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ABSTRACT

A solar photocatalytic treatment facility was designed,
constructed and tested for treating contaminated groundwater at
a commercial site in Gainesville, Florida. This facility uses flat
plate solar reactors made from extruded acrylic double skinned
sheets with rectangular channels. Ituses Ti0. as the catalystina
slurry mode, The facility was tested for treating groundwater
conmminated with Benzene, Toluene, Ethylbenzene and Xylenes
(BTEX). The salar system worked successfully in the field tests,
An estimate of the energy savings for the solar technology over
the conventonal carbon adsorption lechnelogy shows a savings
of approximately 430 MWh per year.

INTRODUCTION

Leakage of gascline from underground storage tanks has
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 contaminants from one medium
to another, alternative technologies are being ssught One such
technology is solar photocatalytic oxidation, which has the
advantage that it can break down organic contaminants into
benign products. Salar photocatalytic oxidation has been shown
to satisfactorily clean groundwater contaminated with BTEX
[Coswami, et al. 1993], Field experiment results were reported for
the solar photocatalytic detoxification process used in treating
groundwater containing BTEX at Tyndall Air Force Base in
Florida.

Although the solar technology is potentially very cost
effective, it has not atracted much commercial attenbon. The
objective of this investigation was io develop a solar
photocatalytic reatiment facility for contaminated groundwater at
a commercial site for a side-by-side comparison with a
conventional activated charcoal system. Laboratory tests were
conducted to gather data necessary for the design of the facility.
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A flat plate photocatalytic reactor was designed, constructed and
tested.  Finally, & feld treatment facility was designed,
constructad and exparimentally evaluated for performance.

BACKGROUND

Solar photocatalytic exidation of contaminated water has
been tested and demonstrated successfully ata number of miliary
and civilian government sites [Mehos and Turchi, 1993; Blake, et
al. 1992; Turchi, et al. 1993; Blanco and Malato 1994, Goswami, et
al. 1993]. Al present, titanium dioxide is the most commeonly used
photocatalyst, and has a band gap energy of 3.2 eV, corresponding
to UV radiation of wavelengths of 3858 nm or less. Only about 4%
of the solar energy reaching the carth's surface is of the useful
wavelengths and as much as half of this radiation may be in
diffuse form. Therefore, non-concentrating solar reactors are most
likely to be cost effective. Although a solar photocatalytc
groundwater treatment system using non-concentrating tubular
reactors has been successfully demonstrated {(Goswami, et al.
1993), the commercially manufactured mubular reactors had
numerous leakage problems. Van Well, et al. (1997) recently
reported using double skinned acrylic panels for flat plate solar
reactors. Their design shows a single path for water flow through
the reactor, which may give a very high pressure drop. The
presant study was conducted to design and construct flat plats
salar reactors with low pressure drop that would last longer than
tubular reactors and could be produced commercially. This study
was alse designed to construct and demenstrate a selar facility to
clean contaminated groundwater at a commercial site.

LABORATORY TREATMENT STUDY

A series of laboratory tests were conducted to gather data
necessary to design a full scale facility. Indoor tesks were
conducted using ultraviolet lamps as the UV source and sealed
polyethylene bags as reactors (Fig. 1). A oneliter sample of
groundwater was placed in the reactor and 1gm of Til, was
added, The mixture was spiked with BTEX before the reactor was



heat sealed and placed in the indoor test setup. Samples were
taken and analyzed. The reaction rate constants from these tests
were used to design an outdoor treatment facility, Figure 2 and
Table 1 show typical results of the destruction of BTEX for the
indoor tests, The results from the laboratory treatment stady were
used to design the field system,

FLAT PLATE REACTOR DESIGN

Flat plate reactors were designed o be mades from
commercially available double skinned acrylic panels and acrylic
tubes.  Initial attempls at making solar reactors from these
materials resulted in bwo major problems during extended testing:
leaks at joints and cracks in the flat panels. These problems were
overcome by making the headers from 1%-inch diameter by Y-
inch wall thickness acrvlic fubes, Slots were made in these tubes
for the flat panels at an angle as shown m Fig, 3. The panels were
jotned with the headers by filling the space between the panel and
the angled slot with glue, which allowed the glue to set without
stressing the panel. Reactors constructed as such have been tested
extensively without showing any cracks or leaks.

SYSTEM DESIGN

The system design process was based on Goswami, et al.
1534, and it invalved determining the treatment ime, number of
reactors, pressure drop, selection of pump and the storage tank,
and connection with the existing conventional treatment system.
Flat plate reactors of size 4'%x8' were used, each with 39 parallel
flow channels of size 1.2"x0.5". These reactors may be connected
in series or parallel.

TREATMENT TIME

A batch type of treatment mode was selected for this system,
In this mode, the effluent is stered in a tank and is contnuously
recirculated through the reactor until the desired destruction is
achieved, Operaton 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
untl the desired destruction is obtained. The treatment tme is
calculated as follows:

Volume of the reactor (V) = 133 ft' = 2.5 gallons
Veolume 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
vearly average conditions. Therefore, an average UV intensity of
28 W/ m® was assumed. Thus the adjfusted k value is given by the
following equation {Wyness, et al. 1994):

i
k=ky( ) (1)

k= 01535 (28/35) = 0,123 min”
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For a Batch reactor, an apparent rate constant Kapp can be
caleulated according to Klausner, et al. (1994) as:

k__a(— g )

(9.5/500) x 0,123 = 0.0023/min.

Assuming first order reacton kinetics:

Cj_ ,
nf=L)e-t,, ()

By taking the initial (C_) and final () concentrations as 983
and 21 ppb respectively from the indoor test, the residence time {£)
is found to be 27 hours. The above calculation is based on one
reactor; therefore, by using six reactors of the same size, the
operation ime will be about five hours, which will allow the
freatment to be completed in one day.

DESCRIPTION OF THE FIELD SITE

The field site is a former gasoline filling station where the
groundwater is contaminated with BTEX. Tha site 15 covered
under a Remedial Action Plan of the Florida Department of
Environmental Protection (FDEP) and the Alschua County
Environmental Proteciion Department (ACEDP). ACEDT has
authorized Environmental Consulting and Technology, Inc. (ECT)
to operate the site for remediation using activated carbon filters.
The solar photocatalytic facility was designed to operate as =
complete and separate system in series with the existing activated
carbon system. The site permit required that the solar treated
water be discharged to the ground through the existing system.

EXPERIMENTAL TEST FACILITY AND PROCEDURE

A pilot treatment facility of the same typa as the feld facility
was constructed at the Solar Energy laboratory. Figures 4 and 5
show the results of & dark and a photocatalytic test respectively at
the pilot facility. All UV intensities shown have been averaged
over time. During the dark tests, the BTEX concentrations do
change appreciably over tme, which demonstrates that the
treatment factlity is not air stripping the contaminants.

Figure & shows a schematic diagram of the field solar
trentmnent facility. It consists of six reactors and a 500 gallen tank,
The reactors were tilted at anangle of 15 degrees facing south to
optimize the UV radiation throughout the year. The system was
tested by filling the 500 gallon tank completely with water without
leaving any head space and adding 0.1% of TiO, powder by
weight. Then the TiOy-water mixture was spiked with BTEX up
to a concentration of 2 ppm. After a thorough mixing, the solubon
was treated by pumping it through the reactors for about five
hours. At the end of the treatment, the water was allowed to



drain back into the tnk and the TiO, powder was allowed to
sottle down at the bottom of the tank overnight.

RESULTS AND DISCUSSION

Seven tests were performed, of which tests 1 through 4 were
conductad in a pilot facility at the solar lab and tests 5 through 7
were conducted at the remediation site,

Tes: 1 was a 3¥+-heur dark test in which the reactors were
cavered. BTEX compounds, being very velatile, are hard to
contmin; hence it is very important to determine how much BTEX
is lost due to air stripping.

Figure 7 shows the results of a typical treatment run at the
feld site. Results from the pilat and field tests are summarized in
Table 2.

From the experimental results of the pilot test facility at the
laboratary, 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 three hours in the field site
facility for an average UV intensity of 28 W/m". This compares
well with the field results from test 6, in which it took about 135
mirmtes to reduce BTEX from an initial concentration of 610 ppb
to & final concentration of 15 ppb.

A comparison of energy consumption between carbon
adsorption and solar photocatalytic detoxification was made
fallowing the method described by Klausner, et al. (1984). The
energy factor for carbon adsorption was found to be 0.638
kWh/ Kg, while for solar detoxification it was 2.8 x 10° kWh/Kg,
A solar system designed to treat SO0 gallons of groundwater per
day would save approximately 430 MWh of energy over the
carbon adsorption technology, assuming reactivation of carbon is
utilized.

CONCLUSIONS

From the test results, it can be conciuded 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
pob of BTEX can be cleaned to a final concentration of 10 ppb in
about three hours in the facility constructed at the field site for an
average solar UV intensity of 28 W/m”, If this system is used to
treat 500 gallons of water per day, it would save approximately
420 MWh per vear as compared to the conventional method of
activated carbon adsorpton.

REFEREMNCES
Blake, DM, Link, G.F. and Eber, K. (1992), “Solar Photocatalytc
Detoxification of Water,” in Advences (# Solar Energy, KW,

am

Baer (Editar), Vel. 7, pp. 167-210, American Sclar Energy
Society, Boulder, Colorado,

Blanco, J. and Malate, 5. (1994), “Solar FPhotocatalytc
Mineralization of Real Hazardous Wastewater at Pre-
Industrial Level,” Solar Engineering 1994, Proceedings of the
1994  ASME/ISME/JSES International Solar Energy
Conference, pp. 103-109.

Gaswami, OUY., Klausner, ]., Mathur, G.I., Martin, A, Schanze,
K., Wyness, P, Tarchi, C. and Marchand, E. (1953), “Solar
FPhotoeatalytic Treatment of Groundwater at Tyndall AFE,
Field Test Results,” Solar 1993, Proceedings of the Ameniean
Solar Energy Socety Anmnual Conference, pp. 235-23%9,

Goswami, 0UY., Mathur, G.D., Jotshi, CK. (1994), “Methodology
of Design of Non-Concentrating Solar Detoxification
Systems,” Proceedings of the Second Biennizl ASME European
Conference on Engineering Systems Design and Analysis, FD Val.
843, pp. 117-121, London, England, Jaoly 4-7.

Goswami, DY, (1995), "Engineering of Solar Photocatalytic
Detexification and DisinfecHon Processes,” Adpances in Solar
Energy, Chapter 3, Vol. 10, pp. 165-209, American Solar
Energy Society.

Klausner, J.F,, Goswami, D. Y., Wyness, P.R. {1992}, “Energy
Consumption of Wastewater Treatment Technologies,” Solar
Engineering, Vol. 1, pp. 29-36, ASME.

Klausrier, .F., Martin, A.F., Goswami, D.Y., Schanze, K.5. (1954),
O the Accurate Determination of Reacion Rate Constants
in Batch-Type Solar Photocatalytic Oxidation Facilities,”
journal of Solar Energy Engineering, Vol. 116, pp. 19-24, ASME.

Mehas, M. and Turchi, €. (1993}, “Field Testng Solar
Photocatalytic  Detoxification on  TCE-Contaminated
Groundwater,” Environmental Progress, 1993,

Turchi, C.5., Klausner, |.F., Goswami, D.Y. and Marchand, E.
(1993), “Field Test Results for the Solar Photocatalytic
Detoxification of Fuel Contaminated Groundwater.” FPaper
presented at the Third International Symposum on Chemical
Oxidation: Techmalogies for the NineHes, Nashville, Tennesses,
February 17-19.

Van Well, M., Dillert, RH.G., Bahnemann, D.W., Benz, V.W. and
Mueller, MLA. (1957), “ A Novel Noneoneentrating Reactor for
Solar Water Detoxification,” Jourmal of Solar Energy
Engingering, Vol. 119, No. 2, pp. 114-115,

Wyness, P., Klausner, |.F,, Goswami, D.Y,, and Schanze, K.5
{1994), “Performance of Nonconcentrating Solar
Fhotocatalytic Oxidation Reactors, Part 1:  Flat Plate
Configuration,” Jowrnal ef Solar Energy Engineering, Vol 116,

PP 27



42 UV lnmps

5 2o B B A o &6 B o @89 B S s =8 = @

Renctor

.f“f’

Adjustable lab jacks
L

Figure 1 Indoor Experimental Setup

LIV imenatty ; 35 Wim® |
|

Concentration ipphl

1Cc

Time {min)

e Bpnirene —f— Toilene —— Ethylbaraens —s—F-Xylen= — CRN e

Figure 2 Variation of BTEX Concentration with Time
for Indoar Test (UV Intensity : 35 W/ m?)

- 23.15" -
4= TOPVIEW
LA W i .i
|_ o g et 3 :r. ________________________________ P
I ' o
5= J‘i ] 30,6287

— A
L3y

J.E"L-—

FRONT VIEW

Reactor

Glue

Enlarged view of 4-4

—~—— Section of a header with the reactar

Figure 3 Views of the Header

302




concentratlon Ippisd

ww Intensic ELL L hed g :
#H ¥ Tnn; OV Imzensizy 1 31 W@
= * by
g so t : _l_
E 509 -
o ann l, 4
£ sa0} =
1
4 100 %
o ]
U inoa. b
x
1 g L s
l 7 : 0 3a &1 L] 13g 153 123
160 Tioe (miz}
‘ s Senzens mroiuene g Ethuibenzene wPeXylese xO-Xvlena
- - : : e —
a lo [ =6 110 150 120
Tiseimial 4
) Figure 5 Cencentration of BTEX for Qutdoar Lab
——famcene —#—Taluens —a—3=ylene —=Eylens

TestZ {UV Intansity : 31 W my)

Figure 4 Conceniration of BTEX for Outdoor Dark
Test1 (UV Intensity : 38 W/ i)

R T T
ﬂ D—' ,_.E * Flr'ncrru reactars
g 1

=

Recireulation line

PVC pipe E
I \ =

® —» Sample port H—r Ball Falves

Slorage
Tank

To Drain
Pi,p2,P3—® Fumps

Figurs & Schematic of the Facility

303







