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ABSTRACT

his case study assesses the
feasibility of a point-of-use
(POU), nanomaterial-en-

abled photocatalytic water treatment
device for use in rural areas in Swazi-
land. Small reservoirs provide water
for irrigation and community con-
sumption, but this water is highly
contaminated with human and ani-
mal wastes. A prototype fluidized bed
photoreactor -- amended with nano-
sized TiO, coated on silica beads (60
wt%) and illuminated by UV light
(254 nm, 18 W cm™) -- was capable
of removing 99.9% of bacteria and
viruses with less than 60 seconds of
contact time. However, control tests
showed that the majority of the dis-
infection was accomplished by UV
light alone, with the photocatalytic
material unable to significantly add
to the disinfection at such short
contact times. A potential benefit of
using nano-sized TiO, photocatalyst
was the removal of a model pesti-
cide (Carbaryl) whose concentration
was reduced by approximately 50%
(compared to controls) with a con-
tact time of 3 minutes. This research
highlights the importance of POU
water treatment systems, and dem-
onstrates the potential feasibility and
limitations of using nanotechnology-
enabled small reactors to help relieve
high water-related disease and mor-
tality rates in developing countries.

INTRODUCTION

eliable access to clean and safe
water is a global challenge
that will continue to grow in

the next century (Brame et al. 2011).
The United Nations (UN) placed
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this challenge among its 2015 Mil-
lennium Development Goals with
the stated objective to “halve, by
2015, the proportion of the popu-
lation without sustainable access to
safe drinking water and basic sani-
tation” (see http://www.un.org/mil-
lenniumgoals/). As water treatment
and supply challenges continue to
expand, new technologies are being
tested to help reach the goal of uni-
lateral access to safe and sustainable
water. Among these technologies,
point-of-use (POU) treatment pro-
cesses are promising alternatives to
large-scale, centralized treatment sys-
tems (Kallman et al. 2011; Lantagne
etal. 2011). POU treatment process-
es do not require large infrastructure
or high construction costs, and do
not suffer from water quality degra-
dation during distribution (Majuru
et al. 2011). Nanomaterials may be
advantageous for POU  treatment
technologies because of their ex-
tremely high surface area and unique
mechanical,
and magnetic properties (Qu et al.
2012). In addition to individual and
community use, nano-based water
treatment systems have great poten-
tial to address challenges in sustain-
able agriculture, food safety and food
security (NANOAGRI-2010).

Rice University and the Food
and Agriculture Organization of
the United Nations (FAO) collabo-
rated to test the feasibility of a POU,
nanotechnology-enhanced
treatment system for rural farms in

electronic, photonic,

water

Swaziland. Small reservoirs created
by earthen dams built by the Swa-
ziland  Agricultural Development
Program (SADP 2011), an E.U.-
funded project to improve “sustain-
able food security and an improved
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quality of life for rural households
in Swaziland” (FAO 2012), provide
a significant resource for agricultural
irrigation. This ready access to irriga-
tion water has provided rural com-
munities with the ability to create
small garden plots, which can be
used to grow produce for personal
or commercial use. However, water
in this type of reservoir is frequently
contaminated by waste discharge
from upstream, runoff from large-
scale agricultural sites, and the direct
introduction of animal wastes from
local livestock (Hanjra et al. 2012).
The water at these sites - used both
for irrigation and as a drinking water
supply -- exceeded over 100 times
the national regulatory levels for
microbiological contamination (Ta-
ble 1). The potential benefit of im-
proved irrigation by the SADP dam
project is countered by the risk of
disease from water contamination.
Thus, we explored photocatalytic,
point-of-use water treatment op-
tions to alleviate the risks inherent
in this contaminated water supply.
Photocatalysts transfer the en-
ergy from light into chemical en-
ergy through charge transfer, redox
(reduction/oxidation) reactions and
other electrochemical processes (Fu-
jishima and Honda 1972; Fujishima
et al. 2008; Hoffmann et al. 1995).
For example, in
(TiO,) photocatalysis an incom-
ing photon with energy equal to or
greater than the bandgap energy of
the semiconductor creates an exciton
(electron/hole pair) (Figure 1). This
energy can then be transferred to the
material surface and participate in
surface redox reactions resulting in
the formation of reactive oxygen spe-

cies (ROS). Different photocatalysts

semiconductor

produce different ROS including
hydroxyl radicals (*OH), superoxide
(O,") or singlet oxygen ('O,), which
can then react with target contami-
nants such as bacteria, viruses or or-
ganics (Toepfer et al. 2000).

The objective of this project was
to design, build and test a nano-
enhanced photocatalytic demonstra-
tion unit with the ability to treat
the high levels of microbiological
contamination in the irrigation wa-
ter from these reservoirs, as well as
potentially treat other organic con-
taminants (such as pesticides) pres-
ent in the water.

MATERIALS AND METHODS

Photoreactor

fluidized bed photoreactor

(FBPR) was selected for this ap-
plication. An FBPR uses the up flow
of water through the reactor to mix
photocatalyst particles, which can
be illuminated internally (Figure 2).
Advantages of the FBPR include ex-
tended reuse of photocatalyst (with
the option to replace spent photo-
catalytic material), an in-line con-
figuration that could be easily added
to the existing local infrastructure,
and the ability to use a wide range
of photocatalysts and lamps of any
wavelength rather than being lim-
ited to visible light (Colina-Mdrquez
et al. 2010). Challenges include
of the need for external power for
illumination
has a limited spectrum in the UV

(solar illumination
range and is difficult to use in an
internally-illuminated reactor), the
need for rapid disinfection due to
the relatively short contact time, and
the need for periodic replacement of
bulbs and photocatalyst. Although
the FBPR requires a small amount of
external power (car battery or small
solar panel), it provides flexibility
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TABLE 1
Selected water quality parameters from the three dams in Swaziland.

Mcozini Dam | Lubhuku Dam | Mlawula Dam | National Standard Irrigation (Drinking)
Total coliforms
(per 100 mL) 4000* 1500** | 4000** 1-10 (0)
Fecal coliforms o *%x *x
fer 100 ml) 90 120 160 1-10 (0)
Turbidity (NTU) 9.0** 305** 202** 5 (5)
BODS (pprm) 5.5% 1.0 0.7 10 (5)
(0D (ppm) 19* 23* 18* 75 (10)

* indicates value above National drinking water standards
indicates value above National drinking and irrigation water standards

* *

FIGURE 1

Photocatalytic ROS production mechanism. A photon excites Ti0,, which can then transfer
the energy (e.g., excited electrons, holes [e+], excitons, efc.) to water (H,0) or oxygen (0,)
to form reactive oxygen species such as hydroxyl radical (®0H) or super oxide (0,®).
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FIGURE 2
Left: Schematic representation of fluidized bed photoreactor (FBPR). The water flow suspends

the attached photocatalyst material, which is illuminated within the reactor. A filter at the
outflow refains the photocatalytic material in the system for continuous reuse.
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Right: Photograph of completed bench-scale FBPR system. Diameter=
-5

to use bactericidal lamps to aide in
the rapid removal of microbiological
contaminants and ensures the neces-
sary disinfection in the short contact
time dictated by the reactor size
requirements. Two identical alumi-
num bench-top FBPR reactors were
constructed, each having an internal
volume of 2.5 L. The light source is
a 16W lamp encased within a quartz
housing running the length of the
cylindrical axis. The outflow port
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has a 40-pm mesh filter to retain the
photocatalyst inside the system. A
step-input tracer test confirmed that
the FBPR performed as a completely
mixed reactor (Figure S1, Support-
ing Information).

Photocatalyst Materials

he following nano-photocata-
lysts were tested: titanium di-

oxide (TiO,), a broadly available

semiconductor photocatalyst that
produces mainly hydroxyl radicals
and is most effective when excited by
UV light; amino-fullerenes, a novel
photocatalyst that produces mainly
singlet oxygen and can be excited by
visible light (Lee et al. 2010); and
porphyrins, which have been used
for photo-dynamic therapy (Ashke-
nazi et al. 2003; Merchat et al. 1996)
and produce singlet oxygen when
excited by visible light. Amino-
fullerenes were synthesized as previ-
ously reported (Lee et al. 2010); the
porphyrins  (5,10,15,20-tetrakis(4-
carboxyphenyl), C, H, N,O,, MW:
790.774), were synthesized and
characterized according to standard
procedures (Datta-Gupta and Bar-
dos 1966). Additional purification
was performed using a flash chro-
matography system (silica column
Clarisep S-CS140120-0, 40-60 pm,
60A) with chloroform and methanol
solvents for 99+% product purity
(by HPLC analysis).

Each of these photocatalyst mate-
rials were attached to a silica or sand
substrate. Photocatalyst attachment
enables facile separation inside the
FBPR, increases the photo-available
surface area of the photocatalytic
material (Balasubramanian et al.
2004) and reduces the risk of materi-
al release. TiO, was attached through
a heat treatment of substrate particles
dipped in powdered DeGussa P25
TiO, (Evonik Industries, Essen Ger-
many) mixed with either water (heat,
H,0) or with isopropanol (heat, sol-
vent), or attached through a sol-gel
precipitation process (Chen and Di-
onysiou 2006; Qourzal et al. 2009).
The amino-fullerenes and porphyrins
(both fabricated at Rice University)
were attached to the silica substrate
by covalent amide bonds to ensure
stability and eliminate photocatalyst
sloughing (Lee et al. 2011). None of
these materials exhibit acute toxicity,
and these attachment processes limit
potential exposure and therefore risk.

lllumination
W ¢ examined three types of illu-

mination for use in this FBPR
system: visible light (400-800 nm),
near-UV light (UV-A, 300-400 nm)
and bactericidal light (UV-C, 254
nm) using Eiko T5 4-W fluores-
cent lamps. Visible light is effective
for fullerenes and porphyrins, and
has not been shown to degrade the

bonds that attach the organic pho-
tocatalysts to the silica substrate.
UV-A light is more energetic and
capable of creating photo-generated
ROS in TiO, photocatalysts. While
the increased energy of UV-A light
can provide an increase in degrada-
tion rates using fullerenes and/or
porphyrins, repetition tests in batch
reactions show that the overall efi-
ciency of the fullerene photocatalyst
decreases with repeated use (Figure
3). UV-C light is naturally bacteri-
cidal, which is a benefit for this ap-
plication. It is also very effective at
producing photo-generated ROS
with TiOZ, although the high energy
light destroys fullerene and porphy-
rin photocatalysts.

Batch Tests

lnitial photocatalytic tests were
performed in a batch photoreactor
(Lee et al. 2009) with six 4-W lamps
arranged around a 50-mL quartz
reaction vessel with 18 W m illu-
mination. Further details about this
batch reactor can be found in Brame
et al. 2013; and Lee et al. 2009.
These batch tests helped determine
ROS production rates of the various
photocatalyst, substrate and illumi-
nation configurations. The process
involves adding photocatalyst (0.2
g L unless otherwise noted) and a
probe compound to Milli-Q water
for a total volume of 40-mL. Fur-
furyl alcohol (FFA) was used as a
probe to measure ROS production
(Lee et al. 2009). At steady state,
ROS generation is proportional to
the firsc-order degradation rate of
FFA (Buxton et al. 1988). Reac-
tions took place over the course of
2 hours with 1-mL samples taken
periodically throughout the test and
measured on a Shimadzu Promi-
nence HPLC (Shimadzu Corp., Co-
lumbia MD) using a C18 column
with acetonitrile and 0.1% (w/v)
phosphoric acid as mobile phase. All
solvents and probe compounds were
analytical grade (Sigma-Aldrich-
USA). First order degradation rate
constants (k) were calculated with
95% confidence intervals based on
observed degradation (Table 2).

A similar procedure was used for
batch reactions testing the inactiva-
tion of E. coli and adenovirus type
2 (AV2), a highly UV-resistant,
double-stranded DNA virus that is
capable of infecting humans and re-

Environmental Engineer & Scientist | 41



FIGURE 3

Reuse tests using the same photocatalyst for five cycles in batch reactions. For fullerenes
(a): with visible light illumination there is no loss in efficiency (as measured by the
degradation of furfuryl alcohol [FFA]), while with UV-A illumination there is a 50% loss

in efficiency and with UV-Cillumination the photocatalyst breaks down entirely. For TiO),
(b): visible light produces very little degradation, while both UV-A and UV-C illumination
are easily repeated 5 fimes with no loss of degradation capacity. (Test conditions: 0.2 g/L
photocatalyst, [FFA;1=1,200 pM, 23°C, pH 7).
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TABLE 2
First order FFA degradation rate coefficients (k) from batch reactions.

k (min-1*10-4) + one SD
. Visible Light UV-A Light UV-C Light
i e (400-800 nm) (300400 nm) (254 nm)
TiO, Sand (heat, H,0) 0 30«1 320+23
Sand fhedt, 0 0 33050
solvent)
Sand (sol-gel) 0 32+3 27520
Silica (sol-gel) 6x1 510+80 500+30
Fullerenes | Silica 701 1451 171
Porphyrins | Silica 10+1 20+2 0

sponsible for ~5-10% of upper respi-
ratory infections in adults (Eischeid
et al. 2009; Eischeid et al. 2011).
E. coli was grown to exponential
phase and then rinsed thoroughly
to remove any residual growth me-

dia and diluted 1:40 in the batch

reaction vessel. Surviving organisms
were determined using viable plate
counting. Due to the short lifetime
of E. coli exposed to UV-C light,
only one of the six available lamps
was used to reduce the UV exposure,
with samples being taken every 20
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seconds. AV2 active titer was quan-
tified by conventional plaque assays.
Virus samples were inoculated on
sub-confluent A549 cell monolayers
for 90 minutes. The flasks contain-
ing infected cells were then overlaid
with agar-containing media, incu-
bated 7 days, and stained with MTT

to visualize plaques.

Flow-Through Tests

ontinuous flow/semi-batch tests

were performed in the FBPR
system similar to the batch reaction
described above. Tests measured deg-
radation of FFA, E. coli or AV2 virus
as above with samples drawn from
the outflow port. DI water spiked
with the test compounds/organisms
was re-circulated through the FBPR
until steady state was reached, then
the lamp was turned on and the
measurements taken. Long term
tests were conducted using the same
photocatalytic material in the same
reactor with the same lamp for two
hours each day for 60 consecutive
days to mimic intended use in the
field. E. coli and AV2 experiments
were performed using the reactor in
flow-through mode, while long-term
FFA degradation tests utilized the re-
actor as a semi-batch system.

RESULTS AND DISCUSSION

Performance of Photocatalytic
Materials

fter testing various combina-
tions of photocatalyst material,
attachment method and light source
(Table 2), sol-gel TiO, attached to
silica under UV-C light was chosen
for this application. There was little
photocatalytic efficiency difference
between UV-A and UV-C illumi-
nated sol-gel TiO,, and UV-C light
requires only slightly more energy
than UV-A while it is inherently bac-
tericidal, thus aiding in disinfection.
It was necessary to use an attached
photocatalyst to easily retain the pho-
tocatalytic material inside the reactor.
A range of photocatalyst con-
centrations were tested to determine
whether the photocatalyst mate-
rial increased the already significant
disinfection of UV-C illumination
alone. Higher photocatalyst load-
ROS  production,

which increases disinfection poten-

ing increases

tial. However, light scattering from
higher photocatalyst concentrations
in the water decreases disinfection
by UV-C. These competing mecha-
nisms result in an optimal photocat-
alyst concentration. Specifically, the
photocatalyst material does increase
E. coli removal up to a loading of
about 1.5-2 g L (Figure 4). Each
data point shows the differential %
value (decay with UV-C light and
the photocatalyst minus the decay
with UV-C light alone) for a given
loading. A positive differential 4 val-
ue indicates that the photocatalyst is
increasing E. coli removal efliciency
through ROS generation while a
negative differential 4 value indicates
that the photocatalyst reduced the
overall efficiency of the UV-C light
through self-scattering. Above a
loading of 2 g L' the photocatalyst
has an inhibitory effect on E. coli
inactivation. We chose a loading of
0.2 g L' to use in the FBPR system
based on these results. This loading
provides a significant increase in ef-
ficiency, while still using a relatively
small amount of photocatalyst,
which is more cost efficient.

Previous work using TiO, and
UV-A illumination indicates that
there is often a “shoulder effect” in
which there is a lag before the ROS-
induced disinfection mechanism
takes effect (Cho et al. 2004). How-
ever with UV-C illumination, 3-log
disinfection is accomplished in only
30-60 seconds, leaving little time
for ROS to inactivate the bacteria
before disinfection is accomplished
by the high intensity light. Although
the increase in disinfection rate af-
forded by the photocatalyst in the
TiO,/UV-C system is two to three
orders of magnitude higher than
rates reported for TiO,/UV-A sys-
tems, which typically require contact
times of 10-100 minutes (Cho et al.
2004; Kikuchi et al. 1997; Maness et
al. 1999), it represents an increase of
only 5-10% above the degradation
rate with UV-C alone.

Accordingly, Figure 5 shows the
flow-through inactivation of E. coli in
the FBPR with UV-C light alone and
with the addition of the photocata-
lyst. In both cases the FBPR accom-
plishes 2-log (99%) removal in under
30 seconds of exposure time, with
the photocatalyst-enhanced
ment being slightly more effective (p
= 0.07). The disinfection rate of the

treat-
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FIGURE 4
Effect of photocatalyst loading on E. coli inactivation kinetics. The differential k value is
the first-order degradation rate coefficient with photocatalyst minus the rate coefficient

without the photocatalyst (control). A positive differential k value indicates that the

photocatalytically-generated ROS is increasing E. coli removal, while a negative differential
k value indicates that the scattering effect of the photocatalyst is reducing the overall
degradation efficiency of the UV-C light (254 nm, 18 W/m? illumination, bacteria
loading=10¢ CFU/mL, 23°C, pH 7).
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FIGURE 5
Log removal of E. coliin the FBPR system with UV light alone and with the addition of the

silica-attached photocatalyst (PC) material (0.2 g/L Ti0,, 254 nm, 18 W/m? illumination,

bacteria loading = 10° CFU/mL, 23°C, pH 7).
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treatment with photocatalyst was 6%
(0.018 min™) higher than that of the
treatment with UV alone, consistent
with the batch loading tests (0.02
min" increase, Figure 4). When the
FBPR was run as a flow-through reac-
tor, with contaminated influent pass-
ing entirely through the reactor with
the lamp on, there was no surviving
E. coli measured in the effluent with
or without photocatalyst present, re-
gardless of influent concentration.
We also tested the ability of the
photocatalysts and UV-C light to
inactivate adenovirus AV2 in both a
batch system and in the FBPR. Pho-
tocatalyst material has previously
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been shown to be significantly more
effective than UV-A light alone to
remove viruses from water (Lee et
al. 2009). While UV alone is suffi-
cient to remove some viruses, there
may be some types of virus that are
selectively removed by ROS (Lee et
al. 2010). However, the inactivation
of AV2 by UV-C was statistically
undistinguishable with and without
the photocatalyst (Figure 6), indicat-
ing that the contact time was again
too short to see significant ROS-
mediated virus inactivation.
Photocatalytic  oxidation  has
also been shown to be very effective
at removing organic contaminants

FIGURE 6
Survival ratio of adenoviruses in a batch reactor (top) and the FBPR (bottom) (0.2 ¢/L Ti0,,
254 nm, 18 W/m? illumination, initial virus concentration=5x10° plaques mL", 23°C, pH 7).
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from water (Lee et al. 2011). While
pesticides and other priority organic
compounds were not analyzed in the
local water due to in-country analyti-
cal capability constraints, pesticides
are commonly used in Swaziland
and might be present in these source
waters (Swaziland 2010). To test this
capability in our system, we used a
model pesticide, Carbaryl (1-naph-
thyl methylcarbamate), which is
often used as an insecticide. The
photocatalyst was significantly more
effective at removing Carbaryl from
the water than UV-C alone (Figure
7). The degradation rate of Carba-
ryl by the photocatalyst plus UV-C
light was four times that of UV-C
alone (18.9 + 0.2 vs. 4.7 + 0.6 min
! x10%) after 3 minutes. In the first
minute of exposure, indicative of the
contact time likely in the field, the
photocatalyst/UV-C
removed almost three times as much
Carbaryl as the UV-C light alone.

However, in applications such as this

combination

case study, where contact time is lim-
ited, these benefits may not be fully
realized. The expected contact time
for a POU FBPR is approximately
one minute, during which time only
25% of the Carbaryl was removed
by the photocatalyst/UV  system
(compared to 8% removal with UV
alone). While the partial degrada-
tion of priority organics may be an
additional benefit of this technology,
complete removal of target organics
would require higher contact time.
Although the photocatalyst ma-
terial did not add significantly to
water disinfection by UV-C and
only partially removed a representa-
tive pesticide in this case study, there
are many scenarios in which pho-
tocatalysis can have an important
impact. For example, POU treat-
ment systems that use sunlight illu-
mination would require a very long
contact time for disinfection, and
ROS

could decrease this required treat-

photocatalytically-generated
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FIGURE 7
Degradation of the pesticide carbaryl in batch reactor under UV light with and without

photocatalyst. In the first 60 seconds, which is indicative of the contact fime in the field, the
PC+UV combo removed 3 times more carbaryl than UV alone (0.2 g/L Ti0,, 254 nm, 18 W/
m? illumination, [carbaryl],=20 mg/L, 23°C, pH 7).
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ment time significantly. One such
treatment possibility is to use a reac-
tive liner concept (Figure S2, SI) in
which a thin film of water flows in a
trough lined with photocatalyst ma-
terial that is illuminated by sunlight
through the water. This design was
originally considered for this project,
but after assessing local conditions
and infrastructure (the water is deliv-
ered from the dam to the community
garden via underground pipes rather
than through open channel flow), it
was determined that a fluidized-bed
photoreactor (FBPR) would be more
suitable for this location.

Implementation Considerations
Before implementation of a POU

water treatment system, consid-
eration must be given to safety, cost
and any local conditions that could
influence the efficacy of the system.

Long Term Tests

Long-term tests were conducted
to assess both the potential loss of
treatment efficiency over time and
the need to replenish the TiO,
photocatalyst, in addition to deter-
mining the potential for long-term
release of nanomaterials, which
could pose health and safety con-
cerns. While TiO, in bulk form is
generally considered safe and has
been used as an additive in food
products for years, proactive safety
practices dictate that we mitigate
potential or perceived risks by re-
ducing or eliminating the release of

nano-TiO, in the effluent (Wiechers
and Musee 2010). Therefore, the ef-
fluent titanium concentration from
the FBPR system was monitored.

There was no loss of ROS produc-
tion effectiveness (assessed per FFA
degradation) over more than two
months of daily use (Figure S3, SI).
The daily FFA degradation percent-
age only varied slightly (largest de-
viation of 3%) from the two-month
average. The only maintenance re-
quired was an occasional backwash
of the system. This suggests that the
photoreactor could run for at least
two months without a significant
loss in efficiency that would require
replacement or regeneration of the
photocatalyst material.

Figure 8 shows the amount of
titanium detected in the efluent of
the FBPR. After adding the photo-
catalyst, the FBPR was rinsed prior
to the start of testing. During this
rinsing, the effluent titanium con-
centration -- which is a measure
of how much photocatalyst is lost
through the filter -- was measured
as a function of the rinsing volume.
This effluent concentration rapidly
decreased from an initial value of 53
pg L' to non-detect (ICP-MS limit
of detection 1 pg L!) over the course
of 10 liters of rinsing (4 reactor vol-
umes, 10 minutes of operation). By
comparison, the TiO2 concentration
inside the reactor is 200 mg L, or
4,000 times greater than the maxi-
mum effluent concentration during
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FIGURE 8
Titanium concentration in the FBPR effluent after addition of photocatalyst, measured by

ICP-MS. The x-axes represent the volume of water flushed through the system for the initial
rinse (top) and the number of days during the prolonged use fest (bottom). The dashed line
represents the average bulk Ti concentration in US drinking water.
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contains about 15 pg L-1 of tita-
nium, and the average person con-
sumes 500 pg of bulk titanium per
day from water (Weir et al. 2012;
WHO 1982), and as much as 50 mg
per day of nano TiO, per day from
food products (Weir et al. 2012).
During normal use, the effluent tita-
nium concentration was consistently
below detection, with only two
samples measuring any titanium (at
the lowest detection level-1 pg L).
Thus, we conclude that there is no
significant risk from nanomaterials
being released into the effluent water
under normal operation.

Cost

Although large water treatment sys-
tems generally operate with a lower
cost/volume ratio, the capital invest-
ment cost is often prohibitive for
small-scale applications or rural/

ally, large scale systems require more
upkeep, operation and maintenance
expertise, all of which are prohibi-
tive for this situation. A POU treat-
ment system is more applicable for
this and many similar sites given the
small flow-rate and low capital cost
requirement. POU systems are gen-
erally more economical when serving
a small population, or when differen-
tial treatment -- where the intended
use dictates different levels of treat-
ment - is required (Qu et al. 2012).

Table 3 summarizes cost infor-
mation for some disinfected/POU
treated water options that could be
used at this site. At this small scale
UV disinfection (using UV-C, bac-
tericidal lamps) is significantly less
expensive than most other POU
treatment options. This low cost
does not include primary treatment,
such as filtration or sedimentation,
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which may be required depending
on the turbidity of the source water.
Commercial UV disinfection sys-
tems for the capacity necessary in the
Swaziland community irrigation sys-
tems cost from $3,000 to $10,000.
The operational cost of the FBPR
treatment system discussed above is
very similar to a standard UV dis-
infection system (-$2 per 1,000L
based on production and operation
costs for this unit). Both this device
and other commercial UV treatment
systems require a power source,
which could be supplied by a car
battery, solar panel, or in some cases
by connection to a local power grid.
The design and manufacture cost of
the prototype bench-top FBPR used
in this study was less than $5,000.
The cost to manufacture a field-scale
FBPR would be very similar since
the design work is already accom-
plished, making it competitive with
commercially available systems.

Local Conditions
Turbidity has the potential to block
light and hinder the efficiency of
FBPR systems. Several of the sites in
Swaziland had turbidity levels > 200
NTU (Table 1). In order to test the
effect of turbidity on ROS genera-
tion (assessed per FFA removal), we
ran batch reactors exposed to various
turbidity levels. Turbidity was intro-
duced through the addition of ben-
tonite clay, which is similar to the
type of clay found in Swaziland sur-
face water. Turbidity had little effect
on FFA degradation up to 100 NTU
(Figure S4, SI). For treatment at lo-
cations with turbidity levels below
100 NTU, no pretreatment of the
water will be required. However, for
treatments at locations with higher
turbidity levels, some form of pre-
treatment (sedimentation, filtration,
coagulation/flocculation, etc.) will
need to be employed to avoid loss of
efficiency due to light occlusion.
Because the FBPR requires pow-
er to operate the light source, and
most of the locations of the earthen
dams are removed from power grids,
the FBPR system will require a small
power supply. While the power re-
quirement could easily be generated
with a small solar panel, the risk of
theft for a solar panel is quite high.
A simple car battery could power the
device for several weeks, requiring
occasional recharging. One techni-
cian could maintain a large number
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of systems, including periodic re-
placement of bulbs and photocata-
lyst and recharging of the power
supply with very minimal training.

Conclusions and Recommendations

nano-photocatalyst  fluidized

bed photoreactor system that
is capable of removing biological
contamination down to acceptable
regulatory levels within a reason-
able contact time was successfully
designed and tested. This system is
also capable of removing Carbaryl
as a representative persistent organic
pollutant at a higher rate than com-
mercially available UV treatment
systems, although complete removal
requires longer contact time. This
added functionality towards pes-
ticides combined with the similar
cost compared to commercial system
could make the FBPR a promising
technology option for POU applica-
tions such as the irrigation water in
Swaziland. Prior to field-scale testing,
however, further work is required to
decrease the photocatalytic contact
time necessary for complete deg-
radation of organic pollutants and
increased disinfection/virus removal
compared to current UV disinfection
technologies (e.g., improve contami-
nant selectivity by enabling sorption
close to ROS generating sites, or in-
crease photocatalytic ROS produc-
tion). Nano-enhanced, point-of-use
water treatment technologies have
great potential to decrease the oc-
currence of devastating water-borne
illnesses in many developing areas of
the world. Further studies to enable
implementation of these technologies
will be needed to realize the expected
benefits in protecting human health
and enabling safer irrigation.

ACKNOWLEDGMENTS

The authors would like to thank
Ms. Thobile Khumalo for her help
in assembling information and con-
sulting with local, community and
government leaders. We would also
like to thank the Swaziland FAO of-
fice and the Ministry of Agriculture
of the Kingdom of Swaziland for
their support in this project.

REFERENCES

Ashkenazi, H., Nitzan, Y., and Gaél, D.
(2003). “Photodynamic Effects of

Antioxidant Substituted Porphyrin
Photosensitizers on Gram-positive
and -negative Bacteria.” Photochemis-
try and Photobiology, 77(2), 186-191.

Balasubramanian, G., Dionysiou, D.
D., Suidan, M. T., Baudin, I., and
Lainé, J. M. (2004). “Evaluating
the activities of immobilized TiO2
powder films for the photocatalytic
degradation of organic contaminants
in water.” Applied Catalysis B: Envi-
ronmental, 47(2), 73-84.

Brame, J., Li, Q., and Alvarez, P J. J.
(2011).  “Nanotechnology-enabled
water treatment and reuse: emerg-
ing opportunities and challenges for
developing countries.” Trends in Food
Science & Technology, 22(11), 618-
624.

Brame, J. A., Hong, S. W., Lee, J., Lee,
S.-H., and Alvarez, P J. J. (2013).
“Photocatalytic pre-treatment with
food-grade TiO2 increases the bio-
availability
potential of weathered oil from the
Deepwater Horizon oil spill in the
Gulf of Mexico.” Chemosphere, 90(8),
2315-2319.

Buxton, G. V., Greenstock, C. L., Hel-
man, W. P, and Ross, A. B. (1988).
“Critical Review of rate constants for
reactions of hydrated electrons, hy-
drogen atoms and hydroxyl radicals
*OHO in Aqueous Solution.” Jour-
nal of Physical and Chemical Reference
Data, 17(2), 513-886.

Chen, Y., and Dionysiou, D. D. (2006).
“TiO2 photocatalytic films on stain-
less steel: The role of Degussa P-25
in modified sol-gel methods.” Applied
Catalysis B: Environmental, 62(3-4),
255-264.

Cho, M., Chung, H., Choi, W., and
Yoon, J. (2004). “Linear correlation
between inactivation of E. coli and
OH radical concentration in TiO2
photocatalytic disinfection.”  Wazer
Research, 38(4), 1069-1077.

Colina-Mdrquez, J., Machuca-Martinez,
F, and Puma, G. L. (2010). “Radia-
tion Absorption and Optimization of
Solar Photocatalytic Reactors for En-
vironmental Applications.” Environ-
mental Science & Technology, 44(13),
5112-5120.

Datta-Gupta, N., and Bardos, T. J.
(1966). “Synthetic porphyrins. L.
Synthesis and spectra of some para-

- Tetraphenyl-
porphines.” Journal of Heterocyclic
Chemistry, 3(4), 495-502.

Eischeid, A. C., Meyer, J. N., and Lin-
den, K. G. (2009). “UV disinfection
of adenoviruses:
tions of DNA damage efficiency.”
Appl Environ Microbiol, 75(1), 23-
28.

Eischeid, A. C., Thurston, J. A., and Lin-
den, K. G. (2011). “UV Disinfection
of Adenovirus: Present State of the
Research and Future Directions.”

and  bioremediation

substituted meso

molecular indica-

Critical ~ Reviews in Environmen-
tal Science and Technology, 41(15),
1375-1396.

EPA (2007). “Cost evaluation of point-
of-use and point-of-entry treatment
units for small systems: cost estimat-
ing tool and user guide.” Office of
Water.

FAO  (2012). “Revitalizing  agri-
culture in  Swaziland.”  heep://

www.fao.org/europeanunion/

un-news/news-stories-eu/detail-
news/en/?no_cache=1&dyna
fefluid]=1494878&mnocache=1.

Fujishima, A., and Honda, K. (1972).
“Electrochemical Photolysis of Water
at a Semiconductor Electrode.” Na-
ture, 238(5358), 37-38.

Fujishima, A., Zhang, X., and Tryk, D.
A. (2008). “TiO2 photocatalysis and
related surface phenomena.” Surface
Science Reports, 63(12), 515-582.

Hanjra, M. A., Blackwell, J., Carr,
G., Zhang, F, and Jackson, T. M.
(2012). “Wastewater irrigation and
environmental health: Implications
for water governance and public pol-
icy.” International Journal of Hygiene
and Environmental Health, 215(3),
255-269.

Hoffmann, M. R., Martin, S. T., Choi,
W., and Bahnemann, D. W. (1995).
“Environmental ~ Applications  of
Semiconductor Photocatalysis.”
Chemical Reviews, 95(1), 69-96.

Kallman, E., Oyanedel-Craver, V., and
Smith, J. (2011). “Ceramic Filters
Impregnated with Silver Nanopar-
ticles for Point-of-Use Water Treat-
ment in Rural Guatemala.” Journal of
Environmental Engineering, 137(6),
407-415.

Kikuchi, Y., Sunada, K., Iyoda, T,
Hashimoto, K., and Fujishima, A.
(1997). “Photocatalytic bactericidal
effect of TiO2 thin films: dynamic
view of the active oxygen species re-
sponsible for the effect.” Journal of
Photochemistry and Photobiology A:
Chemistry, 106(1-3), 51-56.

Lantagne, D., Preston, K., Blanton,
E., Kotlarz, N., Gezagehn, H., van
Dusen, E., Berens, J., and Jellison,
K. (2011). “Hypochlorite Solution
Expiration and Stability in House-
hold Water Treatment in Developing
Countries.” Journal of Environmental
Engineering, 137(2), 131-136.

Lee, J., Hong, S., Mackeyev, Y., Lee, C.,
Chung, E., Wilson, L. J., Kim, J.-H.,
and Alvarez, P. J. J. (2011). “Photo-
sensitized Oxidation of Emerging
Organic Pollutants by Tetrakis C60
Aminofullerene-Derivatized
under Visible Light Irradiation.”
Environmental Science & Technology,
45(24), 10598-10604.

Lee, J., Mackeyev, Y., Cho, M., Li, D.,
Kim, J.-H., Wilson, L. J., and Al-
varez, P J. J. (2009). “Photochemi-
cal and Antimicrobial Properties of

Silica

Environmental Engineer & Scientist | 45



Novel C60 Derivatives in Aqueous
Systems.” Environmental Science &
Technology, 43(17), 6604-6610.

Lee, J., Mackeyev, Y., Cho, M., Wilson,
L. J., Kim, J.-H., and Alvarez, P. J.
J. (2010). “C60 Aminofullerene
Immobilized on Silica as a Visible-
Light-Activated Photocatalyst.” En-
vironmental Science & Technology,
44(24), 9488-9495.

Majuru, B., Michael Mokoena, M., Ja-
gals, P, and Hunter, P R. (2011).
“Health impact of small-community
water supply reliability.” International
Journal of Hygiene and Environmental
Health, 214(2), 162-166.

Maness, P. C., Smolinski, S., Blake, D.
M., Huang, Z., Wolfrum, E. J., and
Jacoby, W. A. (1999). “Bactericidal
activity of photocatalytic TiO2 re-
action: Toward an understanding of

its killing mechanism.” Applied and

Environmental Microbiology, 65(9),
4094-4098.

Merchat, M., Bertolini, G., Giaco-
mini, P, Villaneuva, A., and Jori,
G. (1996). “Meso-substituted cat-
ionic porphyrins as efficient pho-
tosensitizers of gram-positive and
gram-negative bacteria.” Journal of
Photochemistry and Photobiology B:
Biology, 32(3), 153-157.

NANOAGRI-2010 “International Con-
ference on Food and Agriculture
Applications of Nanotechnologies.”
FAO-Embrapa, ed.Sao Pedro, SP,
Brazil,  http://www.fao.org/filead-

degradation.” Materials Science and
Engineering: C, 29(5), 1616-1620.

Qu, X., Brame, J., Li, Q., and Alvarez,
P. J. J. (2012). “Nanotechnology for
a Safe and Sustainable Water Supply:
Enabling Integrated Water Treat-
ment and Reuse.” Accounts of Chemi-
cal Research, 46(3), 834-843.

SADP (2011). “Swaziland Agricultural

Development Programme*,
United  Nations,  http://www.

fao.org/europeanunion/un-

news/news-stories-eu/detail-

news/en/?no_cache=1&dyna

fef%5Buid%s5D=149487

min/user_upload/agns/pdf/nano-

&nocache=1.

agri 2010.pdf.
Qourzal, S., Barka, N., Tamimi, M.,

Assabbane, A., Nounah, A., Ihlal,
A., and Ait-Ichou, Y. (2009).
“Sol-gel synthesis of TiO2-SiO2
photocatalyst for B-naphthol photo-

46 | Environmental Engineer & Scientist

Swaziland (2010). “The National Imple-
mentation Plan for the Management
of Persistent Pollutants

(POPs), Swaziland Government,

Mbabane, Swaziland.”

Toepfer, B., Gora, A., and Li Puma, G.

Organic

(2006). “Photocatalytic oxidation of
multicomponent solutions of herbi-
cides: Reaction kinetics analysis with
explicit photon absorption effects.”
Applied Catalysis B: Environmental,
68(3-4), 171-180.

Weir, A., Westerhoff, P, Fabricius, L.,
Hristovski, K., and von Goetz,
N. (2012). “Titanium Dioxide
Nanoparticles in Food and Personal
Care Products.” Environmental Sci-
ence & Technology, 46(4), 2242-2250.

WHO (1982). “Environmental Health
Criteria  24: Titanium.” World
Health Organization, International
Programme on Chemical Safety.

Wiechers, J. W., and Musee, N. (2010).
“Engineered Inorganic Nanoparticles
and Cosmetics: Facts, Issues, Knowl-
edge Gaps and Challenges.” Journal
of Biomedical Nanotechnology, 6(5),
408-431.

Spring 2014 1 V 50, N 2



