Agar (PCA) were
purchased from Fisher Scientific. Plates were prepared for numerating total coliforms, fecal
coliforms, and E. coli. The filters with trapped bacteria were placed on Petri dishes containing a
layer of the respective mediums. The inoculated Petri dishes were then separately incubated at
37 ℃ and 44.5 ℃ for 12 hours to generate countable plaques. The detection limitation for
wastewater samples was 10 CFU/mL for total coliforms and 2 CFU/mL for fecal coliforms and E.
coli. When simulating samples, the detection limit was changed according to the different bacterial
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concentrations. The killing rate was calculated by Equation 32. Cin is the concentration of bacteria
in 0 hour, and Ct is the concentration of bacteria in the time of collecting water samples.
Killing rate =

234 5 26
234

× 100%

(32)

Furthermore, all the samples were monitored for pH, dissolved oxygen (DO), and optical density
(OD) throughout the experiments. DO value is an important parameter to measure water quality
because it affects the organisms living in the water (USEPA, 2016). Dissolved oxygen is needed
for the growth of microorganisms such as bacteria and fungi. These microorganisms use it to
decompose organic matter. The OD value of microorganism is a very important parameter to
measure the density or biomass of bacteria. It can reflect the growth state of microorganism, and
proliferation can be quickly determined. pH is one of the significant parameters of water quality,
which affects many water treatment processes. pH is closely related to the disinfection by-products
formed in the treatment process and the metals leached in the distribution system. Generally, the
pH range in the water supply system also meets the conditions for microbe growth. Therefore, pH
needs to be detected throughout the water treatment process as well as in the distribution system
(Toft & Malaiyandi, 1984a). All the readings of microbial counting, pH, DO and OD were taken
in triplicate, and the averages were presented in this study to avoid the human reading error.

3.4.6

Statistical analysis methods

Taguchi static design (Minitab® 17, Minitab LLC.) was chosen to estimate the effects of factors on
the response mean and variation. The orthogonal array results can be used as a guide for the ratio
optimization experiment. In metal selection experiment, killing rate as response data, and three
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control factors were selected to study the effect on response: retention time, materials and E. coli
concentrations. Retention time has 6 levels, and materials and E. coli concentration have 3 levels,
respectively. Each factor and its levels (Table. 3) are used for orthogonal design according to the
mixed level design of L18 (6^1 3^2). The optimal control factors settings would be presented in
response table and main effect plot. In addition, the P-value between each factor and response were
also calculated at the same time.
Table 3.1: Three control factors set up

Factors
A
B
C

Name
Time
Materials
E. coli concentration

Level values
0, 0.5, 1, 2, 3, 4
NF, CM, CF
Low, Medium, High

Level
6
3
3

SPSS® IBM® was chosen to analyze the Pearson correlation coefficient (R-value) and P-value
between DO, OD, pH versus retention time of finally selected material’s water samples. R-value
is mainly used to measure the linear relationship strength between two variables. -1 to 1 is the
range of linear relationship coefficient. P-value is used to assess whether the association between
the response and each control factor is statistically significant. A significance level (α) was defined
as 0.05, and association is statistically significant when P-value ≤ 0.05.
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4 Results and discussion
4.1 Metal selection
The killing rates of different treatment groups were observed under three different levels of
bacteria concentration: low concentration level, medium concentration level and high
concentration level, and the results were shown in Fig 4.1, Fig 4.2, and Fig 4.3, respectively.
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Figure 4.1: Killing rates of different treatment groups under low E. coli concentration condition
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Figure 4.2: Killing rates of different treatment groups under medium E. coli concentration condition
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Figure 4.3: Killing rates of different treatment groups under high E. coli concentration condition
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The initial bacteria count of the low concentration group was at 190 ± 10 CFU/mL. The death
trend of control group bacterial was also added for comparison, and it had a significant decreasing
tendency with time, which was due to the sample being prepared with autoclaved Milli-Q water
without any nutrients or other substances to support bacteria growing. The broth in stock was
highly diluted in such a low concentration of bacteria, therefore, E. coli could not grow normally.
It is obvious that the rate of bacterial death was accelerated after three kinds of metal materials
participated in the disinfection activities at low bacterial concentration. The killing rate change
tendencies of the three materials is almost the same in 4 hours. The disinfection rate of all materials
can reach nearly 100% in 0.5 hour.

In medium E. coli concentration experiment, the average initial E. coli concentration was 3,400 ±
200 CFU/mL. The control group bacterial concentration kept a near stable level during the
experiment, and the range is from 3,200 to 3,697 CFU/mL. With higher concentration, the
disinfection performances of different materials were slightly different at 0.5-hour retention time.
The average killing rates of nickel foam, copper mesh and copper foam at 0.5 h were 77.69%,
98.53%, and 100%, respectively. Consequently, under middle bacteria concentration condition,
the copper foam had the best disinfection performance in a short time comparing with other
materials. However, due to the similar bactericidal performance of copper foam and copper mesh
in four hours, it is not known which material was the best.

The high concentration experiment had an average bacteria concentration at 1.4×105 ± 3 ×104
CFU/mL. The control group maintained a relatively stable trend of E. coli concentration during
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the experiment (1.3 × 105 to 1.7 × 105 CFU/mL). As shown in Fig 4.3, it was clear that the copper
foam group had a higher killing rate in 0.5 hours retention time (96.95%) among the three materials.
And the killing rate was closed to 100% in 1 hour and kept at 99% - 100% for the rest of the time.
Comparing copper mesh and nickel foam, both of them had similar killing rate around 70% at 0.5
h. Unlike nickel foam, the killing rate of copper mesh could slowly increase and achieved nearly
100% after 2 hours. Comparatively, the highest killing rate of nickel foam was 95.61% at 4 hours.
As a result, the copper foam was the best disinfectant metal with a higher killing rate in a shorter
time, and copper mesh was the second compared with nickel foam.

In Chatterjee’s study, copper nanoparticles with average size of 56.2 nm were synthesized and
used for antibacterial testing. Water samples with 3×107 CFU/mL E. coli were treated by solutions
with different nanoparticle concentrations. The results showed that 79.2% of E. coli could be killed
by 6.0 𝜇g/mL CuNPs after 2 hours, and the killing rate achieved 90% after 18 hours. 99.9% of E.
coli could be killed by 7.5 𝜇g/mL CuNPs after overnight incubation (Chatterjee et al., 2012). In
Raffi’s research, copper nanoparticles with average size of 15 nm were applied to treat water
samples contained 104 cells/mL E. coli. After 48-hour incubation, only 60% of E. coli could be
killed by 40 𝜇g/mL CuNPs, but all the bacteria were killed by 60 𝜇g/mL CuNPs (Raffi et al., 2010).
Yue et al., (2019) used 25 mm × 25 mm copper foam modified by AgNP and CuO nanowire to
treat water with 102 -108 CFU/mL E. coli under 10 V condition. The 99% removal level could be
maintained up to 104 CFU/mL. If the E. coli concentration is increased, the same bactericidal rate
needs to be maintained by increasing the voltage (Yue et al., 2019). Comparing with these
antibacterial results, the disinfection performance of copper foam is much better than another three
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copper materials. Whether it is low, medium or high E. coli concentration, more than 95% of E.
coli can be killed by this copper foam in half an hour. The reason might be that this copper foam
has a high surface area to mass ratio. Metal material with high specific area has high catalytic
activity, which can improve reaction efficiency (Sharma et al., 2015).

Table 4.1 summarizes the optimum metal combinations under three different bacteria
concentrations. Based on the metal selection results, copper foam was applied to optimize the
proportion of material and wastewater so as to minimize the material consumption needed to
disinfect the wastewater within acceptable time.

Table 4.1: Optimum metal combinations for treating different E. coli concentrations

E. coli concentration
Low

Metals
Characteristics
Nickel foam, copper foam, copper Killing rate>96% in 0.5 hour
mesh

Medium
High

Copper foam, copper mesh
Copper foam
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Figure 4.4: DO versus retention time in three materials treatment groups under low, medium and high E. coli
concentration condition

Dissolved oxygen is one of the main parameters related to bacterial growth and degradation (T. C.
Yadav et al., 2014). It can affect the metabolisms of microorganism, such as aerobic reaction and
nitrification (T. C. Yadav et al., 2014). Some microorganisms in water use dissolved oxygen to
breathe and multiply. The decrease of DO may also indicate excessive bacteria and a lot of
biological oxygen demand which consumes dissolved oxygen. In other hand, García-Fernández et
al. (2015) and Chang et al. (2008) pointed out that oxygen is closely related to the formation of
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ROS in catalyst, and their experiment results showed that the bactericidal effect of the catalyst
under aerobic condition was better than that of the catalyst without oxygen. This is due to the free
passage of oxygen through the cell membrane, and ROS are produced within the cell by aerobic
metabolism, which increases oxidative stress (García-Fernández et al., 2015). This may explain
that bacteria can be inhibited by metal media even when dissolved oxygen is increased.

Fig 4.4 exhibited the results of DO versus retention time in three materials treatment groups under
different E. coli concentration conditions. At low and medium E. coli concentration conditions,
the overall change tendencies of DO were stable, and there was no big fluctuation. Under the high
concentration condition, DO of water samples showed an upward trend in the first half an hour to
one hour and then tended to be stable. The initial value of DO in high concentration is much lower
than that in the other two conditions. The reason might be the E. coli concentration. The number
of high E. coli concentration (1.4×105 ± 3 ×104 CFU/mL) is 30-944 times of low (190 ± 10
CFU/mL) and medium E. coli concentration (3,400 ± 200 CFU/mL). More bacteria consumed
more dissolved oxygen. As a result, the initial DO of the high concentration experimental group
was much lower. With the decreasing of the E. coli, the final dissolved oxygen of all high
concentration experimental groups was higher than the initial concentration, which agrees with the
general theory mentioned before.
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Figure 4.5: OD versus retention time in three materials treatment groups under low, medium and high E. coli
concentration condition

Fig 4.5 exhibited the optical density change tendencies of different groups under three E. coli
concentration conditions. For OD, decreasing the number of E. coli indicates less light being
absorbed by E. coli (Samavati et al., 2016). The change of it in all experimental groups showed a
downward trend. And the decrease of OD agrees with the bacterial count.

Samavati et al. (2016) dosed Cu-CoFe2O4 nanoparticles into E. coli water samples to test the
copper concentration-depended antibacterial performance, and the growth curves were recorded at
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600 nm by spectrophotometer. Results showed that addition of copper could effectively inhibit the
growth of E. coli, and OD decreased with the increase of nanoparticle concentration (Samavati et
al., 2016). Essa & Khallaf (2016) used different concentrations of CuNPs-loaded consolidation
polymers to treat 1 mL E. coli (OD = 0.6), and OD also decreased due to the antibacterial activity
of copper. The decreasing OD change tendencies of metal selection experiment agree with the
experimental results from Samavati et al. (2016) and Essa & Khallaf (2016).
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Figure 4.6: pH versus retention time in three materials treatment groups under low, medium and high E. coli
concentration condition
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pH is one of the important parameters in water treatment processes. It is interrelated with
disinfection, coagulation, softening and corrosion, etc. (Toft & Malaiyandi, 1984). Fig 4.6 showed
the pH change tendencies. The changes of pH were relatively stable at high and medium E. coli
concentration conditions. At low E. coli concentrations, the pH values of the four experimental
groups reached the lowest point at 1 hour, and then rose steadily. According to Guidelines for
Canadian Drinking Water Quality – pH (Toft & Malaiyandi, 1984), the pH range of finished
drinking water is 7.0 to 10.5. Comparing with this standard, the pH values of tested water samples
were acceptable.

4.2 Ratio optimization
The experiments were conducted with 5.5 g copper foam to treat 500 mL, 550 mL, 600 mL, 650
mL, 750 mL, 850 mL, 950 mL, 1000 mL, 1500 mL and 2000 mL wastewater. Therefore, the
treatment ratios (the mass of metal material to the volume of wastewater) were 1.10 g/100 mL,
1.00 g/100 mL, 0.92 g/100 mL, 0.85 g/100 mL, 0.73 g/100 mL, 0.65 g/100 mL, 0.58 g/100 mL,
0.55 g/100 mL, 0.37 g/100 mL and 0.28 g/100 mL, respectively. The three species of bacteria
(total coliform, fecal coliform, and E. coli) were all observed for evaluating the disinfection
performance. The killing rates of each bacteria under different treatment ratios were listed and
compared in Fig 4.7, Fig 4.8, and Fig 4.9.

44

100

Killing rate (%)

90
80

1.10 g/100 mL

70

1.00 g/ 100 mL
0.92 g/100 mL

60

0.85 g/100 mL

50

0.73 g/100 mL

40

0.65 g/100 mL

30

0.58 g/100 mL

20

0.55 g/100 mL

10

0.37 g/100 mL
Control

0
0

0.5

1

1.5

2

2.5

3

3.5

4

Retention time (h)
Figure 4.7: Killing rates of total coliform under different treatment ratios
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Figure 4.8: Killing rates of fecal coliform under different treatment ratios
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Figure 4.9: Killing rates of E. coli under different treatment ratios

Retention time, material consumption, and killing rate are considered to be the decisive factors for
ratio optimization. In order to meet the Canadian Recreational Water Quality Guidelines (Health
Canada, 2012), a killing rate at 96% should be achieved based on the average E. coli concentration
of Guelph wastewater treatment plant.

The killing rates of three different bacteria under the same treatment ratios were slightly different,
but except for 0.28 g/100 mL, the other differences are within the acceptable range (error is within
± 5%). At 0.28 g/100 mL, the killing rates of three different bacteria were significantly different.
The killing rates of 0.28 g/100 mL group on total coliform, fecal coliform and E. coli in 0.5 h were
52.81%, 0% and 20.48%, respectively. Hence, due to the higher error, this data set was excluded
from further consideration. By comparing the killing rate trend of three kinds of bacteria, the data
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sets of three kinds of bacteria were consistent. Therefore, in addition to the ratio of 0.28 g/100 mL,
other treatment ratios were considered to be optimized.

Only when the treatment ratios were 1.10 g/100 mL, 1.00 g/100 mL, 0.92 g/100 mL and 0.85 g/100
mL in 0.5 h, the ideal killing rate (96%) of these three kinds of coliform could be achieved. At the
ratio of 0.73 g/100 mL, the goal could be achieved after 1 hour. The target killing rate still could
not be achieved after one-hour processing if the ratios were 0.65 g/100 mL, 0.58 g/100 mL, 0.55
g/100 mL and 0.37 g/100 mL. The final killing rates of 0.37 g/100 mL group on total coliform,
fecal coliform and E. coli in 4 h were 97.14%, 83.33% and 96.43%, respectively.

In contrast, the treatment ratio of 1.1 g/100 mL, 1.00 g/100 mL, 0.92 g/100 mL and 0.85 g/100 mL
had better disinfection effect and shorter time consumption. However, the killing rates of these
four groups were highly similar during the experiment procedure. Consequently, under the same
killing rate standard and retention time, 0.85 g/100 mL was selected as the best treatment ratio due
to the low material consumption.
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Figure 4.10: DO versus retention time under different-ratios treatment conditions
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Figure 4.11: OD versus retention time under different-ratios treatment conditions
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Figure 4.12: pH versus retention time under different-ratios treatment conditions

DO versus time under different-ratios treatment condition was shown in Fig 4.10. Almost all DO
values showed a downward trend after reaching a peak. This may be due to the saturation of
dissolved oxygen. According to Department of Natural Resources of Missouri (2020), the
maximum dissolved oxygen concentration saturations are 8.90 mg/L and 8.72 mg/L at 21℃ and
22℃, respectively. The average maximum dissolved oxygen of the experimental group is 8.40
mg/L at room temperature, which is closed to the saturation value. Naturally, dissolved oxygen
begins to decrease as it approaches saturation value.

OD versus time under different-ratios treatment condition was exhibited in Fig 4.11. The OD
changes of each experimental group showed a downward trend, which was mainly caused by the
decrease of the number of bacteria. The decrease of OD agrees with the decrease of bacteria.
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pH versus time under different-ratios treatment condition was plotted in Fig 4.12. The pH of all
experimental groups rose rapidly within 0.5 hours, and then rose slowly to a stable level.
Comparing with Guidelines for Canadian Drinking Water Quality – pH (Toft & Malaiyandi, 1984),
the pH values of tested secondary wastewater samples were in acceptable pH range (7.0 – 10.5).

4.3 Leaching test
Fig 4.13 showed the concentration of copper and nickel in untreated water and treated water. In
the batch scale leaching test, the leaching concentration of copper was positively correlated to
retention time. However, after three-hour treatment, the concentration of metal slightly decreased.
The reason might be due to pH. According to Guidelines for Canadian Drinking Water Quality Guideline technical document: Copper (Toft & Malaiyandi, 1984), uniform corrosion of copper
exists in water with pH around 7, and the solubility of copper decreases with the increase of pH.
Copper can also react with dissolved oxygen and be released into water, but the effect of dissolved
oxygen on release of copper ions is far less than that of pH (Xiao et al., 2007). Cu2+, Cu(OH)+,
Cu(OH)2 and CuCO3 occupy for 98% of dissolved inorganic copper (Toft & Malaiyandi, 1984).
The untreated water sample is Milli-Q water in leaching test, therefore there is no other chemicals
to effect on Cu2+. Any remaining dissolved copper is assumed to be aqua Cu2+. From metal
selection experiment, pH ranged from 6.91 to 7.88. When the pH is around 7, copper ions can be
leached from copper foam. However, with the increasing of pH and approaching 8, the rate of
copper corrosion slows down, and a small amount of copper precipitation might happen. Therefore,
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the copper concentration decreased after 3 hours. In addition, there are other possible detection
reasons. For example, slight external condition changes like temperature, CO2 fugacity, etc.

The nickel was detected in control group. There are two possible reasons. First, selective filtration
of Milli-Q water purification system. Nickel in drinking water mainly comes from stainless steels,
pipes, alloys and fittings (WHO, 2005). If the Milli-Q water purification system does not filter out
nickel, it will appear in water sample. Therefore, nickel could be detected in control group. Second
reason is detection process. If sampler is not cleaned, it will affect the determination of nickel in
water sample.

The maximum concentration of leached copper and nickel were 10.8 µg/L and 4.8 µg/L,
respectively. According to Guideline for Canadian Drinking Water Quality-Copper (Toft &
Malaiyandi, 1984), a maximum acceptable concentration of copper in drinking water is 2000 µg/L.
And nickel in drinking water is less than 10 µg/L (Cempel & Nikel, 2006). Based on these
standards, copper and nickel concentrations are within an acceptable range.
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Figure 4.13: Leaching test results of different treatment groups in laboratory scale

4.4 Effect of copper ions
Fig 4.14 shows the killing rate versus time under low E. coli concentration condition, and Fig 4.15
shows the killing rate versus time under high E. coli concentration condition.
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Figure 4.14 Killing rate vs retention time under low E. coli concentration condition (102 CFU/mL)
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Figure 4.15 Killing rate vs retention time under high E. coli concentration condition (106 CFU/mL)
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At low E. coli concentration, high copper ion concentration and copper foam could effectively
inhibit microbe growth, and the killing rate reached at 95.35% and 100% within half an hour,
respectively. Low copper concentration had the worst disinfection performance in 0.5 hour
(11.29%). For control group, there is a natural decline in the number of microorganisms because
there are no nutrients to support the microbe growth. At high E. coli concentration, only copper
foam had the best disinfection effect in 0.5 hour, which the killing rate was 97.78%. Compared
with other experimental settings, even though the low concentration of copper ions had inhibition
effect on the growth of microbe, the overall bactericidal performance was not very effective, and
the highest killing rate was 19.04%. The disinfection efficiency of high copper ion concentration
also did not reach the expected value. The highest killing rate was 13.44%.

It can be seen from the above results that high copper ion concentration (2 mg/L) has an effective
inhibition effect on the growth of E. coli with low bacteria concentration, but it does not work very
well under high E. coli concentration condition. Low concentration of copper ion (2.5 μg/L) also
has bactericidal activity on the E. coli growth, but the disinfection efficiency is low at both low
and high E. coli concentration conditions.

Armstrong et al. (2016) used solutions with different concentrations of copper ions to treat water
samples which contained 106 CFU/mL E. coli to test the disinfection activity. The results showed
that 1 mg/L copper ion can kill 99.99% E. coli after 6 hours, which was the maximum reduction
of E. coli (8.5 log10). And E. coli could be inactivated by 0.3 – 1 mg/L copper ions (Armstrong et
al., 2016). Comparing with this experiment, high concentration of copper ions had disinfection
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effect on E. coli, but this process took a long time. Bacterial growth delay was observed at low
copper concentration. There was little bactericidal effect at low copper ion concentrations.

To summarize, copper ion has disinfection effect, but this depends on ions’ concentration and
contact time. The performance of this experiment is not sufficient to support the hypothesis that
copper ion is the most important factor in determine the disinfection performance of the copper
foam.

4.5 Statistical analysis
4.5.1

Taguchi static design

Taguchi static design could effectively help the selection of control factors affecting the killing
rate. The result of Taguchi design was exhibited in Table 4.2. After killing rates were input in the
corresponding sequence, Taguchi Analysis was carried out, and the results were illustrated in Fig
4.16, Table 4.3, Table 4.4.

Table 4.2: Taguchi static design result

Time (hour)

Materials

E. coli concentration

0
0
0
0.5
0.5
0.5
1
1
1
2

NF
CM
CF
NF
CM
CF
NF
CM
CF
NF

Low
Medium
High
Low
Medium
High
Medium
High
Low
High
55

2
2
3
3
3
4
4
4

CM
CF
NF
CM
CF
NF
CM
CF

Low
Medium
Medium
High
Low
High
Low
Medium

Figure 4.16: Main effect plot of Taguchi static design

56

Table 4.3: Response table for means: Killing rate versus Time, Materials, E. coli concentration

Level

Time

Materials

E. coli concentration

1

0.00

0.79

0.83

2

0.98

0.82

0.81

3

0.94

0.83

0.79

4

0.96

/

/

5

0.99

/

/

6

0.98

/

/

Delta

0.994833

0.041047

0.041700

Rank

1

3

2

Table 4.4: P-value of Killing rate versus Time, Materials, E. coli concentration

Source

P-value

Time

0.013

Materials

0.983

E. coli concentration

0.984

In Fig 4.16, the main effects plot for means indicated that Time had the largest effect on the main.
On average, experimental runs with Time 0.5 h had much higher means than experimental runs
with Time 0, 1, 2, 3, 4 h. Comparing with Time, Materials and E. coli concentration had a small
effect or no effect on the means. But in Materials group, copper foam had a higher impact than
nickel foam and copper mesh; in concentration group, low concentration had more effect on mean
than Medium and High E. coli concentration.

In Table 4.3, Time (Delta 0.994833, Rank=1) had the largest effect on the killing rate means,
followed by E. coli concentration (Delta 0.041700, Rank = 2), then followed by Materials. Killing
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rate of 0.5 hours should be highly valued. Table 4.4 clearly showed the P-value of killing rate
versus time, materials and E. coli concentration. The null hypothesis was that there was no
association between the control factors and the response. According to the Table 4.4, the
association between killing rate and time was statistically significant (P ≤ 0.05). The association
between killing rate and materials and between killing rate and E. coli concentration were not
statistically significant (P > 0.05).

To sum up, according to the impact on the response, the best combination of factors was copper
foam, low E. coli concentration and 0.5 hours. In other words, using 5.5 g copper foam to treat
water with low E. coli concentration, and killing rate in 0.5 h needs more attention.

4.5.2

SPSS results of metal selection

Table 4.5: Pearson correlation coefficient and P-value of DO, OD, pH versus Time (copper foam treated
samples)

Items

Low

Medium

High

DO vs
Time

OD vs
Time

pH vs
Time

DO vs
Time

OD vs
Time

pH vs
Time

DO vs
Time

OD vs
Time

pH vs
Time

Pearson
correlation

0.543

-0.918

-0.436

0.414

-0.798

0.000

0.458

-0.779

0.711

P-value

0.265

0.010

0.388

0.414

0.057

1.000

0.361

0.068

0.113

Table 4.5 presented the Pearson correlation and P-value of DO, OD, pH versus time under the
copper foam treatment condition. The associations between the three-monitoring data and Time
were not statistically significant (P > 0.05). There was a slightly strong negative linear relationship
between OD and time. Obviously, E. coli had been killed over time. The quantity of E. coli in the
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solution decreased, hence the absorbance value also decreased. pH and DO had a weak or no linear
relationship with time.

4.5.3

SPSS results of ratio optimization

Table 4.6, Table 4.7 and Table 4.8 exhibited the Pearson correlation and P-value of DO, OD, pH
versus time under various ratios treatment condition. DO had a weak or moderate linear
relationship with time. And the associations between DO and time were not statistically significant.
Except 0.58 g/100 mL, OD values under the other experimental conditions had strong linear
relationships with time. pH values had a slight strong linear relationship with time. The statistical
associations between OD, pH and time could not be determined because the P-values are diverse
and different.
Table 4.6: Pearson correlation coefficient and P-value of DO versus Time under different ratio conditions

1

2

3

4

5

6

7

8

9

Pearson
correlation

0.748

-0.284

-0.233

-0.657

-0.253

-0.728

-0.777

-0.430

-0.580

P-value

0.088

0.586

0.657

0.156

0.628

0.101

0.069

0.394

0.227

(1, 2, 3, 4, 5, 6, 7, 8, 9 represent 1.1 g/100 mL, 1.0 g/100 mL, 0.92 g/100 mL, 0.85 g/100 mL, 0.73 g/100 mL, 0.65
g/100 mL, 0.58 g/100 mL, 0.55 g/100 mL, 0.37 g/100 mL, respectively.)

Table 4.7: Pearson correlation coefficient and P-value of OD versus Time under different ratio conditions

1

2

3

4

5

6

7

8

9

Pearson
correlation

-0.994

-0.711

-0.816

-0.902

-0.974

0.711

0.450

-0.997

-0.963

P-value

0.000

0.113

0.048

0.014

0.001

0.113

0.370

0.000

0.002

(1, 2, 3, 4, 5, 6, 7, 8, 9 represent 1.1 g/100 mL, 1.0 g/100 mL, 0.92 g/100 mL, 0.85 g/100 mL, 0.73 g/100 mL, 0.65
g/100 mL, 0.58 g/100 mL, 0.55 g/100 mL, 0.37 g/100 mL, respectively.)
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Table 4.8: Pearson correlation coefficient and P-value of pH versus Time under different ratio conditions

1

2

3

4

5

6

7

8

9

Pearson
correlation

0.807

0.827

0.746

0.803

0.865

0.796

0.841

0.831

0.886

P-value

0.053

0.042

0.083

0.055

0.026

0.058

0.036

0.040

0.019

(1, 2, 3, 4, 5, 6, 7, 8, 9 represent 1.1 g/100 mL, 1.0 g/100 mL, 0.92 g/100 mL, 0.85 g/100 mL, 0.73 g/100 mL, 0.65
g/100 mL, 0.58 g/100 mL, 0.55 g/100 mL, 0.37 g/100 mL, respectively.)

The null hypothesis in this experiment is that there is no association between each term (DO, OD,
pH) and the response in the model. According to the P-value results of metal selection experiment
and ratio optimization experiment, the association between DO and Time was not statistically
significant. For OD and pH, some results showed that their association with time was statistically
significant, while others show that they are not. As a result, the statistical significance of
associations cannot be determined.

5 Conclusion
The disinfection properties of metal materials were investigated in this study. The metal selection
experiment indicates that the metallic materials have different microbicidal effect on bacteria.
Among nickel foam, copper mesh and copper foam, the disinfection efficiency of copper foam is
the highest. Therefore, copper foam is applied in the further ratio optimization experiment. The
optimum treatment ratio is determined to be 0.85 g copper foam per 100 mL secondary wastewater.
Comparing with the official standard, the concentration of copper ions leached from copper foam
is in the range of acceptable maximum concentration of copper ion and far less than the maximum
value (2000 μg/L). Nickel ions concentration is within the detection limitation concentration (10
𝜇g/L). Copper ion contributes to the disinfection performance at lower bacteria concentration;
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however, it is not the most important factor in determining the disinfection performance of the
copper foam. Copper foam has shown potentials to be used in water disinfection applications, and
further investigation at pilot scale should be carried out.
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