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Abstract

The sanitary and environmental challenges posed by an ever growing eco-
nomically and geographically diverse human population include the need for
sustainable, inexpensive, scalable, and decentralized water treatment tech-
nologies that can supplement or replace conventional treatment methods.
These challenges can be met by semiconductor photocatalysis, especially if
the process is driven by visible light energy. Visible-light active (VLA) pho-
tocatalysis, as opposed to traditional energy-intensive and chemically driven
disinfection methods such as ozonation, UV irradiation and chlorination, has
the potential for achieving high disinfection efficiency with low energy con-
sumption and no harmful by-products. This technology generates in-situ

reactive oxygen species (ROS) such as H,0,, OH" and O , without the
need for chemicals addition. In turn, ROS are capable of penetrating cell walls
and membranes of microorganisms, effectively inactivating them. Although
multiple types of VLA photocatalysts have been used experimentally for dis-
infection of water, noble-metal-based photocatalysts have gained the most
interest due to their surface plasma resonance (SPR) effect, which acts syner-
gistically to increase the disinfection potential of the photocatalytic process.
This paper is a review of the different types of noble-metal-based VLA pho-
tocatalysts used for water disinfection in different experimental settings, their
synthesis procedures and disinfection mechanisms. It also discusses innova-
tive approaches to overcome a major hurdle in photocatalysis, that is, the
rapid recombination of the electron and hole pair, by including specific do-
pants into the structure of the photocatalyst.
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1. Introduction

Waterborne diseases have had a detrimental impact on human civilization
throughout history. These illnesses became especially apparent once people
started congregating in confined urbanized spaces after the industrial revolution.
In the 19th century, unmanaged sanitary systems led to disease outbreaks such
as those of cholera and typhoid in the UK and the USA, respectively. Following
these events, doctors and scientists concluded that harmful pathogens in water,
rather than the previously assumed “miasma” or “foul smell” of the city, were
the cause of such diseases [1] [2]. Improvement in public sanitation and hygiene,
especially the implementation of water disinfection through chlorination, gained
attention after this discovery [3] and has since played a fundamental role in the
control of pathogens detrimental to human health.

A century and a half after these water-borne epidemics, many developing na-
tions still lack proper water disinfecting systems. Water disinfection is the process
of removing, deactivating or killing pathogenic microorganisms. In 2015, the
World Health Organization (WHO) reported that about 80% of the developing
world population still suffers from illnesses resulting from poor water quality
and sanitation [4]. Today, 844 million people have no access to basic drinking
water services, and at least 2 billion people use a drinking water source conta-
minated with feces. It is estimated that there are half a million deaths each year
from diarrheal diseases caused by bacteria such as Escherichia coli, Salmonella
sp. and Cholera sp., parasites and viral pathogens [4]. Therefore, there is an im-
mediate need to develop efficient, sustainable and scalable water disinfection
systems to satisfy the necessities of small communities that lack access to safe
drinking water.

Currently, most water treatment facilities use either chemical or physical me-
thods of disinfection. Common chemical disinfectants include chlorine, sodium
hypochlorite, chlorine dioxide, and ozone, which rely on their oxidative and re-
sidual power to kill microorganisms and impede recontamination. Chlorination,
while highly effective in killing bacteria and viruses, does not eliminate protozoa,
including Cryptosporidium, Giardia and Acanthamoeba [5]. Other drawbacks of
chlorination include the toxic effects of residual chlorine to aquatic life, and un-
wanted secondary reactions with natural organic matter in water to form carci-
nogenic and mutagenic disinfection byproducts (DBPs). There are also hazards
in producing, transporting and handling large amounts of such chemicals. Phys-
ical disinfection processes such as UV radiation and membrane filtration are al-
so effective in removing pathogens from water, but their application is expen-
sive, and lacks the residual disinfecting effect, being only effective around the
contact site.

Photocatalysis is a promising alternative technique for water purification.
Photocatalysis is a process in which a semiconductor catalyst facilitates and
speeds up a process using energy from a light source, traditionally sunlight. This
harvesting and usage of solar energy by a photocatalyst is extremely versatile.
Photocatalysts are expected to play a significant role in addressing the challenges
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of the 21" century. From disinfection to energy shortage, environmental pollu-
tion and global warming, photocatalysts will be a key technological apparatus
moving forward.

In general, photocatalysts can either oxidize and/or reduce a given compound
into other compounds or elements without the photocatalyst itself being con-
sumed. They can also split water to produce hydrogen gas, a pollutant free fuel
source [6] [7]. They can reduce CO, content from the atmosphere by converting
it to alkanes [8]. Most importantly, photocatalysts can also kill pathogens by
producing highly oxidizing chemical species including, but not limited to, the
hydroxyl radical [9] [10] [11] [12] [13].

However, traditional TiO,-based photocatalysts require UV rays (1 < 380 nm)
to operate, because their band gap is greater than 3 eV (for example, 3.2 eV for
anatase TiO,) [14]. They can only utilize about 4% of the natural sun light, una-
ble to take advantage of the 43% visible light energy in the solar spectrum [15].
This poses a challenge, that is, to produce photocatalysts that can effectively
work under visible light wavelengths, also known as visible-light-active (VLA)
photocatalysts.

VLA photocatalytic disinfection is a non-conventional technique that can be
scalable and useful in decentralized water and wastewater treatment systems.
This system employs photocatalysts that are capable of absorbing photons in the
visible light spectrum (380 nm or larger), which include a portion of the sunlight
reaching Earth surface, and artificial light. One technique that has been proven
effective in the synthesis of VLA photocatalysts consists in the addition of noble
metal nanoparticles (NPs) onto suitable semiconductors, such as AgCl and
AgBr, to form a metal-semiconductor composite photocatalyst [16]. Noble metal
NPs such as Ag, Au, Pt can strongly absorb visible light [17]-[23] due to their
surface plasmon resonance (SPR), which can be accessed by varying the size,
shape and surrounding medium of the metal NP [24]-[33]. Moreover, noble
metal NPs can also work as electron traps and active reaction sites [33] [34] [35].

To date, research has been focused on developing applications of photocata-
lytic systems to water treatment. This paper presents a review of the mechanism
involved in semiconductor photocatalysis, and examines wavelength utilization
for bandgap reduction and other roles played by photocatalysts doped with
noble metals NPs in VLA photocatalytic disinfection. A summary of most re-
cently developed VLA photocatalysts, their synthesis methods, and disinfection

efficiencies is also included as part of this review.

2. Photocatalytic Disinfection

2.1. Photocatalytic Mechanism Overview

The most commonly studied and generally accepted mechanism of photocataly-
sis involves the use of titanium dioxide (TiO,) in the oxidation of organic pollu-
tants and inactivation of pathogens. Figure 1 shows the mechanism of pollutant

oxidation by TiO,.
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Figure 1. Mechanism of photocatalytic oxidation of organic substrates [36].
When photons of enough energy reach the TiO, surface, an electron is ejected

from the valence band (VB) to the conduction band (CB) of the semiconductor,

as described by the following reactions:

TiO, +hv > ez +hyy (1)

e +0,-0;, (2)

h*+H,0 - OH +H" (3)

h* (or OH’ ) + organic substrate — oxidized organic substrate (4)

The difference in energy between the VB and the CB is known as the bandgap,
a region within which an electron cannot remain stable. The electron jump caused
by the influx of additional energy leads to the formation of an electron-hole pair
(e” and h"). The ability of an electron to make this jump at an optimum rate is
unique to semiconductors and this property is exploited in photocatalysis.

Once the electron-hole pair forms, these photo-generated charges will migrate
onto the surface of the photocatalyst and undergo a variety of complex reactions
to produce reactive oxidative species (ROS) such as the hydroxyl radical (OH"),
hydrogen peroxide (H,0,), and the superoxide ion ( O; ), which are capable of
both oxidizing dissolved organics and inactivating pathogens [37].

While effective, conventional TiO, is not capable of VLA photocatalysis
without a change in its morphology. The limitation of this process with TiO, lies
in the need for an energy input higher than 3.2 eV, equivalent to a wavelength
shorter than 390 nm (high frequency waves such as UVB and UVC) to effective-
ly excite and eject electrons, rendering the process energy-intensive. If solar light
were to be used, the process would be inefficient since the Earth surface rece-
ives 8% UV rays, of which 0.5%, 4.5% and 95% correspond to the UVC, UVB
and UVA spectrum, respectively [38]. To overcome this limitation, modifica-
tions to the TiO, lattice, consisting of doping its structure with either a metal or
a non-metal, are necessary to reduce the bandgap width, enable electron-hole
pair formation by visible light energy, and prevent recombination of the formed

electron-hole pair.
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2.2. Photocatalysis for Water Disinfection

Typically, when a photocatalyst is used for disinfection, the electron-hole pair
forms from the application of photons of enough energy. Some pairs become
unstable and the electron drops from the CB back into the VB leading to recom-
bination and the release of energy as heat [39] [40]. The pairs that remain stable
migrate to the surface of the photocatalyst.

The OH™ ions in the aqueous solution that are adsorbed onto the TiO, sur-
face react with the migrated h* to form the adsorbed hydroxyl ion (OH; )
[41] [42] [43]. If other electron donors (reductants) are present in the solution,
the h* may also directly gain electrons from these reductants and become oxi-
dized. Therefore, the h* acts as an electron acceptor, directly oxidizing the or-
ganic substance that donates said electron. If sufficient reductants are present,
the OH e is readily released into the bulk solution to form the OH,,,
which plays an important role in the inactivation/destruction of microorganisms
[44]. Also, two OH;,, radicals can combine with each other in solution to
form H,0,, which is also an effective disinfectant [45] [46] [47].

On the other hand, the surface migrated e react with electron acceptors (oxi-
dants). Generally, they react with dissolved oxygen in the water to form the su-
peroxide ion ( 0'2_ ) [48] [49]. Electrons may also react with the H,O, formed via
the interactions mentioned above to produce OH,, . The formation of (O )
helps disinfection by gaining the electron from the e” and h* pair, delaying and
even preventing recombination at the below surface level, as electrons that have
moved up the surface are being scavenged. The superoxide ion is a strong oxi-
dant capable of inactivating pathogens [50].

As previously mentioned, generated ROS (OH", H,0,, O3 ) attack microbes
in water, which results in their destruction or inactivation [51]. The proposed
action mechanism suggests that these ROS begin by systematically destabilizing
or disorienting the outer membrane or cell wall of the microorganism. Then,
they proceed to penetrate it, destroying the inner cell membrane and allowing
the contents of the cell to leak out, thus making it unable to replicate again and
effectively killing or inactivating the microorganism. It is speculated that the in-
activation of a bacteria may also occur via h* before it is trapped either within
the semiconductor or at its surface [52]. However, ROS are thought to be the
primary “killer”, as indicated by the leaking potassium jon from the microor-
ganism membrane or the destruction of its cell structure observed by others
[51].

The mechanism described above, while effective, relies on the prevention of
rapid recombination of the electron-hole pair. The introduction of a constant
stream of oxygen into the system to act as electron scavenger, the addition or
in-situ generation of H,0, to also act as electron acceptors, and the doping of the
photocatalyst with noble metals, are among the most effective techniques being
used to impede or delay pair recombination and, at the same time, increase

photon absorption in the visible light region. SPR exhibited by noble metal NPs

DOI: 10.4236/jwarp.2019.1110070

1211 Journal of Water Resource and Protection


https://doi.org/10.4236/jwarp.2019.1110070

A. Upadhyaya, G. Rincén

also play a very important role in this equation.

3. SPR Based Visible Light Photocatalytic Disinfection

3.1. SPR Phenomenon Overview

The concept of plasmon resonance in noble metals is well documented [24]-[33].
It is prominent in noble metals NPs as they can utilize visible light energy due to
this phenomenon. The SPR of noble metal NPs is the process by which the con-
ducting electrons on the NPs undergo a collective oscillation or excitation sti-
mulated by the oscillating electric field of incoming light rays [53]. As shown in
Figure 2, the oscillating charges expand an electrical field close to the surface.
When the resonance condition of the noble metal NPs is met by the frequency of
the incident energy source, the resultant associated energy absorption leads to
the SPR effect [54].

Two conditions must be satisfied for SPR to occur. First, the wavelength of the
incident energy must notably surpass the particle diameter, and the shape and/or
size of the NP have to be of an optimum magnitude as these variables influence
the density of the electromagnetic field at the NP surface. Therefore, under ideal
conditions, these two factors bring a shift in the oscillation frequency of the
conduction electrons and enhance local electromagnetic fields near the surface
of noble metal NPs [55] [56]. For example, metal NPs such as silver and gold
possess these attributes and demonstrate distinct plasmon absorption in the visi-
ble light region.

The SPR phenomenon provides an alternative approach for triggering light
absorption from within the visible light region of the energy spectrum [57]. To
quantify SPR, a spherical metal NP is considered. This metal is controlled by di-
polar interaction which is described by the polarizability a [53], where:

a =3¢\ (e-¢,)/(e+2¢,) (5)

In Equation (5), V'is the volume of the nanoparticle, g the vacuum permittiv-
ity, &, the dielectric constant of the surrounding medium, and &w) = g(w) +
ie{w), is the frequency-dependent complex dielectric function of the metal with
&(w) and g(w) as the real and imaginary components of & w), respectively.
When an electromagnetic frequency of w at which £(w) = —2¢,, creates a strong
resonance, this frequency is known as the SPR frequency. Therefore, the SPR
frequency depends on the composition, size and shape of the noble metal NP,
and the dielectric property of the adjacent medium due to its polarizing nature.
In general, a rise in light intensity increases the possibility of hitting the SPR
frequency enabling higher photocatalytic ability [58]. Moreover, smaller nano-
particles have larger specific surface areas but exhibit a weaker SPR effect. Con-
sequently, SPR becomes stronger with increasing nanoparticle size and decreas-
ing specific surface area [59]. Controlling these variables is key in optimizing the
NP photosensitive properties [60] [61].

Noble metals have no band gap. Once the conducting electrons in these metals
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Metal Sphere

Electric field

Figure 2. CB electrons of noble metal NP oscillating away from the
noble metal nuclei due to resonance with light energy waves [62] [63].

gain energy from light irradiation, the electrons are repositioned to higher ener-
gy from lower energy level states. In general, the wavelength (energy) of the in-
cident photons determine the maximum level attained by the energetic electrons
in an inter-band transition [63].

However, the energy level reached by the electrons excited by SPR depends on
the wavelengths where the SPR absorption is observed. Hence, a wider range of
wavelength absorption repositions the electrons to higher energy states, thus
negating the need to overcome a band gap. This significant feature distinguishes
the light utilization mechanism in metal nanostructures and semiconductors.

The Fermi level of noble metals lies in between the valence band (VB) and
conduction band (CB) of a semiconductor photocatalyst [53]. However, noble
metal NPs doped or deposited on the semiconductor are not only able to readily
form electron-hole pairs, but due to the polarizing nature of the ongoing SPR
phenomenon, they also exhibit a significant charge separation within the en-
tire complex. The electrons generated are thus able to travel to the surface and
interact with the dissolved oxygen in the bulk solution to form superoxide
ions. Additionally, due to the polarized nature of the noble metal NP and
semi-conductor interface, the holes may drop into the semiconductors making
them into effective electron acceptors [63].

In terms of noble metal NPs that are attached to semiconductors, the SPR of
noble-metal NPs is able to instigate a rapid electron transfer from the photoex-
cited noble metal NP to the semiconductor [64] [65] [66]. The band gap of the
semiconductor is essentially reduced by the noble NPs with which it is doped
[67]. This occurs as sub-band gap defects, which favor visible light absorption,
are generated in the semiconductor complex. Thus, doping alleviates restric-
tions on the strict wavelength range that a semiconductor can use for photo-
catalysis.

The presence of noble metal NPs in contact with the semiconductor surface
can also accelerate the redox reaction between the semiconductor and H,0O, CO,
or other organic substances [68] [69]. As shown in Figure 3, this facilitates the
transfer of the photogenerated electrons and holes from the photocatalyst enabling

them to interact with various species on the surface.
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Irradiation H,0

Figure 3. AgNP and semi-conductor interface with
AgNP trapping electrons [70].

3.2. General SPR Mechanisms in Visible Light Photocatalysts

SPR mechanisms observed in visible light photocatalysts can be separated into
five major categories:

(a) the noble metal NP/noble metal-halogen system, for example, Ag/AgX
(where X is a halogen), (b) the noble metal NP/titanium dioxide system, for ex-
ample Au/TiO,, (c) the more complex ternary system which comprises more
than two components, for example Ag/AgBr/TiO,, (d) the noble metal NP/any
semiconductor photocatalyst system, and (e) the noble metal salt doped to a tra-
ditional photocatalyst system, for example Ag,PO,/TiO, or Agl/TiO,.

In category (a), Ag NPs absorb photons that potently generate electrons and
holes. These photogenerated electrons initially move to the surface of the NPs.
The holes however, transfer to the surface of the AgX holding the NP. These
holes promote the oxidation of X~ ions to X° atoms, which can then oxidize or-
ganic pollutants or microorganisms and reduce back to X~ ions in the process.
The electrons released are trapped by O, in solution to form superoxide ions
O, and other ROS [51]. This is the case when the Fermi level of the AgX is
higher than that of Ag NPs [63]. Sarina et al [63] describe an alternative reac-
tion pathway, of which a good example is observed in the Ag/AgBr structure.
The symbiotic effect of Ag and AgBr in this composite structure occurs from
electron transfer between Ag and AgBr. In this case the electrons generated by
the Ag NPs don’t just migrate to the surface. As the Fermi energy level of AgBr
is lower than that of Ag, the electrons transfer from Ag to AgBr until the two
systems attain equilibrium. Under visible light, SPR excited electrons are gener-
ated at the surface of Ag NPs. The transfer of SPR electrons from Ag to the CB of
AgBr is then energetically favorable. Alongside the aforementioned plasmonic
process, conventional AgBr-based semiconductor photocatalysis also occurs si-
multaneously because AgBr can be directly photoexcited under light irradiation
to generate electron-hole pairs in AgBr. These photogenerated electrons in the
CB, together with the injected SPR electrons from Ag NPs, can initiate the cata-

lytic reaction, as illustrated in Figure 4.
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h* + Br= Br°

Figure 4. Photocatalytic mechanism of Ag/AgBr
under visible light irradiation [71].

In category (b), Au NPs doped on semiconductors such as TiO, act as hetero-
geneous catalysts for a variety of oxidation reactions. The SPR effect of Au NPs
is able to boost the photocatalytic activity of TiO, [72]. This photolytic reaction
is explained by a complex electron transfer mechanism [73] [74]. The Au NP’s
SPR excitation of conduction electrons induced by incident visible light energy
results in the relocation of energized conduction electrons, e”, from the Au NPs
to the TiO, CB, leaving behind positive charges on the Au NPs. The Au NPs can
then receive e” from an electron donor. This charge transfer process, where var-
ious substrates are oxidized over Au NPs, and O, is reduced on the CB of TiO,,
leads to the generation of ROS [51].

In category (c), exemplified by Ag/AgBr/TiO,, the SPR-excited AgNPs serve
as electron transfer medium, as shown in Figure 5. Here, the TiO, also partici-
pates in the charge transfer while simultaneously serving as a support for
Ag/AgBr. The linear electron transfer from AgBr to Ag to TiO, occurring in this
complex notably improves the interfacial charge transfer and secures stability of
the photocatalyst, which reduces the probability of recombination of the elec-
tron-hole pair. Oxidative species generated, such as h', OH', and Oj , are
heavily involved in the photocatalytic disinfection mechanism of Ag/AgBr/TiO,.
Another advantage of this new generation photocatalyst is that the surface Ag
species remain Ag’ in the structure. This scavenges the h* and traps the e in the
photocatalytic reaction, inhibiting the decomposition of AgBr. Lastly, this pho-
tocatalyst is not only effective under visible light, but it is also effective in the
dark, as the antimicrobial properties of silver alone are capable of some degree of
disinfection [71] [75].

In category (d), semiconductors like BiOI and BiVO, are usually photoactive.
They can generate electron-hole pairs via absorbing energy in the visible light
region as their bandgaps are smaller, around 2.0 eV [76] [77] [78] [79]. Howev-
er, their stability is very low, ie., their electron-hole pair easily recombines [80]
[81]. To prevent this from happening, the addition of a noble metal NP, such as
Ag, in their structure acts as an electron transfer interface and allows the photo-

catalyst to promote disinfection in the visible light region, as shown in Figure 3.
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Figure 5. Photocatalytic mechanism of
Ag/AgBr/TiO, under visible light irradiation [71].

In category (e), much like in (a), the silver salt can produce electron-hole pairs
under visible light irradiation. However, these electrogenerated pairs are weak
and recombine easily. Because the Ag,PO, nanoparticles can be easily reduced to
Ag nanoparticles and a certain amount of Ag can form a composite structure of
Ag/Ag,PO,/TiO,, the system now functions like a system (c), making the compo-
site structure more stable, unable to recombine electron-hole pairs. Furthermore,
the Ti-O-Ag bond in the composite can restrain further decomposition of the
Ag.PO, and increase the stability of the Ag,PO,/TiO, heterostructure [82] [83].

Regarding the categories previously described, it is important to note that us-
ing SPR properties of noble metal NPs in combination with the either polar
semiconductors such as AgBr, or a traditional photocatalyst such as TiO,, usual-
ly adds to the stability of the photocatalyst and its ability to transfer electrons
within the system. Since there is no requirement to overcome a band gap, as
there is in the case of semiconductors, the generation of electron-hole pairs in
the noble metal NPs happens in the visible light region [63].

In cases such as AgBr or Ag,PO,, where the noble metal salt itself is able to
generate electron-hole pairs in the visible light region due to reduced bandgap,
the addition of another semi-conductor makes the structure even more stable
and prone to high efficiency electron transfer, while minimizing the recombina-
tion of electron-hole pairs. This system can act symbiotically with the elec-
tron-hole pair generated by the noble metal NP in the structure to become more
efficient.

In theory, simple noble metal NPs should be able to conduct photocatalysis
within the visible light region, however, the addition of supplemental semicon-
ductors make the structure more stable and reusable. Moreover, these noble
metal NPs doped onto traditional photocatalysts such as TiO,, ZrO,, Al,O;, SiO,,
or zeolite, will have large specific surface area and porosity, which prevents the
aggregation of the NPs and exposes a high number of active catalytic sites to
reactant molecules [63]. This is a significant feature that distinguishes the light

utilization mechanism of metal nanostructures from semiconductors.

3.3. Mechanism of Enhanced Photocatalytic Disinfection

As detailed in Section 2.2, the mechanism of enhanced photocatalytic disinfec-
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tion depends primarily on the oxidative stress caused by ROS which can irre-

versibly damage biomolecules and inactivate bacteria [84].

4. Water Disinfection with VLA Photocatalyst

While Section 3 described the specific structures and generalized mechanism of
visible light (1 > 380 nm) photocatalytic systems, this section focuses on ex-
amining the use of VLA photocatalysts for water disinfection, and, specifically,

bacteria annihilation.

4.1. Bismuth and Noble Metal Based Visible Light Photocatalysts

Bismuth based photocatalysts exhibit high activity in the visible light region.
Bismuth oxyhalides, BiOX (X = Cl, Br, I), similar to other Bismuth based semi-
conductors show unique optical properties and promising industrial applica-
tions [76] [77] [78] [79]. This section presents the bismuth and noble metal
based visible light photocatalysts.

BiOI has noteworthy reactivity in the visible light region, with a bandgap of
1.85 eV, and has been used for disinfection [85]. Zhu et al [85] showed that 7.5
log Escherichia coli (E. coli) could be inactivated within 30 minutes using BiOI,
and 7.7 log E. coli could be inactivated within 10 minutes using Ag/BiOI at A >
420 nm. The authors concluded that the efficiency of photocatalytic disinfection
increased with the increase of Ag content. This increase is due to the capturing
of electrons by the deposited Ag to reduce the recombination of electron-hole
pairs [80] [81]. Therefore, while BiOI and Ag/BiOI can both be excited under
visible light (1 > 420 nm) and possess photocatalytic disinfection activity, doping
the bismuth oxyhalide with a noble metal NP enhances the process. This same
effect has been observed in several photocatalysts doped with noble metal NP.

Booshehri et al [52] studied the photocatalytic disinfection ability of BiVO,
and Ag/BiVO, by inactivating E. col/i in aqueous solution under visible light (1 >
420 nm). Control experiments showed that E. coli cannot be inactivated without
the photocatalyst either under visible light or in the dark. BiVO, alone also has a
low activity due to the fast recombination of photogenerated electron-ole pairs.
However, after the deposition of Ag NPs on the surface of BiVO,, an increase in
photocatalytic activity occurred, with all bacterial cells eradicated within 3 hours
of irradiation.

Huang et al. [86] reported that Ag/Ag,PO,/BiPO, demonstrated visible light
(1> 420 nm) photocatalytic disinfection activity toward E. coli cells. As the band
gap of the silver phosphate (Ag,PO,) is quite narrow, it displays a strong photo-
catalytic activity under the visible light. However, like most silver salts, draw-
backs such as high electron-hole recombination rate and weak stability have
hindered their practical application in photocatalysis. But enhanced photocata-
lytic activity and improved stability of Ag/Ag,PO,/ BiPO, contributed to the
strong visible light absorption by Ag/Ag,PO, nanostructures. They have a low
electron-hole recombination rate, and very efficient photogenerated electron-hole

pair separation throughout the Ag,PO,/BiPO, heterostructure. In this case the
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electrogenerated holes were the main reactive species.

Ren et al. [87] reported that compared to Bi,WO, Ag-Bi,WO, photocatalyst
exhibited appreciably enhanced photocatalytic activity in inactivating E. colj
and Staphylococcus epidermidis (8. epidermidis), a Gram-positive bacterium,
under visible light irradiation (A > 420 nm).

Zhang et al. [80] reported that AgBr-Ag-Bi,WOQOq, a VLA photocatalyst, could
completely inactivate 5 x 107 cfu/mL E. coli within 15 mins. This was superior to
the results reported when using other VLA photocatalysts, such as the Bi,IWOy
superstructure, Ag-Bi,WO, and AgBr-Ag-TiO,.

4.2. Noble Metal Salt and Semi-Conductor Based Visible Light
Photocatalysts

Noble-metal-salt-based VLA photocatalysts are prevalent throughout the litera-
ture. Their low bandgap, ease of synthesis and low cost make them favorable for
visible light photocatalysis.

Lui et al [88] reported that Ag,PO,/TiO, composite revealed excellent photo-
catalytic activity towards disinfecting E. co/i under visible-light irradiation (A4 >
400 nm). The Ag,PO, nanoparticles enhanced the photocatalytic sterilization ac-
tivity of Ag,PO,/TiO, heterostructure. 99.86% E. coli were killed after 50 mi-
nutes under visible light irradiation while using this photocatalyst.

Hu et al. [89] evaluated the inactivation of Shigella dysenteriae (8. dysenteriae)
in water under visible-light irradiation. Visible light alone without a photocata-
lyst had no bactericidal effects on S. dysenteriae. However, an approximately 8.5
log removal of S. dysenteriae occurred within 10 and 15 minutes in Ag-Agl/Al O,
suspension under A > 420 nm and A > 450 nm visible-light irradiation, respec-
tively, while the same concentration of S. dysenteriae was completely inactivated
after 25 minutes in Agl/Al, O, suspension under A > 420 nm irradiation.

Lan et al. [90] reported that the photocatalytic inactivation of bacteria in water
with AgBr/TiO, under visible light (1 > 420 nm) irradiation was highly success-
ful for the killing of E. Colj and Staphylococcus aureus (8. aureus). The same
authors also reported that S. aureus and E. coli, were almost completely de-
stroyed by Agl/TiO, in suspension under visible light irradiation. 7.8 log elimi-
nation of E. coli and 7.0 log removal of S. aureus occurred in 60 and 100 mi-
nutes, respectively [90].

Similar results were observed in separate photocatalytic experiments using
Ag/AgBr/TiO, where 6 log removal of E. coli was achieved in 60 minutes un-
der visible light irradiation [71]. Also, others [89] report that 1.6 log removal of
Gram-negative S. dysenteriae was attained after 40 minutes in a dispersion of
Ag/Agl/ALQO, in the dark, and a 8.5 log destruction of S. dysenteriae resulted
from 10 minutes in a Ag/Agl/Al, O, suspension under visible light irradiation.

4.3. Miscellaneous Noble Metal Based Visible Light Photocatalysts

The practice of adding graphene to make a visible light photocatalyst stable is
well known [91]. This section gives examples of such visible light photocatalysts
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and other unconventional newer photocatalysts.

Yang et al. [91] confirmed that the hybridization of Ag,PO, with graphene
oxide (GO) sheets not only resulted in the enhancement of the visible light ab-
sorption, but also lead to an improved visible light photocatalytic performance
[92] [93] [94]. The addition of GO sheets eased charge transfer and quelled the
recombination of photogenerated electrons and holes. It was also reported that,
for A > 420 nm, when a composite of TiO,/Ag,PO,/GR was synthesized (GR
indicating graphene from the graphene oxide compound), it efficiently anni-
hilated various bacteria. Within the first 2 hours, the bacterial population was
observed to decrease drastically from above 6 - 6.5 log CFU/mL of the control to
2.1 - 2.4 log CFU/mL for S. aureus and Bacillus subtilis (B. subtilis), and around
1.0 log CFU/mL for Pseudomonas aeruginosa (P. aeruginosa) and Bacillus pu-
milus (B. pumilus). When the time was extended to 4 hours, bacterial counts
continued to decrease and the number of cells of all bacteria stabilized around 1
log CFU/mL. After 8 hours, the bacterial population was completely inactivated.

Erkan et al [95] doped SnO, and TiO, with Pd for microbial inactivation of E.
coli, S. aureus and Saccharomyces cerevisiae (S. cerevisiae). The addition of Pd
led to an enhancement in the photocatalytic efficiency for the degradation of
microorganisms when 1% Pd was used.

Table 1 shows a comparison of the discussed photocatalysts, experimental
setting and other pertinent information. The kinetic constant, K, has also been
calculated for uniform comparison of photocatalyst performance assuming
first order kinetics for all disinfection reactions. Most reactions occurred in a
batch-like setting with slight modifications. As there is not a unified convention
for photocatalyst nomenclature, their designated names are as provided in the

literature and based on their synthesis procedure.

5. Synthesis of Selected Noble-Metal VLA Photocatalysts
Used in Water Disinfection

Different laboratory methods used for synthetizing noble-metal-based photoca-
talyst have been developed by researchers in the field. Some of these methods for

synthetizing a few selected photocatalysts are summarized below.

5.1.Ag/AgBr/TiO; [71]

Ag/AgBr/TiO, is synthesized in a two-step process requiring the fabrication of
AgBr/TiO, as an intermediary product using either the sol-gel or the solvother-

mal method.

5.1.1. AgBr/TiO; via Sol-Gel ROUTE

Ethanol (99.5% - 99.8%) is used to prepare solutions A and B. Solution A (45 mL
total) contains 0.16 gram (g) of silver nitrate (AgNO,) (98%) and 2 milliliter
(mL) of ammonia (25 wt%). Solution B (45 mL total) consists of 0.91 g cetyltri-
methylammonium bromide (CTAB, 98%) followed by 2.98 mL of titanium iso-
propoxide (TTIP, 98%), which is added at last. The mixture of these two solu-
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tions is continuously stirred for 3 hours at room temperature. The resulting
light-yellow gel is dried at 70 degree Celsius ("C) overnight and calcined at 450°C
for 2 hours.

Table 1. Comparison of noble metal based visible light disinfecting photocatalysts.

Wavelength Kinetic constant
g Bacteria Additional experimental information Reference

Photocatalyst ) > K. 1/min

Ag/BiOl 420 nm E. coli 1.2434 400 W commercial iodine lamp [85]
A> 420 nm, made by cut-off filter
0.5 g/l of photocatalyst used

Photocatalyst synthesized by solvothermal and
deposition

300 W xenon lamp. 1> 420 nm made by cut-off

Ag/BivVO, 420 nm E. coli 8.95E-02
& filter

[52]

19.7%Ag in photocatalyst

30 ml bacterial solution added to 2 mg/ml of solid
photocatalyst

Photocatalyst synthesized by precipitation and
deposition

300 W xenon lamp, A > 400 nm made by cut-off

filter [80]

AgBr-Ag-Bi,WOq 400 nm E. coli 9.98E-01

100 mg/1 of photocatalyst used

Photocatalyst synthesized by hydrothermal and
precipitation

300 W xenon lamp. 1> 400 nm made by cut-off

AgBr-Ag-TiO 400 E. coli 0.07675
gBr-Ag-TiO, nm coli filter

[80]

100mg/1 of photocatalyst used

Photocatalyst synthesized by hydrothermal,
deposition and precipitation

300 W xenon lamp, A > 400 nm made by cut-off

Ag-Bi,WOy 400 nm E. coliK-12 0.03071 filter

[80]

100 mg/1 of photocatalyst used

Photocatalyst synthesized by deposition and
precipitation

Photocatalyst synthesized by

Ag-Agl/AlLO, 450 nm E. coli 3.11E-01 [89]

deposition-precipitation and photoreduction
450 nm S. dysenteriae  1.304 200 mg/1 of photocatalyst used

420 nm S. dysenteriae  1.956 Best activity seen at pH 8.5

A> 420 and 450 nm made by cut-off filters

Photocatalyst synthesized by sol-gel, solvoth 1
Ag-AgBr/TiO, 400 nm E. coli 2.30E-01 otocatalyst synthesized by sol-gel, solvothermat 14

and photoreduction

0.5 g/L of photocatalyst used
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Continued

350 W Xenon lamp with 1 > 420 nm made by cut-off

Ag/AgBr/Ti 420 E. coli .76E—
g/AgBr/TiO, nm coli 2.76E-01 filter

[96]
Photocatalyst synthesized by
deposition-precipitation method

0.2 g/l of photocatalyst used

500 W xenon lamp with A > 420 nm made by cut-off

Ag-Bi,IWO, 420 E. coli 0.1535
g-Bi,WO, nm coli filter

[87]

S. epidermidis  0.06108 0.5 mg/ml of photocatalyst used

Photocatalyst synthesized by facile alcohol-thermal
process

Photocatalyst synthesized by

AgBr/TiO, 420 nm E. coli 0.2609 . .
deposition-precipitation method

[90]
350 W xenon lamp with A > 420 nm made by cut-off

S. aureus 0.3914
filter

0.2 g/l of photocatalyst used

Photocatalyst synthesized by direct precipitation

Ag:PO,/TiO 400 E. coli 0.1314
g,PO,/TiO, nm coli method

[88]
300 W xenon lamp with A > 400 nm made by cut-off
filter

10 mg/L of photocatalyst used

350 W xenon lamp with A > 420 nm made by cut-off

Agl/TiO, 420 nm E. coli 2.99E-01 filter

[97]
Photocatalyst synthesized by

S. aureus 0.1612 . L
deposition-precipitation method

0.2 g/l of photocatalyst used

300 W xenon lamp with A > 420 nm made by cut-off

filter [98]

Ag;PO,/TiO,/Fe;O, 420 nm E. coli 1.243
Photocatalyst synthesized by in-situ hydrolysis,
deposition-precipitation method

0.30 mg photocatalyst was used in an anti-microbial
film

300 W xenon lamp with A > 420 nm made by cut-off

Ag/g-C3N, 420 nm E. coli 1.84E-01 filter

[99]

Complex synthesis procedure
0.1 g/l photocatalyst used

300 W xenon lamp with A > 400 nm made by cut-off

Ag/AgBr/WO,;-:3H 400 E. coli E
g/AgBr/WO,-3H,0 nm coli 0.0693 filter

[100]

Photocatalyst synthesized by Ion-Exchange method
0.1 g/l of photocatalyst used

Photocatalyst synthesized by solvothermal-ion

Ag/AgBr/BiOB 400 E. coli 0.4621
g/ AgBr/BIOBr m colt exchange method

[101]

300 W xenon lamp with A > 400 nm made by cut-off
filter
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5.1.2. AgBr/TiO; via Solvothermal Route
A mixture of solutions containing AgNO,, CTAB and TTIP is prepared similarly
to the sol-gel route. This mixture is then transferred into a 100 mL Teflon-lined
stainless-steel autoclave. The autoclave is solvothermally treated at 150°C for 4
hours. The resulting product is thoroughly washed with deionized (DI) water,
centrifuged and dried at 70°C overnight. It is lastly calcined at 450°C for 2 hours.
The obtained yellow powder of AgBr/TiO, is then dispersed into deionized
(DI) water under dynamic stirring and white Light Emitting Diode (LED) irrad-
iation for 2 hours. The product is then collected and dried at 70°C. The gray
Ag/AgBr/TiO, photocatalyst is finally obtained.

5.2. Agl/TiO, [75]

AglI/TiO, is synthesized by a decomposition-precipitation method. 1.0 g of P25
TiO, is added into 100 mL of distilled water. This suspension is sonicated for 30
minutes. 0.205 g of potassium iodide (KI) is added to the sonicated suspension,
and the mixture is stirred magnetically for 30 minutes. Next, 0.21 g of AgNO, in
2.3 mL of ammonium hydroxide (NH,OH) (25 percent weight (wt%) ammonia
(NH,)) is swiftly added to the mixture. The resulting suspension is stirred at
room temperature for 12 hours. The product is firstly filtered, then washed with
DI water, finally dried at 70°C. The yellow AgI/TiO, is eventually obtained.

5.3. Ag/Agl/Al;03 [102] [103]

Synthesis of Ag/Agl/Al,O, requires preparation of Al,O, followed by deposition
of Agl. Finally, Ag/Agl/AlO, is prepared using a photocatalytic reduction me-
thod.

5.3.1. Al;03

4.2 g of aluminium i-propoxide (C;H,,;AlO;) and 3.6 g of glucose (C,H,,0) is
dissolved in 54 ml of distilled water. The resultant solution is magnetically
stirred at room temperature for 30 minutes. A diluted aqueous nitric acid (HNO,)
(10 wt%) solution is then added dropwise to adjust the pH value to about 5.0.
After 5 hours, the mixture is heated at 100°C. The resulting solid is then calcined
at 600°C for 6 hours. Al,O, is produced.

5.3.2. Agl/A12053
Agl is then deposited onto Al,O, using a deposition-precipitation method simi-
lar to the aforementioned AgI/TiO, production, yielding a dark yellow Agl/Al,O,.

5.3.3. Ag/Agl/Al,03

A suspension of 0.5 g Agl/Al,O, in 50 mL of DI water is sonicated for 30 mi-
nutes. The pH of the suspension is adjusted to 5.97 with a dilute HNO; solution.
0.05 g octadecylamine acetate [CH,(CH,)17NH,-CH,COOH] is then added to
the suspension and magnetically stirred at 70°C until the surfactant is dissolved.
7.9 mg of AgNO; in 0.08 mL NH,OH (25 wt% NH,) are added to the mixture
and stirred in the dark for 30 minutes. The product is then filtered, dried at
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100°C, and calcined in air at 500°C for 3 hours. The resulting powder is mixed
with DI water and irradiated with visible light (1 > 390 nm) for 4 hours. Finally,
the product is filtered, washed with DI water, and dried at room temperature.
The prepared Ag/Agl/Al O, is dark gray.

5.4. TiO2/Ag/Sn0; [104]

First, 1.0 g of P25 TiO, is sonicated in 100 mL DI water. Next, an aqueous solu-
tion containing 0.5 g of Tin dichloride (SnCl,) and 3.0 mL of hydrochloric acid
(HCI) is added into the aforementioned solution. This solution is magnetically
stirred at room temperature for 12 hours. The precipitate is collected by centri-
fugation and washed with water. It is then re-dispersed into 70 mL DI water.
Next, 0.5 mL of 50-mmol AgNO, solution is added to the solution. After 30 mi-
nutes, 2 mL of 0.15-mol sodium formate (HCOONa) solution is added to form a
mixture. This mixture is magnetically stirred for another 4 hours, and then the
product is collected after centrifugation, washed with water and dried in a va-

cuum oven at 75°C.

5.5. Ag/BiV0, [52]

BiVO, was synthesized by a homogeneous precipitation method. First, 6 mmol
of Bi(NO,),-5H,0 was dissolved in 32 mL of 1 M HNO, aqueous solution. This
was stirred until a clear solution formed. Next, an equal number of moles of
NH,VO; was added to this solution. 3.0 g of urea was added to the mixture, after
its color had changed to yellowish orange. This mixture was heated to 80°C. This
mixture was then kept at this temperature for 24 hours. The resultant precipitate
was washed thoroughly with deionized water until the pH of the supernatant
solution reached about 7.0. This washed sample was then dried overnight in an
oven at 60°C.

Ag NPs were deposited onto the BiVO, by a photodeposition method. The
as-prepared BiVO, (100 mg) was dispersed in 50 mL of deionized water. Conse-
quently, relevant amount of AgNO, was added. The mixture was irradiated by a
Xe lamp (300 W, A > 420 nm by equipping a long-pass cut-off filter) for 1 hour.
The resultant sample was thoroughly washed with deionized water and dried in

a freeze drier overnight.

5.6. Ag/BiOI [85]

BiOI was synthesized by the Solvothermal process. First, 0.05 moles of

Bi(NO,);-5H,0 was added into a 300-ml-ethylene glycol solution containing
dissolved KI with equivalent molar ratio. This mixture was stirred at room tem-
perature for 1 hour until it became homogeneous. It was then transferred into a
100 ml Teflon-lined stainless-steel autoclave. This mixture was kept at 160°C for
12 hours inside the autoclave. After the heating phase, the autoclave was taken
out of the oven and left to cool down at room temperature. Lastly, the precipitate

was centrifuged, filtered through a 0.22 um Millipore membrane, and then washed
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with deionized water and ethanol three times until the impurities were removed.
The resulting product was dried in a vacuum oven at 70°C for 6 hours.

The Ag/BiOlI composite was prepared by photodepositing Ag onto the BiOI
particles. The preparation is as follows: 1 g of BiOI powder and a reasonable
amount of AgNO, was added into 40 ml of aqueous solution containing 10
mmol/L HCOOH. The HCOOH acted as a hole scavenger. The mixture was so-
nicated for 30 minutes and then stirred magnetically for 30 minutes to form a
fine BiOI suspension. Next, to conduct photoreduction reaction the suspension
was illuminated with a 500 W high pressure mercury lamp for 2 hours. Here,

Ag" was reduced to Ag and evenly deposited onto the surface of BiOI particles.

5.7. Ag/AgsP0,/BiP0, [86]

The impregnation method was used to synthesize Ag/Ag,PO,/BiPO,. First, 1.25
mmol of Bi (NO,),;-5H,0 and 2.5 mmol of Na,PO, were added in a beaker. Then,
46 mL deionized water and 1 mL of a 4 M HNO, were also added to the beaker.
The mixture was magnetically stirred to form a homogeneous solution at room
temperature. After 1 minute, a white precipitate formed and this was transferred
to a Teflon-lined stainless-steel autoclave. This was heated at 180°C for 24 hours.
After the autoclave cooled off, a white BiPO, powder was obtained through cen-
trifugation. This powder was then washed three times with deionized water and
ethanol, and then dried in a desiccator at 55°C for 12 hours. Separately, a rea-
sonable amount of AgNO; was dissolved in 2 mL of distilled water, and 0.3 g of
the previously obtained BiPO, powder was dispersed in the AgNO, solution
while it was magnetically stirred to yield a uniform precursor. This precursor
was then kept at 80°C for 10 hours to get all the water to evaporate. Finally, the
obtained powder was calcined at 500°C for 6 hours to produce Ag/Ag,PO,/BiPO,

heterostructures.

6. Conclusions

Although waterborne diseases have plagued humans throughout history, it is a
concern that even today many developing nations lack proper water disinfecting
systems. As the human population becomes more economically and geographi-
cally sizeable and diverse, the need for sustainable, inexpensive, scalable, and
decentralized water treatment technologies to supplement or replace conven-
tional treatment methods is greater than ever, especially for satisfying the need
of small, rural communities for safe drinking water.

The challenges can be partially met with the use of semiconductor photocata-
lysis, particularly if the process is driven by visible light energy. VLA photocata-
lysis, as discussed in this paper, can be effectively applied in disinfection of
drinking water. In comparison to traditional, energy-intensive, physical and
chemical disinfection methods, VLA photocatalysis is capable of providing high
disinfection efficiency with the use of cheaper energy, no harmful by-products,

and no addition of chemicals. Doped with noble metals, some photocatalysts can
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be improved to react under visible light, producing in-situ ROS to disinfect wa-
ter. Either by reducing the bandgap of the semi-conductors to operate within
visible light region, or by delaying the recombination of electron-hole pair via
the SPR effect, certain new generation photocatalysts are very effective in disin-
fecting water.

As presented in Table 1, photocatalysts Ag/BiOI, Ag-Agl/Al,O, and
Ag.,PO,/TiO,/Fe,0, appear to be the most efficient for pathogen inactivation in a
photocatalytic setting, according to the predicted kinetic constant K.

Although considerable progress has been made in all aspects of visible-light
photocatalysis, studies in this field are still at a nascent stage, and further re-
search is necessary to increase the efficiency, stability, economic viability, and
adoption of this technology for water disinfection.

Some of the issues/challenges that future research in this area will have to ad-
dress include the economic analysis of the ability of photocatalytic water inacti-
vation technology to compete with conventional water treatment, the feasibility
to mass produce VLA photocatalysts, the viability and technology for recovering
photocatalysts after usage, residual effect of photocatalytic disinfection in larger
water treatment plants, the potential sources of light for VLA disinfection in-
cluding natural sunlight or LED lamps, and the effect of generating in-situ ROS
using electricity to supplement VLA photocatalysis.
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