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ABSTRACT

This paper presents the design. construction and lesting of a solar photocatalytic
treatment facility for a commercial site in Gainesville, Florida with contaminated groundwater.
This facility uses flat plate solar reactors made from extruded acrylic double skinned sheets with
rectangular channels. The solar photocatalvtic treatment facility was tested for treating
groundwater contaminated with Benzene. Toluene. Ethylbenzene and Xylenes (BTEX). TiO,
was used as the catalyst in a slurry mode. The solar facility worked successfully in the field
tests. The full paper describes the design and performance of the facility and an estimate of the
energy savings over the conventional carbon adsorption technology.
INTRODUCTION

Leakage of gasoline from underground storage tanks into surrounding agquifers has
recently been identified as a serious risk to the drinking water supply in the state of Florida. The

predominant constituents of concern are BTEX. The current practice of site remediation includes

air-stripping and carbon adsorption. Since these remediation technologies simply transfer the
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contaminants from one medium to another. replacement technologies are being sought. One such
technology is solar photocatalytic oxidation which has the advantage that it can break down
orpanic contaminants into benign products, Solar photocatalytic oxidation has been shown to
work in cleaning groundwater contaminated with BTEX [Goswami. et al..1993]. Ina field
experiment solar photocatalvtic detoxification process was used for reating groundwater
containing BTEX at Tvndall Air Force Base in Florida,

The objective of this investigation was to develop a solar photocatalytic treatment facility
for contaminated groundwater at a commercial site. Laboratory tests were conducted to gather
data necessary for the design of the facility. A flat plate non-concentrating photocatalytic reactor
was designed. constructed and tested. Finally a held treatment facility was designed. constructed
and experimentally evaluated for performance.

BACKGROUND

Photocatalytic oxidation of contaminated water has recently attracted much attention
[Goswami. 1995]. It is a process where a semiconductor absorbs a photon with energy greater
than the bandgap of the semiconductor, producing a strong oxidizing hole. The positive hole
reacts with a hydroxyl ion from water to give a hvdroxyl radical. Finally the radical reacts with
the organic contaminants. Titanium dioxide is the most commonly used photocatalyst since 1115
non-toxic. insoluble in water and comparatively inexpensive. The energy needed to activate
Ti0- is 3.2 eV, which corresponds to UV radiation of a wavelength of 388 nm or less. This
makes it possible to use the sun as the illumination source. since about 4-6% of the solar energy
reaching the earth’s surface is of the right wavelengths. Field studies have shown that this is

sufficient to drive the photoeatalytic process.
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LABORATORY TREATMENT STUDY

A series of laboratory tests were conducted to gather data necessary to design a full scale
facility. Indoor tests were conducted using ultraviolet lamps as the UV source and sealed
polyethylene bags as reactors. A 1 liter sample of groundwater was taken in the reactor and 1
gm of TiQ, was added. The mixture was spiked with BTEX before the reactor was heat sealed
and placed in the indoor test set up. Samples were taken and analyzed, The reaction rate
constants from these tests were used to design an outdoor treatment facility. Figure 2 and Table ]
show typical results of the destruction of BTEX for the indoor tests.
SYSTEM DESIGN

The system design process was based on Goswami et al. 1994, and it involved designing
a reactor, determining the treatment time. number of reactors. pressure drop. selection of pump
and the storage tank, and connection with the exising treatment system. A flat plate reactor was
developed from a double skinned acrylic panel. The size of the reactor is 4’8" with a skin
thickness of ¥" and it has 39 channels of size 1.2"=0.3". The headers are made from I/4" thick
cylindrical tubes of 1.5" inner diameter. These reactors may be connected in series or parallel.

A pilot treatment facility of the same type as the field facility was constructed at the Solar
Energy laboratory as shown in Figure 3. Figures 4 and 5 show the results of a dark and a
photocatalytic test respectively, Table 2 shows the reaction rate constants for the pilot tests,

Treatment Time

A bateh type of treatment mode was selected for this system. In this mode, the effluent is
stored in a tank and is continuously recirculated through the reactor until the desired destruction

1s achieved. Operation in this mode requires one or more storage tanks. If the desired destruction



of the contaminated water is not achieved in a single day, the system is operated the following
day until the desired destruction is obtained. The treatment time is calculated as follows

Volume of the reactor (V,) = 1.33 ft' = 9.5 callons

Volume of the storage tank (V) = 500 gallons

From the indoor tests, the reaction rate constant k for benzene was calculated to be 0.1538 min™
at a UV intensity of 35 W/m". Since k value depends on the UV intensity it needs to be adjusted
for the design UV intensity. In this case. our aim was to design for yearly average conditions.
Therefore an average UV intensity of 28 W/m’* was assumed. Thus the adjusted k value is given

by the following equation:

k:k”(—{-) (1)
I

a

k=0.1338(28/35)=0.123 min™

Fora Batch reactor (Klausner et al. 1994).

(9.5 /3007 = 0,123 = 0.0023/min.

C
Assuming first order reaction kinetics: ln{—-—{] =k ¢ (3)
app



By taking the initial (C,) and final (C,) concentrations as 983 and 21 ppb respectively
from the indoor test the residence time (t) is found to be 27 hours. The above calculation is
based on one reactor. therefore by using 6 reactors of the same size the operation time will be
about 5 hrs, which will allow the treatment to be completed in one day.

EXPERIMENTAL TEST FACILITY AND PROCEDURE

Figure 6 shows a schematic diagram of the solar treatment facility. It consists of 6
reactors and a 500 gallon tank. The reactors were tilted at an angle of 15 degrees facing south to
optimize the UV radiation throughout the vear. The system was tested by filling the 500 gallon
tank completely with water without leaving any head space and 0.1 % of TiO, powder by weight
was added to the tank. Then the Ti0), - water mixture was spiked with BTEX up to a
concentration of 2 ppm. After a thorough mixing, the solution was treated by pumping 1t
through the reactors for about 3 hrs. At the end of the treatment, the water was allowed to drain
back into the tank and the TiO, powder was allowed to settle down at the bottom of the tank
overnight.

After analyzing the water, if the concentration of BTEX in the tank water 1s less than the
acceptable limit. the water is dumped. If it is more, the water has to be treated again. The cycle
is repeated by refilling the tank with water and about 10% of the original amount of TiQ, is
added to compensate for the loss during draining.

RESULTS AND DISCUSSION

Seven tests were performed. of which. tests 1-4 were conducted in a pilot facility at the

solar lab and tests 5-7 were conducted at the remediation site.

Test | was 3% hour dark test in which the reactors were covered. BTEX compounds
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being very volatile are hard to contain. hence it is very important to determine how much of
BTEX is lost due to air stripping.

Figure 7 shows the results of a typical treatment run at the field site. Results from
the three field tests are summarized in Table 3.

From the experimental results of the pilot test facility at the laboratory, it can be shown
that 500 gallons of water contaminated with 1000 ppb of BTEX can be cleaned to a final BTEX
concentration of 10 ppb in about 3 hrs in the facility constructed at the field site if the average
UV intensity is 28 W/m®. This compares well with the [ield results from test 6 in which it took
about 135 minutes to reduce BTEX from an initial concentration of 610 ppb to final of [5ppb.

A comparison of energy consumption between carben adsorption and solar photocatalytic
detoxification was made following the method described by Klausner et al. (1994). The energy
factor for carbon adsorption was found to be 0.638 kKWh/Kg whereas for solar detoxification it
was 2.8 = 107 kWh/Ke. A solar system designed to treat 300 gallons of groundwater per day
would save approximately 430,000 kwh of energy over the carbon adsorption technology. if
reactivation of carbon 1s desired.

CONCLUSIONS

From the test results it can be concluded that the solar photocatalytic treatment facility as
described in this paper can successfully treat contaminated groundwater. The experimental
results show that 500 gallons of water contaminated with 1000 ppb of BTEX can be cleaned to a
final concentration of 10 ppb in about 3 hours in the facility constructed at the field site, if the
average solar UV intensity is 28 Winr'. If this system is used to treat 500 gallons of water per

day it would save approximately 430,000 kWh per year as compared to the conventional method

=260~



of activated carbon adsarption. if the energy to reactivate the carbon 15 considered.
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