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ABSTRACT

The Solar Detoxification Field Experiment was designed to investigate the photocatalytic
decomposition of organic contaminants in groundwater at a Superfund site at Lawrence
Livermore National Laboratory (LLNL). The process uses ultraviolet (UV) energy, available in
sunlight, in conjunction with the photocatalyst, titanium dioxide, to decompose organic chemicals
into nontoxic compounds. The field experiment was developed by three federal laboratories: the
National Renewable Energy Laboratory (NREL), Sandia National Laboratory (SNLA), and LLNL.
The U. S. Department of Energy funded the experiment. The objectives .:)fthe pilot-scale study
included the advancement of the solar technology into a nonlaboratory waste-remediation
environment, the compilation of test data to help guide laboratory research and future
demonstrations and the development of safe operational procedures. Results of the pilot study
are discussed, emphasizing the effect of several process variables on the system performance.
These variables include alkalinity, catalyst loading, flow velocity through the reactor, and incident
solar [.IV radiation. The performance of the solar detoxification process are discussed as it relates
to concentrating and nonconcentrating collectors.

INTRODUCTION

"l'he ultraviolet (UV) light induced photocatalytic oxidation of organic molecules is a recognized
phenomenon [I]. The UV light activates the semiconductor catalyst in a process that produces
hydroxyl radicals, OH., as depicted in Figure 1. The oxidation chemistry and potency of the
photocatalytic process are similar to other chemical oxidation methods that generate hydroxyl
radicals, e.g., UV/hydrogen peroxide and UV/ozone. Given sufficient exposure to hydroxyl 0
radicals, most organic pollutants will oxidize into nontoxic materials, such as carbon dioxide and
water. In the case of the commonly found chlorinated solvents, dilute hydrochloric acid is also
formed.

1



O"

2

I' 11o.-oo

OH _"% ,
Pollutant

Figure 1. Illumination of a semiconductor by UV light
results in the production of highly reactive hydroxyl
radicals.

The feasibility of using sunlight in conjunction with a photocatalyst to destroy organic water
pollutants was demonstrated by researchers in the mid-1980s [2,3,4]. In the solar process,
sunlight illuminates the contaminated water contained within a transparent receiver. The catalyst
is either suspended as a slurry in the water or supported on a fixed matrix within the reactor.
Although the chemistry can be driven by sunlight or UV-lamps, the solar process requires
substantially less electric power.

SITE :HISTORY

Lawrence Ijvermore National Laboratory is located outside Livermore, CA, about 30 miles east
of the San Fransisco Bay area. Groundwater contamination at LLNL dates from World War II
when tlae facility was a Naval Air Station and training and maintenance facility. Large quantities
of trichloroethylene (TCE) and other chemicals were used to clean engine parts during this period
and have found their way into lhe groundwater. As part of the feasibility studies under the
Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA), LLNL
is currently studying the operation of two UV/hydrogen peroxide treatment facilities to pump and
treat the contaminated groundwater plumes resulting from this period. Other types of advanced
oxidation systems are being evaluated and planned for testing. The results of the pilot studies
will lead to an approved plan for the clean-up of the site.

The solar detoxification field experiment was positioned to draw water from an existing LLNL
well pipeline, treat it in the solar-driven system and return it to the pipeline so that it could be
processed by the permitted treatment facility before being recharged to the aquifer. Four
monitoring wells connected to the pipeline can be run individually or in parallel. This allowed
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a great deal of flexibility in choosing the water inlet conditions to the solar process (see Table 1).

Table 1. Inlet Groundwater Conditions from Monitoring Wells

Constituent Range

Trichloroethylene 80- 500 ppb

Other Volatile Organic Compounds <10 ppb

Bicarbonate 500 ppm

pH 6.5 - 8.0
, ,,

EXPERIMENTAL APPARATUS

The system at Livermore had three major components: a concentrating solar collector, a
photoreactor, and a mobile equipment skid. A sketch of the field experiment is shown in
Figure 2 and a simplified operaticreal schematic is provided as Figure 3. In addition, tanks were
provided by LLNL for settling tihetitanium dioxide (TiO2)catalyst and for intermediate storage
of the treated water. The col'lectors for this experiment consisted of two drive strings of
commercially-manufactured concentrating parabolic solar troughs. The parabolic troughs were
resurfaced for this experiment with a reflective film designed to enhance the UV reflectivity. The
solar UV-weighted reflectivity of the film was nominally 85%. Each drive string was 120 ft long
by 7 ft wide resulting in an aperture area of 84.0 ft2 per string. The troughs were aligned on an
east-west axis and used a shadow band tracker to keep them properly aligned with the sun during
an experiment.

The photoreactor for these experiments consisted of 2 in. i.d. borosilicate glass pipe. The
reactors ran along the length of the collectors and were located at the focal point of the parabolic
troughs. The effective concentration ratio for this arrangement, including reflective and
transmissive losses, was calculated to be approximately 20 based on the width of collector and
the half-circumference of the glass pipe.

The third component of the system was the ancillary equipment necessary to support the
experiment. This equipment consisted of the main process pump, a 150 gal. tank, tanks and
pumps required for pH adjustment and slurry addition, a heat exchanger for maintaining constant
temperature, and a control panel. InformatiGn such as reactor inlet and outlet pH, inlet and outlet
temperature, and rate of flow were logged at 30-s intervals and stored on a computer. In
addition, data on both the direct and global-horizontal components of full-spectrum and UV
radiation were collected from solar instruments located near the concentrators.

!
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Figure 3. Operational schematic of the field experiment at
Livermore _,

EXPERIMENTAL TEST PLAN AND RESULTS

:i!_ The test plan for the Livermore field experiment was broken down into the following series of
experiments:

- Single-pass experiments with groundwater
- Recirculating batch experiments with TCE-spiked deionized water
- Recirculating batch experiments with groundwater
- Recirculating batch follow-on experiments with groundwater

Ali experiments used a fresh sample of P25 TiO 2 purchased from Degussa Corp. During single-
pass operation of the experiment, destruction of TCE in the groundwater took place in one pass
through the photoreactor. For these experiments, contaminant levels were measured at the inlet
and outlet of the photoreactor. In batch operation the contaminated groundwater was recirculated
continuously through the photoreactor with samples taken at equal time intervals.

System performance was determined by measuring TCE concentration as a function of on-sun
time. For each experiment, samples of the contaminated water were retrieved and stored in
40 mL glass sample vials with Teflon-lined septa. "ITtevials were stored upside down in a closed
ice chest and transported to an on-site lab immediately following completion of the experiment.

: Samples were analyzed as soon as possible, usually within 24 h. The samples were analyzed
using a Hewlett-Packard 5880 gas chromatograph (GC) fitted with a electron capture detector.
The G'C was connected to a Dynatech PTA-30 W/S autosampler which was connected to a OI
Analytical 4460A purge and trap. The limit of detection of TCE for this arrangement is 0.5 ppb
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To maximize the level of destruction of the contaminant, both drive strings were used for the
single-pass experiments. Ali subsequent batch experiments used one drive string so that a
detectable level of contaminant could be maintained over the half-hour test period. The details
for each series of experiments are provided below.

Single-pass Experiments with Groundwater

The objective of the single-pass experiments was to verify that destruction of the contaminant
to less than 5 ppb (the EPA standard for drinking water) was possible in a single pass through
the photoreactor. Prior laboratory tests showed that the high level of bicarbonate would slow the
destruction process but that this effect could be offset by a reduction in pH. Therefore,
destruction performance tests were performed with and without acid addition to the contaminated
groundwater. The TiO2 slurry metering pump was calibrated with water and adjusted before the
experiment to yield a catalyst loading of approximately 1.0 g/L TiO 2 (0.1 wt%) in the
contaminated water entering the photoreactor.

Table 2 shows the results of the single-pass experiments. Results are shown for two conditions:
no pretreatment and adjustment of pH to approximately 5.6 by the addition of dilute HCI. The
flow rate through the reactor was maintained at approximately 4 gpm throughout the test,
corresponding to a residence time of 10 minutes. The measured catalyst loading was 0.8 to
0.9 g/L. The lower than expected loading was due to a change in metering capacity due to
pumping a concentrated slurry rather than ordinary water.

Table 2. Single'pass Experiments with and without Acid Addition

Inlet [TCE] pH Outlet [TCE]
(ppb) (ppb)

107 7.2__.0.1 10

106 5.6_+0.5 <0.5

Recirculating Batch Experiments' with TCE-spiked Deionized Water

The objective of the slurry baseline experiments was to establish a baseline TCE reaction rate
in TiO 2water slurries for comparison with other outdoor experiments and with later groundwater
experiments. These experiments were run at noon using TCE spiked deionized water with initial
concentrations representative of the LLNL groundwater (,_200 ppb).

Prior to the baseline experiments, a series of leak tests and headspace-liquid equilibrium
experiments were performed to ensure that loss of the contaminant was due solely to destruction
by the solar detoxification process. Initial leak tests indicated a loss of TCE in the system even
though the trough concentrators were stowed (aimed at the ground). A rigorous search for the
"leak" led to the discovery that transmission of ambient UV through the translucent piping used
in the experiment and through the stowed photoreactors was decomposing the contaminant before
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the trough concentrators focused sunlight onto the photoreactors. To eliminate the problem, ali
piping was wrapped with black plastic. The photoreactors were simiiarly covered until the
concentrator was focused on-sun. Subsequent leak tests quantified that the system operated
properly and that the decreasing concentrations of TCE were due soley to photocatalytic
oxidation.

The data for one of the baseline tests are shown in Figure 4. The experiment was run with
TCE-spiked deionized water at a flow rate of 30 gpm through the reactor and a catalyst loading
of 1.0 g/L TiO2.' The baseline test was performed near solar noon. For comparison, the baseline
result is plotted with the results for two destruction tests for TCE in Livermore groundwater. In
Figure 4, the concentration of TCE is plotted as a function of exposure time - that is the amount
of time the water was contained in the photoreactor tubes. Details of the groundwater
experiments are provided in the next section.

[TCE] (ppm)
0.2

o.1 " pH 7

pH5

0.01 1

DI Water x

0.001 ...... I = r I t
o.o 0.s 1.0 1.5 z.0 z.5 a.o

Time (min)

Figure 4. Baseline deionized water destruction tests at the field
experiment at Livermore

The reaction rate for TCE in deionized water is rapid so essentially complete destruction was
achieved in only one pass through the photoreactor. In such cases the performance of a
recirculating system is independent of reaction rate (see the appendix for details of the model
used to describe this system). Figure 4 shows destruction rate if complete destruction is obtained
just before the end of the photoreactor. If destruction is achieved at an intermediate point inside
the photoreactor the remaining portion of the reactor would be inactive. Therefore_ the curve for
deionized water in Figure 4 may represent an upper bound for the required exposure time.

Recirculating Batch Groundwater Experiments

The objective of the slurry groundwater experiments was to establish TCE destruction rates in

.



Livermore groundwater and investigate the effects of several variables on the destruction process.
The variables examined are listed in Table 3. A two-level factorial design was used for these
experime.nts, which allowed us to determine the main effect of each variable (factor) on the
system performance as well as any interaction effects that may have occurred. The experimental
test plan is shown in Table 4.

Table 3. Variables in Batch Slurry Tests with Livermore Groundwater

Variable High Value Low Value

Velocity in Reactor (Reynolds 63,000 21,000
number)

pH 7.2 5.0
(as received)

Catalyst Loading (gm/L) 1.0 0.3

UV Intensity Solar noon Off noon

Table 4: Test Matrix for Slurry Batch Groundwater Experiments

Repl. Repl. 1 2 3 4
1 2 flowrate pH catalyst Time of

day

S-01 S-09 - - +
S-02 S- 1G + - +
S-03 S-11 - + +
S-04 S-12 + + - +
S-05 S-13 - - + +
S-06 S-14 + - + +
S-07 S-15 - + + +
S-08 S- 16 + + + +

S-17 S-25 ....
S-18 S-26 + - - -
S-19 S-27 - + - -
S-20 S-28 + + - -
S-21 S-29 - + -
S-22 S-30 + - + -
S-23 S-31 - + + -
S-24 S-32 + + + -



Because it was not possible to rigidly control light intensity, ali tests were run to investigate the
variation in the first three factors around solar noon. An additional test Was run in the mornings,

thus prov.iding several pairs of runs differing only in UV intensity. Two replicates of each test
were run to determine the experimental error. This resulted in a total of 32 experiments.

Because the field reactor displayed high conversions per pass, a numerical model was used to
account for the effect of mixing the batch tank. First-order kinetics proved adequate for
describing the observed reaction kinetics. Details of the model are provided in the appendix.
A comparison between the experimental data for the noon and off-noon tests and the model is
shown in Figures 5 and 6. The results of this comparison indicate that the model provides a
good representation of the system behavior.

NoonTests Off-NoonTests

1,0 t.'_t _ 1.0
• AA

0,8 ,, '1 0,8
• 4L

i ,,, !.... O,B ". " ,... 0.6
_o ., 0

0.4 , • _ 0,4

0.2 " " 0.2

0.0 0_ ,,, I ................. ,I,,,, -'-.,
0,0 0.2. 0.4 0.B 0.8 1.0 0,0 0.2 0.4 0.6 0.8 1.0

(C/C.) =,.=(C/C.) _,=

Figures 5 and 6. Comparison of measured data with model for
• Livermore groundwater experiw, ents

Figure 7 shows the first-order rate constants for the noon experiments where each bar shown is
the average of two replicate runs. An estimate of the error for each experiment was obtained by
analyzing the variation in the duplicate experiments for ali the different test conditions. As seen
in the figure, lowering the pH of the groundwater significantly improved the performance of the
destruction process. This improvement was likely due to tl_e elimination of hydroxyl-scavenging
bicarbonate ions, which are converted to COz at the lower pH. Catalyst loading and velocity
effects were negligible.
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Figure 7, First-order rate constants for noon groundwater
experiments. Each bar represents the average of two
replicate experiments.

Figure 8 shows the first-order rate constants for the series of off-noon experiments. As seen in
the figure, the estimated error for this series is approximately twice that of the noon experiments.
However, the trends indicated in the figure reproduce those found in the noon experiments
described above.

Rate Constant (l/rain)

1"4f L- Low Value
H High Value Est.

1.2 .....Error

1.0
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0_6 ...............
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pH L L H H L L H H

LOading L L L L H H H H

Figure 8. First-order rate constants for off-noon
groundwater experiments. Each bar represents the average
of two replicate experiments,
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Recirculating Batch Follow-on Experiments. One.sun Experiment

Laboratory and literature data suggest that the photocatalytic process may be more efficient at
lower UV light intensity. To test this possibility with the groundwater at Livermore, an
experiment was performed to compare the destruction rate of TCE under "one-sun" illumination
with rates observed using the concentrated light produced by the parabolic troughs. Both strings
of photoreaetors were used for this experiment. "Ilaeconcentrating solar arrays were positioned
horizontally (pointed at the zenith). In this position, the troughs do not concentrate the incident
direct-beam UV radiation onto the photoreactor. As with the concentrated UV experiments, both
direct-normal and diffuse UV radiation illuminated the side of the photoreactor facing the sun.
The results are shown in Figure 9 in the form of system throughput, defined as the maximum ,
allowable flow t'_.teper square meter of aperture area to maintain destruction of TCE from an
initial concentration of 200 ppb to a final concentration of 5 ppb. The normalized aperture areas
for the concentrator and one-sun configuration are t_ased on the width of the concentrator and the
diameter of the photoreactor, respectively.

0.0
Conoentratln9 One-lun

Figure 9. Performance of one-sun versus concentrating
photoreactor for treatment of Livermore groundwater

When adjusted for the different aperture areas of the two arrangements, the one-sun system
performed eight times better than the concentrating system. This large difference is likely due
to three effects: a) elimination of concentrator reflectance losses, b) ability of the one-sun
system to capture more diffuse light, and c) improved catalyst efficiency at lower light intenshies
[1,5,6].

Recirculating Batch F°ll°w'°n Experiments - Effect of Bicarbonate

As shown previously, adjustment of the pH had a large impact on system performance. The

?
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improved performance at lower pH is believed to result from the reduction in the concentration
of bicarbonate ion, a known scaver.ger of hydroxyl radicals. By reducing pH, tile bicarbonate
equilibrium is shifted toward dissolved carbon dioxide. Changing from pH 7.2 to pH 5.0 reduces
bicarbonate levels by 95%.

Using an expression based on competative kinetics, bicarbonate can be modeled as a competitor
for hydroxyl radicals [7]. The key parameter is a measure of the relative affinity of TCE and
bicarbonate to attack by the hydroxyl radical, referred to as KJK. In Figure i0 the model curves
for various KdK ratios are shown compared to the experimentally measured apparent rate
constant for TCE destruction. The measured rate data points shown in Figure 10 correspond to
experiments performed with different levels of bicarbonate present in the groundwater, This
included a test on groundwater at its original pH of 7.2 (440 ppm bicar_:mate), groundwater
adjusted to pH 5.0 (22 ppm bicarbonate), znd groundwater diluted one-to-one with deionized
water (220 ppm bicarbonate). Literature values for hydroxyl reaction rate constants suggest a
KJK ratio of 0.0132. This value is lower than the apparent best fit value or_Figure 113;however,
the literature rates are for homogeneous solutions and bicarbonate is likely to adsorb to TiO 2thus

bringing it into close contact with hydroxyl radicals. This model suggests that near complete
elimination of the bicarbonate, e.g., by lowering pH to 4 or less, could result in a rate increase
of roughly 300% from that observed at pH 5.0.

Apparent Rate Constant (l/rnin)
5

4 ...................................................................................................................................

Kb/K = 0.01

3

2

0
o too 200 300 400 soo

BicarbonateConc.(ppm)

Figure I0. Effect of bicarbonate ion concentration on
photoreactor first-order rate constant

CONCLUSION AND RECOMMENDATIONS FOR FUTURE WORK

Engineers at NREL, SNLA, and LLNL successfully demonstrated, for the first time in the field,
that solar energy can be used to destroy toxic organic compounds in groundwater. Data resulting
from a carefully planned series of experiments performed at Livermore, CA showed that:
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• Solar detoxification can reduce TCE in groundwater to levels below those required to
meet drinking water standards in single-pass operation.

• Lowering pH offsets the deleterious effects of high bicarbonate levels and can
substantially improve performance. This is evidence that common, nonhazardous
components like bicarbonate can likely be dealt with su.=cessfully.

• Catalyst loading and velocity through the photoreactor had a negligible effect on
performance over the range these parameters were tested.

Results from a single experiment indicated that a one-sun configuration performed eight
times better than the concentrator configuration when results were normalized by sunlight
collection area.

NREL and SNLA art' planning additional field experiments and demonstrations of the solar
detoxification process for groundwater and industrial waste water applications. These systems
will use photoreactors developed by industry. Futui_ work should include an investigation of the
lifetime of supported catalysts in continuous contact with groundwater. In addition, filtration
options for TiO2 slurries in large-scale systems should be tested if they are to be considered as
a viable alternative to the use of supported catalysts. The information gained through the first
field experiment has been valuable and will pave the way for these future demonstrations and the
eventual cnmmercialization of the solar detoxification technology.

Appendix: Modelling Recirculating Batch Reactors

The Solar Detoxification Field Experiment was frequently operated in a recirculating batch mode
as depicted in Figure Al. In this scheme, the fluid is continuously recirculated between a reactor
zone and a tank in which no reaction occurs. In the general case this system can be modeled as
a plug flow reactor and a perfectly mixed tank connected in a loop. For most laboratory-scale
systems, the amount of conversion of reactant per pass through the reactor is small, and the
concentration throughout the system is relatively constant. In that case, the entire system can be
easily modeled as a simple batch system in which only a fraction (i.e., the part in the reactor)
of the total mixture is undergoing reaction.

2
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Figure Al. Schematic of a recirculating batch system

In the large field system, the amount of conversion per pass through the reactor is appreciable.
As the relatively clean water exiting the reactor is mixed with the "dirty" water in the batch tank
the resulting water sent to the reactor has a lower concentration. Because rate usually decreases
as concentration decreases, the overall rate in the reactor suffers. Thus, unless properly
accounted for, the presence of the tank will alter the perceived performance of the photoreactor
[8].

. As stated initially, the recirculating batch system can be modeled as a plug flow reactor and a
perfectly mixed tank connected in a loop. In the steady-state case, the reactor outlet
concentration at time t, C1(0, is determined from the inlet concentration (which does not change
with time) and the reaction kinetics. However, because the system is a transient process, one
cannot use the normal steady-state plug flow reactor equation to model the phot0reactor. Because
the inlet concentration changes with time, C1(0 is defined by what went into the reactor one
residence time prior to t, C2(t-x), and the kinetics. The batch tank is still modeled as a well-
mixed tank. Solving these equations is more difficult than the low-conversion-per-pass case and
a numericalroutine is required to fit the data from the batch tests in the Field Experiment. This
routine also takes into account the volume of the piping between the reactor outlet and the batch
tank.

If the goal is to determine the true kinetic performance of a reactor, one can correct for effects
of a mixing tank. Yet in a full-scale system, where the goal is to obtain the best possible
performance, mixing water from the reactor outlet in a large batch tank will decrease the overall
processing rate. Thus, if a full-scale system operates in a recirculating mode it is desirable to
minimize the size of or eliminate the batch tank.

= 14
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Mathematical Formulation

1 The defi.ning equations for the system components shown in Figure A1 are given by basic
chemical engineering principles [9]. For the plug flow reactor

f_dC_r fo"''dz (1)

In the batch process, both concentrations vary with time, that is, C1 = Cz(O and (;2 = C2(0.
Solution for Cz(t) and C2(t) for all t can be obtained if one defines three different time regimes
as follows.

Regime 1: t = 0 (Reactor exposed to sunlight at t = 0).
By definition we have C1 = C2 = Co.

g

Regime 2: 0< t<xR.
Under these conditions the fluid exiting the reactor has been illuminated for less than one
complete reactor residence time. In equation (1) the time spent in the reactor is equal to
t, and the starting concentration is Co, thus

fc %dc- foedX . (lb)' o I

Regime 3: t > "_R.
Now the fluid exiting the reactor has been illuminated for one complete residence time
and xR*= xR. However, to solve for the reactor outlet concentration at time t, one must
know what went into the reactor at time t - xR. This defines the lower limit on the rate
integral:

c_¢_, dC_ fZ.dx " (lc)(e-,j) r

Having defined these three regimes we now write the material balance over the well-
mixed tank:

_ dC2Ct)
dt vr: Q[q(t)--c2(t)] (2)

5

lt now remains only to couple equation (2) with the different forms of equation (1). 'To do this
we must define the rate expression. A simple first order rate expression was found to fit the field
experiment data quite weil. Therefore we assume

z = -kc. (3)

The solution algorithm solves equation (1) for Ez(t) as a function of C2 at the different time

15
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regimes using first-order kinetics (equation 3). This expression for C1(0 is substituted into
equation (2) and the value for C2(0 predicted. This prediction is then compared to the
experime.ntal values for the concentration in the batch tank. Finally, one iterates until a k value
which provides the best fit to the data is obtained. These first order rate constants are plotted
in Figures 7 and 8.

NOMENCLATURE

CO Initial reactant concentration in the system
C1 Reactant concentration at the reactor outlet
C2 Reactant concentration in the batch tank and at the reactor inlet
k First order rate constant

Q Recirculation flowrate
r Rate of reactant destruction
t Time

xR Residence time in the reactor
Vr Voiume of the batch tank
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