Evaluation of a Photocatalytic Water Treatment Process
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rinking water supplies are becom-

ing increasingly polluted with bio-

logical and chemical compounds by
anthropogenic activity, including inadequate
or improperly designed water and wastewater
treatment facilities, industrial waste, and
efforts to mediate other environmental prob-
lems. For example, in Milwaukee, a cryp-
tosporidium outbreak affecting 403,000 peo-
ple was implicated in the deaths of many
immunocompromised residents [1].

Domestic industry is regulated by the
Environmental Protection Agency (EPA) to
prevent human and environmental exposure
to known hazards when they are discharged
into the water supply. This approach has like-
ly prevented a great deal of hazardous dis-
charge as well as reducing the negative envi-
ronmental effects when an accidental dis-
charge occurs. Unfortunately, some haz-
ardous waste includes organic compounds
that were of unknown hazards during dis-
charge, or were discharged before regulations
were established.

Endocrine disrupting compounds repre-
sent a class of chemicals that are difficult to
eliminate using traditional biological or ther-
mal oxidation, although their risk has been
proven [2]. Another source of water pollu-
tion is created when methyl tert-butyl ether
(MTBE) is added to gasoline to reduce air
pollution. The addition of this compound to
gasoline in areas with high population densi-
ties was intended to reduce emissions of car-
bon monoxide and ozone [3], but ultimately
caused widespread contamination of
groundwater supplies due to leaking under-
ground storage tanks [4].

While searching for the most effective
technology to overcome these environmen-
tal hazards, it is important to consider
robustness, or a technology’s ability to han-
dle unforeseen requirements without sacri-
ficing performance. Several technologies
offer effective solutions for complex water
treatment problems but have significant
weaknesses.

One of the most widely used solutions
is sorption to activated carbon or zeolite
surfaces. These materials function by trans-
ferring the pollutant from solution to rela-
tively high surface-area materials that can be
tailored to remove the most high-priority
pollutants [5].

The primary drawback to this method is
that the pollutant still needs to be disposed of
once the adsorbent is exhausted. Additionally,
the process of manufacturing activated car-

bon is a pollution hazard itself [6].

Another option is thermal oxidation,
which is very robust but energy intensive.
Finally, biological treatment provides a low-
energy approach to treat a variety of chal-
lenging pollutants [7].

The disadvantage is that the microbial
community may be difficult to maintain and
may not be effective in treating a water
stream with large transient fluctuations in
nutrients or pollutants. Furthermore, biolog-
ical treatment may not be effective for certain
compounds. [8]

Advanced oxidation allows mineraliza-
tion (conversion to carbon dioxide, water, and
mineral acids) of almost all organic com-
pounds and inactivation of pathogenic
microorganisms [9]. The key component to
advanced oxidation is the production of high-
ly reactive hydroxyl radicals at ambient tem-
perature using one of several approaches [10].

One approach involves using ultraviolet
(UV) light to irradiate a dissolved oxidant
including ozone, hydrogen peroxide, or both.
The UV photons have sufficient energy to
initiate chemical reactions that lead to the
formation of the hydroxyl radicals [11].

Another approach is to mix the hydro-
gen peroxide and ozone. Although this chem-
istry has been studied for at least 40 years
[12], the commercial technology for applica-
tion is nascent. Several companies, including
Hydroxyl Industrial Systems and Calgon
Carbon Corporation, have developed com-
mercially successful technologies to generate
and utilize the power of hydroxyl radicals for
treatment of water.

Hydroxyl Industrial Systems has success-
fully demonstrated the efficacy of its design
for inclusion in municipal wastewater treat-
ment, as well as industrial treatment of MTBE
and cyanide. Calgon Carbon Corporation has
licensed its UV systems to inactivate cryp-
tosporidium, giardia, and other pathogenic
microorganisms in three municipal water
treatment plants. This successful commercial
activity is indicative of an advanced oxidation
industry that is able to provide unique solu-
tions to challenging problems.

Another approach for advanced oxida-
tion is to irradiate a wide bandgap semicon-
ductor such as titanium dioxide ( TiO?) with
UV light. The TiO” acts as a photocatalyst by
generating hydroxyl radicals on its surface
when it is exposed to UV light of sufficiently
low wavelength (380 nm) [9]. The process
occurs when a UV photon excites an electron
from the valence band to the conduction

44 . NOVEMBER 2006 * FLORIDA WATER RESOURCES JOURNAL

William L. Kostedt IV is a Ph.D.
candidate in environmental engineering
sciences at the University of Florida.
David W. Mazyck is an associate
professor of environmental engineering
sciences at the University of Florida.

band, creating an electron-hole pair.

In order to induce photocatalysis, this
electron-hole pair must migrate to the sur-
face of the TiO® crystal. If during this migra-
tion the electron and hole recombine, ther-
mal energy will be released and the photocat-
alytic reaction will not occur.

The hole is a powerful oxidant and can
react with water or a hydroxyl ion to form a
hydroxyl radical. At the same time, dissolved
oxygen can react with the electron to form a
superoxide radical. This reaction between
oxygen and the electron is important because
it follows slower kinetics than the reaction at
the hole and thus can prevent electron-hole
recombination.

The titanium dioxide used for photo-
catalysis is typically in slurry (suspension of
fine particles) or immobilized on a substrate.
The most photoactive form of titanium diox-
ide is nanometer-sized primary particles that
form slightly larger agglomerates in solution.
Degussa P25 is particularly effective com-
mercially available TiO® that consists of 30
nm primary particles [13].

It is advantageous to use slurry because
it allows maximal utilization of the available
specific surface area, though the small parti-
cle size makes separation challenging, but not
impossible. Purifics ES Inc. developed and
patented a slurry separation device that
solves this problem and applied the technol-
ogy to military and industrial markets [14].

Immobilization of the TiO* on a substrate
prevents the need for a complex separation
device but suffers from a mass transfer disad-
vantage that negatively affects the photocatalyt-
ic performance. This mass transfer limitation
can be mediated, but not eliminated, by immo-
bilizing the TiO? on a high specific surface area
substrate such as amorphous silica prepared
using an acid catalyzed sol-gel procedure [15].

To combine the advantages of the slurry-
based and immobilized photocatalytic sys-
tems, a magnetic photocatalyst has been used
in the past [16-17]. The magnetic photocata-
lyst is synthesized by coating small magnetic
particles (nm or pm) first with silica (510?)
and then with TiO".

Continued on page 46
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Figure 1: Drawing of MAPR Test Stand
Continued from page 44 to transform the amorphous TiO? to the high-

The silica layer acts as an insulator to pre-
vent photodissolution or separation of the
TiO* and the magnetic particle when irradiat-
ed by UV light [16]. Additionally, the titanium
dioxide has a high affinity for the silica, mak-
ing the particle more mechanically robust. The
magnetic property has been used in the past to
provide a simple, effective method of separa-
tion, but this requires the photocatalytic reac-
tor to be operated in batch.

Materials and Methods

Photocatalyst Synthesis
The photocatalyst used for this study

consisted of a barium ferrite core coated first
twice with silica and then twice with titanium
dioxide, described in more detail in a previ-
ous publication [18]. The approximately 1-2
pm diameter barium ferrite core material was
obtained from Alfa Aesar. The silica coating
was accomplished by stirring the barium fer-
rite particles vigorously in a sol-gel suspen-
sion that resulted from a base-catalyzed reac-
tion with tetraethyl orthosilicate (TEOS).
The resulting silica-coated particles were
dried at room temperature and coated with
amorphous titanium dioxide nanoparticles
using an alkoxide hydrolysis and precipitation
technique with a titanium n-butoxide precur-
sor. It was important to heat treat the catalyst

ly photoactive anatase polymorph. This was
done by heating to 500°C with a 5'C/min
ramp where the temperature was held for 60
minutes before cooling to room temperature.

Test Stand Configuration
The test stand for the magnetically agi-

tated photocatalytic reactor (MAPR) consist-
ed of components to generate the desired
magnetic field, a curved quartz reactor, and
fixtures for three UV bulbs (Figure 1). The
dynamic component of the magnetic field
was generated in the solenoid, which was
located below the reactor.

The magnetic field gradient alternated
in direction over time because it was powered
with an alternating current (AC) signal. This
AC signal originated from a function genera-
tor and was subsequently amplified by an
audio amplifier before being fed a series of
two solenoids. The second solenoid was not
utilized for magnetic field generation, but
rather to provide additional impedance to
prevent damage to the amplifier.

The U-shaped quartz reactor was con-
structed of three quartz tubes oriented at
right angles with the middle portion curved
to follow the polar symmetry of the magnet-
ic field. Also, a permanent magnet was placed
above the reactor to provide a magnetic field
gradient and hence force in the opposite
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direction of gravity to more evenly distribute
the catalyst within the reactor.

The UV light was provided by three 365-
nm peak output lamps surrounding the reac-
tor. To prevent confounding radiation and
for safety purposes, a black box was placed
over the reactor during all experiments.

Assessment of Photocatalytic Oxidation
Phenol was used as a model contami-

nant because it represents a challenge to pho-
tocatalytic systems, is straightforward to ana-
lyze, and does not provide adsorption con-
founded results as other organic compounds
like organic dyes may [19]. For all experi-
ments the reactor was filled with 10 mL of an
11 mg/L stock solution.

The reactor effluent was tested for phe-
nol concentration using a gas chromatograph
with mass spectrometer, as has been done in
the past [20]. The effluent was tested for non-
purgeable dissolved organic carbon (nDOC)
to assess the extent of photocatalytic oxida-
tion. Since the proposed photocatalytic oxi-
dation reaction mechanism involves forma-
tion of a series of organic compounds includ-
ing hydroxylated aromatics [21], nDOC
analysis will measure the progress of oxida-
tion to carbon dioxide and water.

Results and Discussion

Catalyst Synthesis
The composite photocatalyst was char-

acterized using a scanning electron micro-
scope (SEM). It is evident from the first
micrograph (Figure 2) that the raw material
has a consistent flat hexagonal shape and
tends to form columns of particles. These
formations may be due to the alignment of
magnetic field dipoles.

The second micrograph (Figure 3) indi-
cates that the composite photocatalyst parti-
cles consist of agglomerates of the smaller
barium ferrite particles with an increasing
curvature of the edges. The agglomeration is
likely due to silica necking between particles,
and the increased curvature due to the
smooth, amorphous shape of the silica.

Figure 2:
SEM image of barium ferrite core.



Figure 4: Comparison of number of
lamps and presence of permanent
magnet for photocatalytic oxidation
of phenol in the MAPR (WPM = with
permanent magnet, NPM = no per-
manent magnet, 1L = 1-365 nm lamp,
3L = 3-365 nm lamps).

Figure 3
SEM image of magnetic
composite catalyst.

Photocatalytic Oxidation
Recent work has demonstrated that a

dynamic magnetic field can be used to agitate
and confine the catalyst within a MAPR, such
that its exposure to UV light and thus photo-
catalytic oxidation is optimized [18]. The
general principle is that a magnetic catalyst
particle experiences a force due to the mag-
netic field gradient.

The magnetic field consists of two
components. First, a permanent magnet is
located above the reactor to apply a force
opposing gravity, thus distributing the
photocatalyst more evenly in the vertical
direction. Second, an alternating magnetic
field is generated by feeding a sinusoidal
signal to a solenoid located below the reac-
tor. This alternating magnetic field gener-
ates a magnetic field gradient of alternating
direction that induces agitation of the cata-
lyst, which has been proven to increase the
extent of photocatalytic oxidation of phe-
nol [18] and [20].

Results for photocatalytic oxidation of
phenol after three hours under various reac-
tor conditions can be seen in Figure 4. The
plot shows phenol removal measured as a
result of GC analysis, which analyzes only the
effluent solution for phenol.

The comparison of reactor conditions
shows that the percent phenol disappearance
increases when three UV lamps were used, as
opposed to one without the permanent mag-
net; however, the data also indicates that if
the permanent magnet is present, the disap-
pearance of phenol is the same (within statis-
tical variability of replicate sample analysis),
whether one or three lamps were used.
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Figure 4 also shows the result of nDOC
analysis, which, as explained previously,
includes oxidation byproducts as well as the
original phenol molecules. For nDOC, all
percentage removal quantities are lower than
for GC analysis, which indicates that oxida-
tion byproducts were present under all reac-
tor conditions. Also, it is apparent that
although the phenol removal was identical
for one-lamp and three-lamp conditions
with the permanent magnet, nDOC data
indicates that more oxidation (of byprod-
ucts) is taking place when the additional
lamps are present.

This data demonstrated several key
pieces of information that are applicable to
photocatalytic treatment of water. First,
improvements in system configuration,
including addition of a permanent magnet,
can increase the photocatalytic oxidation
effectiveness without increasing the power
requirement. Second, it is important to con-
sider the presence and toxicity of oxidation
byproducts.

Although photocatalytic reactors have
the potential to oxidize compounds to car-
bon dioxide and water, the reactor design
must provide sufficient conditions (resi-
dence time, mass transfer and UV flux) to
ensure that complete oxidation takes place.
The future of this technology will depend
on demand due to current and emerging
pollution issues and innovative reactor
designs that maximize the effectiveness of
photocatalysis so it can compete economi-
cally with established technologies like acti-
vated carbon adsorption and biological
treatment.
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