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A Photocatalyst

Technical ¥ield
The present invention generally relates to a
photocatalyst. The present invention also relates to a
method of producing the photocatalyst, a photocatalytic

water treatment system and a method of treating water.

Background

Several known tTechnolcgies have been used to remove
organic contaminants present in wasltewater.

Non~destructive processes, such as activated carbon
adscrption processes and air stripping, can be used to
remove contaminants in  wastewater., Howsver, activated
carbon adsorpticn processes generate hazardous scoiid
wastes which must be disposed off safely. Furthermore, ailr
stripping converts a liguid contaminant in wastewater into
a gaseous pollutant.

On the other hand, chlecrination uses & strong oxidant
such as chleorine gas to remove contaminants in wastewater
and 1s thus termed as a “destructlve process”. However,
due to the formaticon of Toxic, carcinogenic
trihaiomethanes (THMs) and other by~products, chicorination
may be hazardous to the health of humans and aisc to the
2nvironment.

Cther destructive processes inciude - advanced
oxidation processes (AOPs) which typically involwve the
treatment of wastewater with ultraviolet (UV) light and/or
chemical oxidation. ACPs may fully oxidize the target
organic contaminants in wastewaiter to relatively innocuous
end products such as carbon dicxide, water and i1nocrganic

saits. As AOPs deo not leave any residual contaminants that
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reguire an additional treatment, these processes are well

O

suited for the destruction o¢f organic ceontaminants. AOPs

[



10

15

30

use compounds such as Oz, H0;, Ti0; and ZnC to generate
nydroxyl radicals (HCe) during the oxidation process. The
rapid, non-selective reactivity of HOe. radicals allows
them to act as initiators of the oxidative degradation of
organic coentaminants. However, +the efficiency of BACPs

depends on factors including the structure of
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contaminants, which 1in turn determines the mechanism of
destruction and formaticn of intermediaztes, the pH of the

wastewater, the design of the vphotoreacrtor and the

presence of HOe« scavengers such as HCO5 . Furthermore, AOPs
regquire long residence tTimes to destroy some organic
contaminants.

For AOPs that use C; and/or H;0;, the UV photolysis of
0s and/or H0, generates the HO+« radicals. However, such
ADPs cannot utilize solar energy as the source of UV lig!
as the required UV energy for the photocatalysis of 0
and/or H;0; 1s not available 1in the solar spectrum.
Furthermore, while the photocataiysis of H;0: exhibits
relatively  high efficiency cf  minerallzing organic
contaminants, it exhibits slow reaction kinetics. On ths
other hand, while the photocatalvsis of 03 exhibits lower
efficiency o©f  mineralizing organic contaminants, it
exhibits relatively faster reaction kinetics. Furthermore,
in order to oxidize the organic contaminants efficientlvy,
C= nhas to be bubbled througn the wastewater at a fesd rats
sufficient encugh tc¢ result in effective generation and

n
mass transfer. Such a system thus reguires a largs amount

For AOPs that use Ti0. or ZnC as & photocatalyst, the
photocatalytic oxidation of the Ti0;, or Zn0 semiconductor
absorbs UV lignt and generates HOe radicals meainly from
the adsorbed water or OH  ilons. However, the overall
oxidation is mainly limited by O, reduction at cathodic

sites on the  semiconductor surface, Other factors
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affecting the degradation efficiency are the semiconductor
surface area, catalytic properties of the semiconductor
and the electron/hole recombination.

There 1s a known method of entrapping or immcobilizing
Ti0; nanoparticles in a concentric mesh and wrapping the
mesh coaxially te an  emitting light source in  a
photocatalytic reactor. However, Ti0O; in the desired
crystalline anatase form may not bse achieved as there are
several layers of the mesh that cover the emitting source
and thus, a very limited fraction of the mesh may be
irradiated. Furthermore, there 1s 2z lack of intimate,
controlled and uniform contact of the wastewater with the
mesh as the wastewater stream may by-pass the mesh. Thus,
a low generation of electron/hole pailrs can be expected
with such technoclogy.

A number of methods have been proposed for the use of
Zno as a photocatalyst, including suspending Zno
nanoparticles 1n wastewater. However, with the suspension
of Zn0 nanoparticles in a slurry photocatalytic reactor,
even with low Te medium concentrations of Zno
nanoparticles, it 158 difficult to control uniform

ight on the suspsnsion  of  Zn0

fin

irradiation of UV
nancparticles. Furthermcre, it may be difficult to recover
Zn0 mnanoparticles Ifrom the treated water and hence, 2Znl
slurry suspensions may pose a secondary contamination of

water.

v

There also

o

lave bsen many methods developed to
synthesize ZnC  nanoparticles including wet chemiceal

processes such as vapor-liguid-scolid processes, sol-gel

processes, homogaensous pracipitation, microemulsion,
hydrothermal methods an solvent evaporation; and dry
chemical processes such as vapor phase growth, soft
chemical methods and electrophoretic deposition. Whilst

dry chemical processes reguire lower synthesis

a0



temperatures, shorter preparation times and are simple and
solvent-free procsesses for easy control, the produced
particies may aggregate gasily, thereby reguiring
sacondary processes to treat the aggrecated particles.
Furthermore, dry chemical processes reguire precise
stoichiometry. On the other hand, whilst wst chemical
processes  can  precisely coentrol  ths composition of

particles, such processes may be tedious and may regulrs

ct

high temperatures and pressures.

Accordingly, there is a need to provide a
photocatalyst that overcomes, or at least ameliorates, one
or more of the disadvantagesz cdescribed akbove.

Furthermore, there is & need tc provide a
photocatalytic water tTreatment system that overcomes, or

rates, one or more of The disadvantagess
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Summary
According to a first aspect, there is provided a
photocatalyst comprising metal oxide semiconductor

nanoparticles in crystalline form integrally formed on a surface of a

substrate made of the corresponding metal, wherein

said substrate has been oxidized in an oxidant
solution at an oxidation temperature of from &§0°C o BO°C
te integrally form said nanoparticles, én& wherein said
cxidized substrate has furthér been thermally treated from
the oxidation temperature to atbsin a maximumh temperatura

of 450°C at a heating rate of betwzen 5 to 13%/min.



Advantageously, when in use, the integrally formed
metal oxide semiconductoer nanoparticles do not gilive rise
o secondary contamination of the treated water. Without
being bound by theoryv, 1t 1s believed that by being
integrally formed, the metal oxide nanoparticles are
ragistant to being sloughed off due To aprasive forces

The metal oxide semiconductor may be selected Irom

MoOs,
semlconductor is
Advantageously,

Further, Znl has a

of Zn0, Ti0,, 8nd,, W03, Fe0:, BiuOi,
In ons =smbodiment, ths metal oxnide
Zn0  dis  insoluble  and non-toxic.
powerful oxidizing ability and its

4a



ground state electrons are capable of being excited by

absorbing photons from UV  radiation. A photocatalytic

water treatment system utilizing Zn0C activated by UV

radiaticn thus achieves high degradation efficiency of the
e

contaminants that

i

re present in the wastewaisr.
advantagsously, Znl 1is zable to degrade or mineralize a
wide spectrum of contaminants present in wastewater and
also alir-borne contaminants., Such contaminants may be for
examples phenols, cathecol, naphthol, chloreophenols,

polychlorinated biphenyls (PCBs), benzene, benzoic acid

a

h

]

nid salicylic acid. Moreovar, Zn0 may effectively
19

3

tocatalytically degrade suriactants freguently used in
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indus
According to a second aspect, there i1s provided =

method of producing a photocatalyst comprising the steps

Fh

o z. providing a substrate of a transition metal; b.

oxidizing the metal substrate at an oxidation temperature of from 60°C
to 80°C to integrally form metal oxide semiconductor nanoparticles in

crystalline form thereon; and ¢. thermally treating the oxidized

substrate from the
oxidation tempesrature to attain a maximum temperaturs
of 450°C, wherein said thermal treatment step octurs at

a heating rate of betwesn 5 to 15°C/min.

Advantagesously, the disclossed method 1s relativel:
G Y

gimple and 1s easily scalable. Advantageousiy, tThe
wtoc

ph atalyst produced by the disclosed metnhod has a

ively lower energy transmittancse tThan phoetocatalysts

roduced by rior art processes. Accordingl lesser
i r

enaergy ZIrom the light source i1s transmitted away Irom the
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surface arsza, therseby increasing the aresa for contact with

wastewater and 1ncreasing the efficacy of subseguent

5a



mineralization/degradation of the organic contaminants
T

presant 1n wastewalter.

In ons embodimsnt, the msthod Iurther comprises a
step of thermally trsating the oxidized substrats Lo
activate the metal oxide semiconductor nanoparticles
formed therson. Advantageously, thes thsrmal treaziment step
incrzases the crystallinity of the matal oxide
semiconductior nanoparticliss formsd on the surizcs of the
substrate. Advantagesously, the incrsassd crystaliinity has
been found to incrsass the photocatalytic activaty of fne

nrovided

it

formed on a surface of a substrate made of the corresponding metal,

wherein said substrate has been oxidized in an oxidant solution at an

oxidation temperature of from €60°C to B80°C to integrally form said

nancparticles, and wherein sgaid oxidized substrate has further been

thermally treated from the oxidation temperature to attain a maximum

temperature of 450°C at a heating rate of between 5 to 15°C/min and

wherein each stage further compriseg a light source.



Advantageously, the pluralizty of stages provides

increased surfac

[

area for contact between the
photocatalysts and wastewater present in the +treztment
zone. Advantagesously, the plurality of stagss further
premotes the mineralization/degradation of persistent
organic contaminants prasent in The wastewater by
increasing the residence time of wastewatesr 1in  the
photocatalytic water {reatment system and the contact
between the photocatalyst and the wastaswater.

n one embodiment, each stags is characterized by at
lezst one light source disposed substantially between the
photocatalyst of that stags and a photocatalyst of an
acent stage. The light scource and the at lsast Two
photocatalysts define a flow path for the contaminated

feed water to flow thersthrough. In one smbodimsent, the

ba



at
the feed water in each stage iz of 2 substantially U-
shape, such that the flow is 1n a countercurrent dirsciion
within a single stags.
The light source may be arrangesd to substantially

irradiate at least one exposed planar suriace of the

photocatalytic substrate. In one embodiment the light
source is arrangsed in betwesen two photocatalytic planar

substrate surfaces to thereby irradiate the top surface of
one photocatalytic planar substrate and the bottom surface

of the other photocatalytic planar substrate

ny
+

Advantageously, such an arrangement zllows +the Llight

>
{

source to irradiate substantially ths entire expose

[N

surface of the planar substrate, thereby achleving uniform
irradiation across the substrate surface. Advantageousily,
the uniform irradiation provides an increased degradation
or mineralization of fthe contaminants present 1in  the
wastewater

According to a fourth aspect, there is provided a
msthod of treating water containing organic contaminants,
the methed comprising: irradiating a  photocatalyst

comprising metal oxide semiconductor nanoparticles 1

crystalline form integrally formed on a surface of a substrate made of

the corresponding metal, wherein zaid substrate has been oxidized in an

oxidant soclution at an oxidation temperature of from 60°C to B80°C to

integrally form said nanoparticleg, and wherein saild oxidized substrate

has further been thermally treated from the oxidation temperature to

attain a maximum temperature of 450°C at a heating rate of between 5 to

15°C/min, with 2 light



Sourcs to activate the metal oxide senlconductor

nanoparticles; and contacting sald water with the

o]

activated metal oxide semiconductor nanopa

H

ticles to

thereby produce water containing relatively

~
fa

less organ

}J

contaminants.
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Definitions
The following words and terms used herein shall have
the meaning indicated:

347

The fterm “integrally formed is To Dbe interpreted
broadly to refer to a first element/feature extending or
transiting in a continuous manner from a second
element/feature as a unitary whole and not as two separate
and distinguishable elements.

The term “semiconductor” is to be interprasted in its
that are not

broadest sense Lo refer to material

a3
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conductors in 1its natural state but may easily be excited
intc a state of conductiocon.

The term “transition metal” as used in the context of
the specification refers to elements with electrons in a
“d” or “f7” orbital and in particular, elements of groups
TIT-XII of the Periocdic Table as well as lanthanides and
actinides.

The prefix “nanc” and the term “nanoparticle” as used

in the context of the specification is to be interpreted
broadly to, unless specified, refer to an average particle
size of between about 1 nm to about 1000 nm, specifically

between about I nm to about 100 nm. The prefix “macro” as
used 1n  the context of the gpecification is tTo be
interpreted breadly to, unless gspecified, refer to an

average particle size of between about 1 um to about 1000

ct

uim, and preferably between abcout 10 pm to 1
particle size may refer to the diameter of the particles
where they are substantially spherical. The particles may

ticle size range mayv refsr to

h

be non-spvherical and the pa

[

Q)

particles relative to

ot

the egulvalent diameter of
spherical particles or may refer to a dimension {(length,
breadth, height or thickness) of the non-spherical

particle,
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The word “substantially” does not exclude
“completely” e.g. a composition which is “substantially
free” from Y may be completely free from Y. Where
necessary, tThe word “substantially” may be omitted £from
the definition of the invention.

Unless specified otherwise, the terms "comprising”
and "comprise", and grammatical wvariants thereof, are
intended to repressnt "open” or "inclusive” language such
that they include recited elements but alsc permit
inclusion of additicnal, unrecited elements.

As used herein, the term "about", in the context of
concentrations of components of the formulations,
typically means +/- 5% of the stated value, more typically
+/- 4% of the stated value, more typically +/~ 3% of the
stated wvalus, more typically, +/- 2% of the stated value,
even more typically +/- 1% of the stated wvalus, and evan
more typically +/~ 0.5% of the stated value.

al
Throughout this disclosure, certain embodiments may

50

be disclosed in & range format. Tt sgshould bhe understood
that the description in range format i1s merely for

conveniance and brevity and should not be construsd as an

O
4]
0.

infilexible limitation on the scope of the disclos

£

ranges. Accordingly, the description ¢f a range should b
considered to have specifically discleosed all the possible
sub-ranges as well as individual numerical values within
that range. For example, description of a range such as
from 1 to © should be considered to have specifically

disclosed sub-ranges such as from 1 to 3, from 1 to 4,

i
A

from 1 to 5, from 2 to 4, from 2 to &, from 3 to © etc.,

¥

as well as individual number within that range, for
exanple, 1, 2, 3, 4, 53, and 6. This applies regardlsss of

the breadth ¢f the range.



Datailed Disclosure of Embodiments
Exemplary, nen-limiting embodiments o a
rhotocatalyst according to the first aspect will now bs
disclosed,
In one smbodiment, thers 1s provided a photocatalyst
comprising metal oxide semiconductor nanoparticles 1in

crystalline form dintegrally formed on the surface of a

4]

substrate made of the corresponding metal.

Fh

The metal cf the substrate may be a transition metezl

i—

Iin one embodiment, the metal of the substrate 1s seleactad
from the group consisting of Zn, Ti, 3n, W, Fe, Bi, Mo, Ir
and Nb. The corresponding metal oxide semiconductor
nanoparticles may be integrally formed £rom and on the
substrate metal. Hence, the gorresponding metal oxide
semlconductor nanopariicles may be selected from the group
consisting of Zn0, TiOp, 5nl:, WO;, Fe03, Bi0s, Mo0i, Zrl,
and WbpUy respectively.

The absorption of radiation energy by the metal oxide

semiconductor nancparticles may be exemplified by the

0.
}J.

ragram in Fig. 13.

The photocatalytic degradation of organic compounds
or contaminants is based on semiconductor photochemistry.
The semiconductor photocatalyst is irradiated by a lig
source, such as UV radiation or solar radiation
wavelength sufficient to displace the electrons of ‘the
photocatalyst f£from the valence band to the conduction band.
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In tThe embodiment where the metal oxlide semiconductor is
Zn0C, the wavelength of light reqguired is above 387.5 nm.
As electrons are displaced rom the valence band, a
localized positively charged “hele” 1s produced and an
alectron/hole palr 1g formed on the semiconductor surface.

The organic pollutant may then bese adsorbed on fhe

n

urface of tThs semiconductor photocatalyst, where the
electrons of the pollutant fill the positively charged
holes, thereby oxidizing the organic pceliutant.

The organic pollutant may alsc be oxidized by the HO-
radicals, which are powerful oxidizing agents. HO -

radicals are generated from the H,0 molecules £ the

O

wastewater when the displaced electrons of the metal oxide
semiconductor returns tTo tThe positively charged hole in
the walence band, thereby releasing the binding energy of
the electron/hecle pair. The binding ensrgy released is
capable of splitting the H,0 molecules intcec HOe radicals
and oxidation of the organic pollutant takes place.

Both types o¢f oxidaticn reaction mechanlisms may
proceed  simultanecusly  and which mechanism dominates
depends on the chemical and adscrption properties cf the
pollutant. Oxidation o©f the organic pollutant decomposes
the pollutant to harmliess end products, such as CO; and H0
Recordingly, & wide spectrum of organic contaminants can
be advantageously degraded by the disclosed photocatalyst.
In one embodiment, the metal of the substrate is no and
the corresponding metal oxide semiconductor nancparticles
are ZnO. Advantageocusly, 2Zn0 1s & direct band gap
semiconductor with room temperature energy gap of 3.37 eV,
a large exciton binding energy cof 60 meV and low power
threshold. In particular, irradiation with & light beam
having a wavelength o©f less than 390 nm i1s reguired to

excite ZnC. In one embodiment, a light beam having a
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wavelength of 365 nm may achileve the degradation of
chloro-organic molecules completely.

The average nancoparticle size may be from about 30 nm
to abour 100 nm, or about 50 nm to zbout 100 nm, or about
70 nm to about 100 nm, or about 3C nm to about 70 nm, or
about 20 nm to about 50 nm. In one embodiment, the
crystalline metal oxide semiconductor nanoparticles
possess an average particle size of from about 30 nm to
about 100 nm.

Advantageously, the crystalline metal oxide
gemiconductor nancparticles integrally formed on thes metal
substrate possess high specific surface area which
increases The photocatalytic activity of the
photocatalyst. The increased photocatalytlc activity may
be duse to the quantum size effect o0f the nanoparticles.
The guantum size affect refers to the unusual properties
exhibited by extremely small crystals that arise from the
confinement cof electrons to small regilons of space. Due to
the guantum size effect of the nanoparticles, the band gap
between the highest valence bpand and the lowest conduction
band increases with a decrease in gize of ths
nanoparticles. Thus, more energy 1s needed to excite the
electrons of the nanoparticles and more energy 1is also
released when the nanoparticles return tc their ground
state. Accordingly, the increase in the band gap 1ncreases
the redox capabilities of the electron/hole pair of the
excited nancparticles, thereby lncreasing The
photeocatalytic activity of the nanoparticles.

The substrate may be in the form of a sheet or wir
or in powder form. In the embodiment where the substrate
iz in the form of a sheef, metal oxide semiconductor
nanoparticles may be integrally formed on both sides of
the sheet. In another enmbodiment, metal oxide

semiconductor nancoparticles may be integrally formed con

12
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one side o©f the sheet. In the embcdiment where the
substrate 1s in the form of a wire, metal oxide
semiconductor nancoparticies may be integrally formed co-
axially on the circumference o©of the wire. In the
embodiment where the substrate 1is in powder form, the
metal oxide semiconducter nancoparticles may be integrally
formed on the surface of the powaer.

In cone embodiment, the 2Zn substrate ils composed of

substantially pure metallic zinc. The substantially pure
metallic zinc substrate may possess a purity of about 95%
purity of Zn or higher, or about 98% purity of Zn or
higher, or about 99% purity of Zn or hilgher. In anocther
embodiment, the substrate is an alloy o¢f zinc and other
metals. In yet another embodiment, the substrate 15 a
metal composite material comprising Zn and other inorganic
materials, such as, guartz, or ceramic material.
In one embodiment, the average thickness oI tne
substrate having metal oxide semiconductor nancparticies
integrally formed thereon is from about 0.1 um to about 1
mm .

The metal oxide semiconductor nancparticlies may Dbe
formed by oxidizing the metal substirate with an oxidizing

Zin
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agent. In cone embodiment, the oxid
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is a liquid
oxidant.

Exempiary, non-limiting embodiments of & method
according to the second aspect will now pe disclesed.

In one embodiment, there 1s provided a method of
producing & vphotocatalyst comprising the steps oi: a.
providing a substrate of a transition metal; b. oxidizing
the metal substrate under conditions to integrally form
metal oxide semiconductor nanoparticles 1n crystalline
form thereon.

The liguid oxidant used in the oxidizing step may be

any chemical capable of oxidizing the metal substrate. The

13
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oxidizing agent may be selected from the group consisting
of chlorine, organic chlorines, chlorine dioxide,
peroxide, persalt, peracids, persuifates and
peroxyphthaiates. In one embodiment, H:0, 1s used as the
oxidant in the oxidizing step.

In another embodiment, the oxidant solution wmay
further comprise a mixture of NaF, NaCl and Na,S0;.

The oxidizing step may be conducted for at least 72
hours. The oxidizing step may be conducted at  a
temperature from about 60°C to about B0°C. Advantageousliy,
Ho0, decomposes at a temperature from about 60°C to about
80°C to produce strongly oxidizing radicals, which leads to
the formation of Zn0 nanoparticles on the gurface of the
Zn substrate.

In one embodiment, tThe method further comprisss the
step of pickling the substrate in a pickling sclution to
remove contaminants, such as undesirable metal oxides,
from the surface of the substrate. The pickling step may
be performed bhefore the oxidizing step.

The pickling solution may comprise of ar acld. In one
embodiment, the acid is selected from the group consisting
of HF, HNO:; and mixtures thereof.

The pickling sclution may further comprise of water.
In one embodiment, Lhe water 1s deionized water.

1

In one embodiment, the pickling sclution comprises
HEF, HNO3z and water. The HF may have a concentration of
about 38 wt% to about 53 wth%, or abéut 28 wt% to about 50
wt%, or about 3B wt% to about 45 wi%, or about 45 wt% to
about 55 wt%, or about 40 wt% to about 50 wit%.

In cne embodiment, the pickling sclution comprises of
a mixture of HF, HNOs; and water. The mixture of HF, HNO;
and water may comprise of HFE in the rangs of about 1 vols
to about 25 wol%, HNO: in the range of about 10 wvol% to

about 50 vel? and water in the range of about 45 vol% to

14
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75 wvols wherein the wvolume of HF, HNOs; and water
makes up 100 vol%. In one embodiment, the volume ratic of

HFE:HNGs:water 18 1:3:6

The pickling step may be conducted at a temperature
5 suitable to remove undesirable particles from the surface
of the substrate. The temperature of the pickling step may
be in the range of about 15°C to about 30°C, or about 20°C
to about 30°C, or about 25 to about 30°, or about 15°C to
about 25°C, or about 15°C to about 20 In one embodiment,
10  the pickling step 1s conducted at amblent temperature
(about 15°C to 30°C).

The method may further comprise the step of thermally
rreating the oxidized substrate Tto activate the metal
oxide semiconductor nanoparticles formed thereon. The

15 thermal treatment step may be performed after the

oxidation step.
In the embodiment where +the method additionally
omprises both the pickling step and the thermal =atment
step, the steps are performed sequentially such that the
2C  pickling step 1s performed before the oxidation step and
the thermal treatment step 1s periformed after the
oxldation step.
In one embodimesnt, the heating rate <f tThe therm
treatment step 1s from about 5°C/min te about 15°C/min. In
25 another embodiment, the heating rats of ths hermal
Creatment st is about 10°/min. The maximum temperature
attained during th thermal! tfTreatment step may be from
about 300°C to about 600°C, or from about 400°C to about
600°C, or from about 300°C to about 500°%C. In  one
30 empodiment the maximum temperature attained during the
thermal treatment step is 450°C.

The morphology of the metal oxide semiconduct
nanoparticl may be altered by altering the temperature
attained during the thermal treatment step. Specili

15
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the crystallinity and the particle size of the
nancparticles may be altered by altering the temperature
attained during the thermal freatment step.

in one embodiment, The thermal Lreatment step
advantagecusly increases the crystallinity of the metal

oxlde semiconductor nanoparticles formed on the surface of

the substrate, thereby increasing the photocatalytic
activity of the photocatalysts. The crystallinity of
nanoparticles may be determined by -ray diffraction,

wherein an increase in crystallinity is characterized by
sharp diffraction peaks due o the reflection of photons
off the regularly-spaced crystal structures. On the other

hand cryvstal structures with low crvstallinitv exhibit
f

weak, diffuse diffraction peaks.

The thermal treatmsnt step may also increase the
particle gize of the metal oxide. semiconductor
nancparticles formed on the surface of the substrate.
However, with an increase 1in particle size, the specific
surface arez o©of the c¢rystals o¢f the metal oxide
semiconductor nanoparticles decreases, which may lead to a
reduction in photocatalytic activity of the photocatalyst.

Advantageously, 1t has been surprisingly found that a
maximum temperature of 450°C attained during the thermal
treatment step can increase the crystallinity of the metal
oxide semiconductor nanoparticles with a minimal decrease
ocf the specific surface area of the crystals, thereby
optimizing the photeocatalytic activity of the

photocatalyst.

6

The metal oxide semiconductor nancoparticles formed by
the method defined above possess an average particle size
of from about 30 nm to about 100 nm. Advantageously, as
discussed, such nanoparticles possess nigh specific
surface area which increases the photocatalytic activity

of the photocatalyst.
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Furthermore, the crystalline metal cxide
semiconductor nanoparticles formed by the method defined
above pCcsSsess relatively lower absorbancs than
photocatalysts produced by prior art processes.

Exemplary, non-limiting embodiments of a
photocatalytic water treatment system according to the
third aspect will now be disclosed.

In one embodiment, there i1s provided a photocatalytic
water Treatment system having a treatment zone comprising:
& plurality c¢f stages, wherein each stage comprises a
photocatalyst comprising metal cxide semlconductor
nancparticlies in crystalline form integrally formed on the
surface of a substrate made of the corresponding metal and
wherein each stage further comprises a light source.

The disclesed system may comprise of two or more
stages. In one embodiment, the system comprises four
stages.

The metal oxide semiconductor nanoparticies of the

plurality of stages may be composed of the same metal
oxide or may compose of different metal oxides.

The photocatalyst may be supported on a removable
frame within the ¢reatment zone. The removable frame may
pe made of any UV resistant material, such as stainless
steel. The Irame may Dbe removed from the system for
maintenance or cleaning when reguired. The removable
frame may be conflgured to secure the substrate in place
such that at least two planar surfaces of the substrate
are exposed for contact with wastewater.

The light source may emit a wavelength of light
sufficient to excite tThe metal oxide semiconductor
nanoparticles. In one embodiment, the light source is a UV
light source. In one embodiment, the UV light source 1is

solar radiation. In another embodiment, the UV light

i
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source is a UV lamp. The UV lamp may be any sultable lamp
known in the art, such as a xenon lamp or a mercury lamp.

Tor disinfection~type treatment, the UV lamp used may
be a high pressure xencon lamp or a low pressure mercury
lamp. For purification-type treatment, the UV lamp used
may be a2 high pressure mercury lamp.

The light source may be configured such that the
longitudinal axis through the light source is
substantially parallel to the Jlongitudinal axils passing
through the substrate o0f the photccatalyst. In one
embodiment, the light scurce is arranged to substantially
lrradiate at least one planar surface of sald
photcocatalyst. In ancother embodiment, the light source is
arranged tTo substantlally irradiate atr least two planar
surfaces. In vet another embodiment, the flow path
substantially traces the perimeter of the photocatalysts

ight source. Advantagecusly, with such a

-

and the

Q

onfiguration, the flow path of the wastewater 1s mads To

it

by

low substantially along the perimster o) The
photocatalyst and the light source, thereby maximizing the
contact of the wastewater with the photocatalyst whilst
concurrently 1lluminating the entire length of the flow

hot

+
)]
rt

path s the wastewater contacts the

O

cataly

in anocother embodiment, the light scurce and the

e

photocatalyst of each stage may be configured such that
the fliow of wastewater 1in the treatment zZcne 1s 1in a
countercurrent direction.

The flilow of the contaminated feed water may be in a

substantially parallel direction to tThe longitudinal axes

of the substrate and the light source. Advantageously, the
contact of the feed water with the photcocatalyst and the

light source may be maximized.
In one empodiment, the photocatalysts and the light

sources are arranged alfernately tTo thereby define =&

ig
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substantially U-shaped flow path in each stage for =the
contaminated feed water to flow therethrough. In this
embodiment, the contaminated water may flow between the

photocatalyst and the light source ir a U-shaped flow path

in each stage of the photocatalytic reactor. In one
embodiment, the flow of the feed water within the
treatment zZone 1is in a countercurrent direction.

N

Advantageously, the contact of the feed water with the
photocatalyst and the light source may be maximized.

The light source may be enclosed by a cover within
the treatment zone. The cover may be made of any sultable
material able tTo withstand the conditions within the
treatment zone. In particular, the cover may be made of
any UV resistant material that alsc allows light to pass
through. In one embodiment, the cover 1s made of gquartz.

The cover may be eqguipped with a switch to opsrate
the 1ight source. The switch may include a safety feature
that automaticallyv switches the light source off when the
cover is open.

The treatment zone of the photocatalytic water
treatment system may be enclosed by a contalner. The
container may be made of any UV resistant material, such
as stainless steel.

The container enclosing the =treatment zZone may be
gsized according to the reguirements of The water treatment
process. The container enclosing the treatment zone may
alsc be sized according to the number cof stages in the
system. In one embodiment, the contalner has a capacity cf
50 liters.

The system may comprise of sensors placed within the

.

tment zone sc that the process may be monitored 1in

ot

r

)
&3

ezl time. The sensors may monitor the temperature and/or

]

the pressure in The treatment zone.

fot
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The system may further comprise a Iflow rate limiter
to adjust the flow rate of contaminated water entering the
Treatment zone. The flow rate limiter may be a flow metar.
The fZlow rate limiter may be used as a safsty measure to
limit the flow rate tTo & predetermined maximum allowable

value. The flow rate ILimiter may also advantageously

control the residence time of the contaminated fesd water.
The system may comprise of a tank te sto
contaminated feed water. The tank may be of any suitable

size. The tank may alsc be made of any suiltable material

capable of containing contaminated feed water.

A filtraticn membrane may be provided 1in the tank.
The filtration membran may Dpe any suitable porous
membrane capable of removing contaminants in The

contaminated feed water. The filtratlion membrane may be
used to remove suspended particles in the contaminated
feed water bkefore being treated in the treatment zone. The
filtraticn membrane mavy alsoc be used to remove particles
resulting from the degradation of organic contaminants in
the ftreatment zone. In one embodiment, the pores of ths
filtration membrane are micro-sized.

Sernscrs may be provided in the tank for real <fime
nonitoring. An example of a sensor That may be provided in
the tank 1s a sensor that monitcors the chemical oxyvgen
demand (COD) of the water in the tank.

The system may also comprise a pump to pump the feed

water into the treatment zone. The pump may be capable of
pump ¥

th

providing wvariable feed flow rates suitable for operation
of the water treatment system. In ocone embodiment, tThe pump
delivers a flow rate of about 100 nmlL/min to about 100G

mL/min. The pump may also permit the system to be capable

of recirculating the feed water.

210
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Exemplary, non-limiting embodiments of a method of
treating water containing organic contaminants according
te the fourth aspect will now be disclosed.

In one embodiment, there is provided a method of
treating water contalning organic contaminants, the method
comprising: irradiating a photocatalyst comprising metal
oxide semiconductor nanoparticles in crystalline form
integrally formed on the surface of a substrate made of
the correspending metal with a light source to activate
Lhe metal oxide semiconductor nancparticles; and
contacting saild water with the activated met
semlconductor nancparticles to  thereby produce water
containing relatively less organic contaminants.

The feed water contalning organic contaminants may
have more than about 50% of the contaminants degraded to
procduce Lreated water, Ir ons embodiment, .the watsr
containing organic contaminants nhas more than 75% of the
contaminants degraded. In ancther enboediment, the water
containlng organic contaminants has more than 85% of the
contaminancs degraded. In  vyet another embodiment, the

water contalning organic contaminants has more than 95% of

o.
0.
o

(3

the contaminanits degrade

-7 -}

The pH o the feed wate

r may be adjusted befors
Treatment. In cone embodiment, the pH of the feed water isg
adjusted Dbetween about € Lo about 9. In another
empodiment, the pH of the feed water 1s adjusted zTo 7.5.
The methoed may Ifurther comprise a step 0f removing
suspended partlicles from the feed water before contacting
the feed water with the crivated metal cxide
semiconductor nanoparticles. In one empodiment, the
removing step comprises membrane filtration. The membrane
may be any sultable micro-sized, porous membrane for

removing the mineralized contaminants.
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Brief Description 0Of Drawings
The ccompanying drawings i1llustrate a disclesed
embodiment and serves tc explain the principles of the
disclosed embodiment. It is to be understood, however,
that the rawings are designed for purposes of
illustration only, and not as a definition of the limits

of the invention.

Figs la and 1b shows field emission scanning
electron microscope (FE-SEM) micrographs of tThe ZnG
nanoparticies formed on the surface of the Zn sheets

obtained from Example 1 at 33,000 and 80O, 000x

magnification respsctively.

Fig. 2 shows the energy dispersive spectrum (EDS) of

the integrally formed Zn0 nancparticles obtained £from

snows the FE-SEM micrograph of the commercial

Zns nanoparticles used in Comparative Example 1 at 40,000x

he Zn sheets

f

Fig. 4 shows the FE~SEM micrcgraph of

printed with 2Zn0 nancparticles obtalined from Comparative

fixample 1 at 40,000x magnification.

Fig. 5 shows a schematic diagram o¢f a four-stage

photocatalytic water Treatment system used in Example 13.

Fig. © shows &a schematic diagram of a four-stage
photocatalytic water treatment system powered using solar
energy.

£

Figs. 7a, 7b and 7c¢ show graphs of the degradation
efficiency of the photocatalytic water treatment system of

Example 13 to degrade phenol with initial concentration

wn

of 5 pg/mL, 10 ug/mL and 20 upg/mL respectively versus

irradiation time.

22
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Fig. 8 shows a graph of the natural logarithm of
normalized initial concentrations of 5 ng/mL, 10 pg/mL and

20 pg/mL of phenol in Example 13 wversus irradiation time.

Fig. 9 shows a graph of the degradation efficiency of
the photocatalytic water treatment system of Example 14 to
degrade phenol with an initial concentration of 10 ug/ml

in the different pH solutions versus lrradiation time.

ig. 10 shows the effect of pH value on the apparent

rate constant (Kgp) of Example 14,

ig. 11 shows a graph of the discoloration efficlency
©

of the photocatalytic water treatment system of Example 16
Lo degrade Rhodamine B (RB) having an initial
concentration of 15 pg/mil.

Fig. 12 shows a UV-Vis absorption spectrum of the
discoleration efficiency of tThe photecatalytic water
treatment 3system of Example 15 to degrade RB with and

without the Zn0O photocatalyst.

Examples
Non-limiting examples oI the invention will De
further described in greater detail by reference to
specific Examples, which should not be construed as in any

way limiting the scope of the invention.

Preparation O0f A Photocatalyst

Testing methods

In the following Examples, the following testing
methods were used to characterize the Zn0 nancparticles

produced.

[
Lo
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(1) Average particle diameter

The average particle diameter was determined by
repeatedly determining the average volume of 20 particles
taken at from a randoem field of view in a field emission

scanning electronic microscope (FE-SEM, JEOL Ltd., Japan).

{2y Mean film thickness
The mean film thickness was determined by stylus
surface proefilometer {(DEKTAK €M, Veeco Company, New York,

United States of America).

{37 Ultraviolet absorptivity

The absorbance ©of tThe samples thereof was determinsd
at 275 nm to 400 nm by UV-Vis spectrometer (UV-1800,
Shimadzu  Corporation, Japan) to evaluate the light

transmittances in the ultravioclet and visible ray region.

Example 1

s

Zn sheets purchased from Titan Engineering Pte Ltd,
Singapore {99.5% in purity; with a size of 2.5 cm » 2.0 cm
* 0.1 cm were pickied in a pickling sclution consisting of
concentrated HI, concentrated HNG; and deionized water with
a volume ratio of 1:3:6 at ambisnt temperature.

The IZn  sheets were then cleaned ultrasonicaily
cleaning in deionized water. Thereafter, =sach piece of In
sheet was oxidized in 50 mi of ar oxidant solution of 30
wt% HCp and subjected to a first step of thermal treatment
by heating at 80°C in an oven for 72 hours to produce Zno

nanoparticles formed on each Zn shest. The In shests wer

4]

then removed from The oven, rinsed with dejonized water
and dried in air.
The Zn sheets were then subjected to a second step of

thermal treatment, which was conducted in & furnace at a

24
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heating rate of .]IWC/min to attain the designated
Ltemperature of 4509 . The temperature was maintained for 1
hour, folillowed by furnace cooling tc ambient temperature.

The FE-SEM micrographs of the ZIn0 nanoparticles
integrally formed on the surface of the Zn sheets 1s shown
in Figs. la and 1lb. It can be seen that the nanoparticles
formed have smaller average particle sizes and thus have a
larger specific surface area.

7

The energy dispersive spectrum o©of the integral

—
Rt

formed ZnC nanoparticles can be seen Ifrom Fig. 2.

L=
o
6}

cxvygen atoem has 898.39% wt% and 60.88 atomicik, while the
Zinc atom has 2358.87 wi% and 3%9.12 atomich.
The properties of the Zn0 nanoparticlies obtained Ifrom

Examplie 1 is shown in Tabkle 1 below.

Examples 2 to ©

The procedure described 1in Example 1 was repeated
except that different substances were added to the oxidant
solution. The different substances added are described in

Tabhle 1 bhelow.

Table 1
Additicnal Average Apparent uv
substance particle | gpecific | a@bsorbance
Example Zn _
in oxidant slzes area @ A=365 nm
sclution (nm) (m*/qg) T
1 Sheet | None § ~ 30-100 nm 85 Z6
z Sheet 5 mM Natb ~ 30-¢0 nm 68 28
3 Sheet | 5 mM Nall | ~ 30-100 nm 85 26
‘ 5 omM i
4 Sheet ~ 50-90 nm g0 3C
Na,50,
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5 mM i |
H Sheet amorphous - -
N82C03
5 mM
& Shee amorphous - -
NBQCQOa
7 Sheet | 3 mM TaCl - -~ -
2] Sheet | 15 mM NaCl - - _
9 Sheet i 15 mM HCL - | - =
|

As can be seen from Table 1 above, the addiitilion of
NaF, Nall or Na-S0, in the H;0; oxidant soluticn results in
distinct crystalliine Zn0 nanoparticles. Furthermore, the

Y
P

specific surface area of the crystalline Zn0 nanoparticles

—

is relatively high, while the absorbance of uv
characterized by the percentage of transmittance (T%) at

A=36

o
"

E"""

m is relatively low.

Comparative Example 1

es (obtained from Alfa

[

Commercial Zn0O nanopartic
Aesar, Massachusstts, United States 0f 2merica) with an
average particle size of 40-100 nm and specific surface
area of 10-25 m°/g were deposited on zinc sheets using a
screen-printing technigue. The screen-~printing procedure
used 1s described as follows.

The following chemicals used are obtained from Sigma
Aldrich, Missouri, United States 0L America. Ethyl
ceilulose solutions with viscoesities cof 10 mPas and 50
mPas were mixed in egual proportions, and dissclved in 10
wt% of ethanol. 10 wi% of o-terpinecl was added into tThe
ethancizc mixture. An liguot of the final mixture cof
solvents was drawn and added inte a guartz mortar
containing 6g of the commercial Zn0 nancparticles and

ground slowly to completely disperse the nanoparticles.

26
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The homogeneous paste was then milied by & three roll mill
to produce a paste composed of 82 wt% IZIn0O, 9 wt% o-
terpinecl and 9 wt% ethyl cellulose.

The paste was printed by a 136 um sleved screen on
zinc sheets with a size of 2Z.5cm x 2.0cm = 0O.lcm, to
obtain deposited layers of 50 g/m°. The printed sheets were
then calcined at 300°C to remove the corganic solvents used
in the paste preparaticn.

The properties of the zinc sheets printed with Zno

nancparticles were determined in the same way as 1in
Examplies 1 to 9. The FE-3SEM micrograph of the commercial
20 nancparticies 1is shewn in Fig. 3 and the FE-SEM
micrograpn of the zinc sheets printed with Zno

nanoparticles obtained from Comparative Example 1 1s shown
in Fig. 4. It can be seen that the crystals o¢f the
commercial Zn®  nanoparticles and  that of  the Zn0

nancparticies c¢btained from Comparatlive Example 1 1s
larger in average slze and is less unlform than those

obtained from Examples 1 to 9. Specifically, the average

O]

particle size of the screen-printed Zn0 nanoparticles is
about 7C to 120nm. Accordingly, since the commercial Znd
nancparticles and the 7Zn0 nancparticles screen-printed on
zinc sheets possess larger average particle sizes, these
nanoparticles possess a smaller specific surface area. The
spacific surface area oz the screen-printed ZnG
nanoparticles is about 46 m*/g.

The zinc sheets printed with ZnC nancoparticles

N

obtained from Comparative Example 1 had a more intensive

absorbance of UV characterized by the percentage of
transmittance (T%! at A=3c5 nm of 25%

B
-1
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Example 10

The procedure described 1in Example 1 was repeated
except that a larger zinc sheet 1s used in this example.
The =zinc sheet used in this example is 1bcm » 1Z.5cm x 0.1
cm.

The properties of the Zn0 nanoparticles cktained from
Example 10 are sgsimilar to that of Example 1. Hence, the
properties of the 7Zn0 nancparticles are not dependent on

the size of the metallic substrate.

Comparative Example 2

The procedure described in Comparative Example 1 to
obtain Zn0 nanoparticles screen-printed on a zinc sheet
was repeated except that a larger zinc sheet 1is used 1in
this example. The zinc sheet used in this example 1s 1bcm
x 12.5cm x 0.1 cm. The properties of the 7Zn0 nancoparticles
obtained Ifrom Example 10 are similar to that of Example L.
Hence, the properties of the Zn0 nancparticles are not

dependent on tThe slze c¢f the metailic substrate.

Examples 11 and 12

The procedure described in Example 1 was repeated
except that the designated temperature of the thermal
treatment step attalned is 450°C and 700°C respectively.

The crystal structure of the 7Zn0 nanoparticles
integrally formed on the surface of the Zn sheets cbtained
from Examples 11 and 12 are similar tc that of Example

The properties of the Zn0 nancoparticles obtained from

Examples 11 and 12 as compared to that of Example 1 1s

shown in Table 2 below.

28
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Table 2

Ex Thermal Grain | Specific | Total Average Photocatalytic
freatment size, surface pore pore activity,
temp, nm area, volume, | diameter, 107% min?
°C m’ /g e’/ o i
- 31.4 85.20 .30 10,4 2.53
11 459 34.6 68 .41 G.43 17.3 1.53
12 TG0 £2, 7 20.28 0.17 | 34,3 | 0.47
The photocatalytic activity was calculated Dby the

photocatalytic degradation of rhodamine B (RB).

It can be seen from Table 2 above that the Zn0
nanoparticles obtained £from Example 1 has the highest
specific surface area and the smallest particle size. As
the temperature of the thermal treatment step increased to
450°C, the particle size slightly increased, leading to a
decrease in specific surface area. However, when tLhe
temperature of the thermal treatment step Increased to
700°C, the particle size increased and the specific surface
area decreased dramatically.

Hence, it can  be seen that ZnC nancoparticles

integraily formed on the sur

—h

ace © 7inc sheets obtained

1

from Example 11 retained their smalil graln size and high

specific surface area when the temperature of the thermal

treatment step increased up to a temperature of 450°C.

Treatment 0f Wastewater

b1

n the following examples, the Zn0 nanoparticles

integrally formed on the surface of the Zn sheets obtained

th

rom Example 1 were used in a four-stage photocatalytic
water treatment system 100 shown in Fig. 5 in accordancse
with an embodiment of the invention.

s seen in Fig. &, the four-stage photocatalytic
watTer treatment system 100 is fitted with four pleces of

Zn sheets 106 having ZnC nanoparticles integrally forme

[N

thereor as the photocatalyst. The ZIn sheets 106 are
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supported by & removable frame 108. Eight ultraviclet-C
(GvC) lamps 102 with 9 w are used as the irradiation
source and the lamps 102 are each protected with a quartz
cover 104 within container 114. Lamps 102 are also covered
at one end with covers 115 which are equipped with a

safety switch (not  shown). The safety switch will

3

automatically switch off the UV lamps 102 when covers 11

&3}

are open. Covers 115 may also provide connection to
power supply (not shown) and a data processing system (not

shown) .

A single sheet 106 and two lamps 102 form a stage
116. The sheets 106 and lamps 102 are arranged parallel to
each other so that contact of & solution containing
contaminants with the sheets 106 and lamps 102 is
maximized. The system 100 is enclosed by container 114
that is able to held 50 L of phenol solution. The {low
rate of pump 110 may be adjusted and 1= adjusted to 16.8
L/hr in the following examples unless otherwise stated.

Referring still to Fig. £, when system 100 is in u

n

fauy
=
the phenol solution frem tank 112 flows through pump 110

into flow rate limiter 120 and into system 100. Tank 112

o3

may be divided into twe compartments by a micro-size
11

18, Membrane 118 1s used to remo

e
(0

porous membrane
suspended particles pressnt in the solution in tank 112.

The flow of the phencl solution 1in system 100 follows

-

arrcw A in & U-shaped direction, so that the flow of the

o

solution passing Through each stage 116 iz  in a

countercurrent direction. The flow may Then be
recirculated back to tank 112 to be pumped back to system
100 for further treatment.

in accordancs with ancther embodiment of the

invention, & four-stage photocatalytic water treatment

[
fan
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system 200 powered by scolar energy 1s shown 1n Fig. €.
Like numbers dencte like parts.

Contaminated water from tank 212 having a porous
memprane 218 1z pumped by pump 210 through flow rate
limiter 220 intc system 200. In system 200, each stage 216
comprises a photocatalyst and UV lamps (not shown). UV
lamp covers 215 are linked wvia wires 222 to a data
processing system 224 with a power supply 226. Power
supply 226 comprises a solar panel 228, an accumulator 230
and & controller 232. Power supply 226 obtains solar
energy from the sun via solar panel 228 to powery systen
200, Thus, minimum energy cost 1s regulired t©o run system

200.

Examplie 13

In this example, the four-stage photocatalytic water
Treatment system 100 shown in Fig. 5 was used Lo treat a
phenol solution which i1s used as an exsmplary water
contaminant.

The pH of the phencl solution was adiusted to pH 7 by
adding HCL. Different 1nitial concentraticns of phenol

sclution was prassed  throu

fe

b the system 1006, The
degradation efficiency of the system 100 to degrade phencl
having initial phencl concentrations of 5 pg/mL, 10 ug/mL

and 20 wg/mL 1s shown in the graphs in Figs. &a to 6c

fy

of

4
E_J
o
=
3
! i}
o
£
g
s
0
m
=,
}L 4
.
9]
)
®
[OR

respectively when the U

i

{without UV} and when the UV lamp 102 was switched on
{with UV}.
In correlation with the graphs o©of degradation

fficlencv as a function of irradiation time in Figs. 7Ta

m

-

o Jc, plets of the natural logarithm of normalized
concentrations of solutes versus irradiation time shown in

Fig. g showed good linearity. Accordingly, the

31



mineralization of phencl in this example approximate

first-crder kinetics. Furthermcre, &s seen in Figs. 7a tc

o0

7c, the phencol was degraded to a high degree (>»95 of
degradation of phencl).

This behavicr can be rationalized 1in terms of the
modified forms of the L-H kinetic treatment, which has
been used successfully as a qualltative model to describe

olid-iiquid reactions. Moreover, tThe kinetics eguations

9]

-

and relative parameters were summarized in Tabkle 3 bslow.

(51

]

e
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Table 3
Initial Kinetic reaction x Kapp T:/2
conc of equation (min™*) (min)
phencl
{ng/mL)
5 In{Cs/Ci) = =0.08340 + 0.9200 7.60 = 101.39
0.00766% 1077
10 Tn(Co/Cil = ~0.11411 + | 0.9874 | 6.23 x | 129.58
0.00623% 1077
20 In(Cs/Co) = -0,00509 + 0.9913 Z2.14 % 326.28
0.00214¢ | 107

The procedure described 1n Example 13 was repeabted
except that phencol solutieons with a pH wvalue of pH Z, pH
3, pH €, pH 7.5 and pH 9 were used. Further, the initial
concentration of phenol was fixed a2t 10 pg/mL. The results
obtained are shown in Fig. 8.

Referring to Fi %, the plots of differsnt pH versus

i8]

irradiation time show that the degradaticn reactions agree
with the first-order kinetic model.

On the other hand, 2s seen in Fig. 10, ths apparent
rate constants, Hagp (min™! = 10”2), increases with an

increase of pH when pKa is less than 9%.9%5, and reaches a

i

maximum at pH 7.5. Hence, the rate of phenol degradation

(

is at the maximum at a pH of 7.5.

)
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Table 4 summarizes  The kinetics eguations and

ralative parameters for the different pHE of solutions.

Table 4
. pH Kinetic reaction i r i Kapg Tio |
equation {min™") (min)
2 1n(Ce/Ce) = 0.02449 +  0.9996 | 4.89 x 107 | 134.0
0.00499% : 0
3 In{Ce/Ce) = 0.02748 + | 0.9978 | 5.86 = 107 | 113.6
0.005861 ? 0
s iniCe/Co) = 0.02177 + 0.99685 | 6.88 = 10 | 97.58
0.00688¢ ?
7.5 in{Ce/Ce) = -0.00771 0.9976 11.54 x 60.73
+ 0.01154% 1077
9 In(Co/Ce) = ~0.06069 0.9974  5.09 x 107 | 148.1
+ 0.00509% 3 0
Example 15

Among dyestuffs, Rhodamine B [(RB) 1s one c©f the most

23]
Fh
3
=
O
-
923

important =xanthene dyes and for i1ts good
stability. Thus, the treatment of effluents containing

ich  dye compounds 13 important. Desgradation of RB was
carried out in & four-stage photocatalvitic water treatment
system 100 shown in Fig. 5 in order to study the
degradation efficlency of a moderate initial concentration

3

of RB. The degradation of RB is characterized by 1ts

discoloraticn.
The proccedure described in Example 13 was repeated

except that the iritial concentration of RB was fixed at

The results obtained are shown in Fig., 11. It can be
seen  that almost 100% discecloration efficiency was
obtained in Just 30 minutes using the ZIour-stage water
treatment system fitted with Zn  sheets having ZIno

es integrally formed thereon as the
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The disccleoration efficiency of the system to degrade
RE with ana without the photeocatalyst as determined by a

UV-Vis spectrometer is shown in Fig. 12.

Example 16

The procedure described in Example 13 was repeated
except that a bisphenol A (BPA) sclution having an initial
concentration of 5 ug/mlL was used. Further, the flow rate
of the pump was adjusted to 120 mL/min. In this example,

the degradation efficiency of BPA is more than 90%.

Applications
The disclosed photocatalyst comprising metal oxide

semiconductor nanoparticles in crystalline form integrally

formed on the surface of a substrate made of th

D

corresponding metal, when used in a water treatment
system, dees not give rise te secondary contamination of
the treated water.

The metal oxide semiconductor nancparticles disclosed
herein may bke able to degrade o¢r mineralize & wide
spectrum of contaminants present in wastewater and aliso

alr-borne contaminants, such as phenols, cathecol,

naphthol, chlorophenocls, polychlorinated biphenyls (PCBs},
benzene, benzolc acid, salicylic acid and surfactants.
The phetocatalyst produced by the disclosed method
may pessess a relatively high spegific surface area,
thereby 1increasing the degradation or mineralization of
crganic contaminants present in wastewater.

The disclosed method may comprise a thermal treatment

-

step which advantagecusly increases the crystaliinity of

the metal oxide semiconductor nancparticles formed on the
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surface of the substrate, thereby increasing the
photocatalytic activity of the photocatalyasts.

The disclosed photocatalytic water treatment system
may comprise a plurality of stages that increases the

o T

extent oI the mineralization o©f persistent organic

contaminants present in  the wastewater. The flow of
wastewater in the Treatment zone may e in a
countercurrent iirection so that contact Dbetween the
wastewater and the photocatalyst may be maximized. The
light scurce may be configured to uniformly irradiate the

photocatalyst f£o provide an  increased degradation or
mineralization of the contaminante prasent in  the
wastewater.

Using the disclosed system, more than about 50% of

o

the crganic contaminants present in the feed water may be
degraded. In one embodiment, more than abour 953% of the
crganic c¢ontaminants present in the feed water may be
degraded.

It will be apparent that wvarious other modifications
and adaptatilons of the invention will be apparent o the
person skilled in the art after rsading the foregoing

disclosure without departing from the spirit and scope of
the invention and 1t  is intended that ail  such
modifications and adaptations coms within the scope of the

appended claims,

35



Claims

1. A photocatalyst comprising mwetal oxide semiconductor
nanopafticles in crystalline form iﬁtegrally.formed on a
surface of a substrate made of the éorresponding metal,
wherein said substrate has been oxidized in an oxidant
solution at an oxidation temperature of from 60°C to 80°C
to integrally form said nancoparticles, and wherein said
oxidized substrate has further been thermally treated from
the oxidation temperature to attain a maximum tem?erature

of 450°C at a heating rate of between 5 to 15°C/min.

2. The photocatalyst as claimed in claim 1, wherein the metal
oxide semiconducter i1s selected from the group consisting

of ZnO, TiOs, SnO», WOs, Fe,0;, Bi0s, Mol., 2Zr0, and Kb,Os.

3. The-photqcatalyst as claimed in claim 2, wherein the metal

oxide semiconductor is Zno.

4. 'The photocatalyst as claimed in any one of the preceding
claims, wherein the nancoparticles possess an average

particle size of from about 30 nm to about 100 nm.

5. The photocatalyst as claimed in claim 1, wherein the metal
of the substrate is selected from the group consisting of

Zn, Ti, Sn, W, Fe, Bi, Me, Zr and Nb.

&. The photocatalyst as claimed in_claim,S, wherein the metal

of the substrate is Zn.

7. The photocatalyst as claimed in any one of the preceding

claimg, wherein the substrate is a sheet, wire or powder.
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10.

2

iz.

The photocatalyst as claimed in any one of the preceding
claims, wherein the metal oxide semiconductor
nanoparticles are formed by oxidizing the substrate of the

corresponding metal.

The photocatalyst as claimed in claim 8, wherein the metal
oxide semiconductor nanoparticles are formed by oxidizing
rne substrate of the corresponding metal with a liguid

oxidant .

A method of producing a photocatalyst comprisﬁng the steps
Of:l '

a. providing a substrate of a transition metal ;
b.oxidiiing the metal substrate in an oxidant solution‘
at an oxidation temperature of from 60°C to 80°C to

integrally form metal oxide semicdnductor
ﬁanoparticies in crystalline form thereon; and .

¢. thermally treating the oxidized substrate from the
oxidation temperature to attain a maximum temperature
of 450°C, wherein said thermal treatment step occurs at

a heating rate of between 5 to 15°C/min.

The method as claimed in claim 10, further comprising,
before said oxidizing step b., a step of
pickling said substrate in a pickling solution to remove

contaminants from the surface of said substrate.

The method adg claimed in claim 11, wherein the pickling

solution comprises an acid.
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13.

15.

i16.

17.

18.

19.

20,

The method as claimed in claim 12, wherein the acid is
selected from the group consisting of HF, HNO; and

mixtures therecf.

The method as claimed in claims 12 or 13, whersin the

pickling solution further comprises water.

The method as claimed in clailm 14, wherein the water is

deionized water.

The methed as claimed in claim 13, wherein the HF has a

concentration of about 38 wt% to about 55 wt,

The method as claimed in claim 14, wherein the pickling
solution comprises HF in the range of about 1 vol% to
about 25 vol%, HNO; in the range of about 10 vol% to about
50 vol% and deionized water in the range of about 45 volk
to about 75 vol%, wherein the total volume of HF, HNO, and

deionized water makes up 100 vol%,

The method as claimed in claim 17, wherein the volume

ratioc of HF:HNO,:water is 1:3:6.

The method as claimed in any one of claimes 10 to 18,

wherein the oxidant solution comprises HaO,.
The method as claimed in any one of claims 11 to 19,

wherein the pickling step ocours at a temperature in the

range of about 15°C to about 30°C.
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21.

22.

23.

24,

25,

The method as claimed in any one of claims 10 to 20,
wherein the oxidizing step is conducted for at least 72

hours.

The method as claimed in claim 10, wherein the metal oxide
semiconductor nanoparticles formed possesg an average

particle size of from about 30 nm to about 100 nm.

A photocatalytic water treatment system having a treatment
zone comprising:

a plurality of stages, wherein weach stage comprises a
photocatalyst ™ comprising metal  oxide semiconductor
nanoparticles in crystalline form integrally formed con a
surface of a substrate made of the corresponding metal,
wherein sald substrate has 'beeh. oxidized in an oxidant
solution at an oxidation temperaﬁure of from 60°C to BO°C
ro integrally form sald nanoparticles, andfwherein'said
oxidized substrate has further been thermally treated from
the oxidation tempsrature to attain a maximum temperature
of 45%0°C at a heating rate of between 5 to 15°C/min and

wherein each stage further comprises a light source.

The photocatalytic water treatment system as claimed in
claim 23, wherein said light ‘source is arranged to
substantially irradiate at least one planar surface of

said photocatalyst.

Tha photocatalytic water treatment system as claimed in
claim.23 or claim 24, wherein said light source and said
photocatalysts are arranged alternately to thereby define
a flow path' for a sgtream of feed wastewater to flow

therethrough.
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26.

27.

The photocatalytic water treatment system as claimed in
claim 25, wherein sald flow path substantially traceg the

parimeter of said photocatalysts and said light source.

A method of treating water contaimning organic
contaminants, the method comprising:

irradiating a  photocatalyst comprising metal oxide
semiconductor nanoparticles in crystalline form integrally
formed on a surface of a substrate made‘ of the
corrssponding metal, wherein said  substrate has been
oxidized in an oxidant solution at an oxidation
temperature of from 60°C to 80°C to integrally form said
nanoparticles, and wherein said oxidized substrate has
further  been thérmally treated from the oxidation
temperature to attain a maximum temperature of 450°C at a
heatiﬂg rate of between 5 to 15°C/min, with a light source
to activate the metal oxide semiconductor nanoparticles;
and ' '

contacting said water with the activated wmetal oxide
semiconductor nanoparticles to thereby produce water

containing relatively less organic contaminants.
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