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ABSTRACT

Perchl oroethene (PCE) was scrubbed from contaminated landfill soil vapor by contact with amixture of
2-propanol and acetone and then destroyed by a reductive dehal ogenation process during exposure to sunlight
in aphotoreactor. The treatment system (scrubber and photoreactor) was deployed at the 120-acre Harrison
Landfill, which was closed and capped in 1997. Soil vapor containing 100-200 ug L PCE (and other chlorinated
organics) was readily obtained by diverting aflow of soil vapor from the city’s full-scale carbon adsorption
treatment system to our experimental phototreatment system.

Two types of field experiments have been conducted to date. In the first quasi-batch mode, the solvent
was pre-loaded with PCE throughout the night and then exposed to sunlight while being recirculated in the
photoreactor during the day. In the second continuous mode, both the scrubber and photoreactor were oper-
ated simultaneously for extended periods. The effectiveness of the photoreactor was determined by comparing
liquid-phase concentrations of PCE and other targets in the reactor influent and effluent. PCE concentrations
were lowered by 90 percent in amatter of hours. Results also indicate that the reaction was inhibited by oxygen
in the soil vapor (currently 15 percent due to theinjection of air by city contractors). However, wewere ableto
eliminate (photoreduce) interfering oxygen and the target PCE by increasing the number of photoreactor tubes.
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SITEDESCRIPTION

TheHarrison Landfill, owned by thecity of
Tucson, islocated in southeastern Tucson, Ariz.
(Figurel). The120-acrefacility includesa
barrow areaand amethane-monitoring and gas-
extraction system. Immediately east of the
facility liesaninactivelandfill (county-owned)
and amobile homepark. A privately owned
greenwastecollectionlot (H & RMaterias) is
located due north of thelandfill. A housingtract
islocated within one-haf mileto the northwest,
and undevel oped propertiesborder thesiteto
thewest and south. TheHarrison Landfill (HL)
wasoriginaly asand and gravel pit that was
excavated to adepth of 50 ft below the surface
(bls). Thelandfill wasconstructed over native

soil with nointervening liner. Landfilling of
resdential and commercia refusebeganin 1972
and continued until 1997. At closure, asurface
cap 3.5-5.0ft inthicknesswas constructed.
Thecap consistsof alower layer of compacted
topsoil, amiddlelayer of compacted high-silt
soil, and an upper layer of non-compacted
topsoil. Insomearess, refuseisburied asmuch
as100ft bls. Local depthto groundwater is
23010 290ft bls.

Aspart of thelandfill closureactivities,
surfacegrading for runoff control and vegetative
seeding werecarried out. To control off-site
gasmigration, asoil vapor extraction (SVE)
systemwasinstalledin 1995, and | ater ex-
pandedin 1997, from aninitial capacity of 250
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Figurel. Harrison Landfill (bottomright
corner). Theoval-shaped areastretching
northeast (down gradient) from thelandfill
representsthe PCE plume (5ug L-* concentra-
tion contour) in the groundwater below. Map
courtesy of HydroGeoChem, Inc.

standard cubic feet per minute (scfm) to 1,600
scfmwith amaximum vacuum pressureof 10
inchesof mercury.

In 1996, alocal groundwater investigation
was completed in accordancewith EPA regula-
tions (40 CFR 258 Subpart E— Groundwater
Monitoring and Corrective Action). Priority
pollutants detected in groundwaters extracted
fromstewdlsincluded avariety of volatileand
semi-volatilehao-organics(collectively labeled
V OCsherein) including perchloroethene (PCE),
trichloroethene (TCE), vinyl chloride(VC),
dichloromethane (DCM), dichlorodifluo-
romethane (Freon 12), and
trichlorofluoromethane (Freon 11) among others
(Table1). VOCswerenot detected in the up-
gradient well. Of theVOCsdetectedinthe
down-gradient wells, only PCE, TCE, 1,2-

dichloropropane, and V C exceeded their
respective human health-based guidancelevels
(Arizona), and only PCE, TCE, and DCM
exceeded maximum contamination level s(EPA).

Theorigind investigation wasfollowed by
afield study to assessthe subsurfacedistribution
of VOCs. Andytica resultsfrommultiple-
depth soil gasand groundwater samplers
indicated that PCE concentrationsat theair-
water interfacewere 2.5 timeshigher than
concentrationsmeasured in deeper water.
Furthermore, soil vapor PCE concentrations
increased with depth in the vadose zone.
Findings suggested that the deep vadose zone
continued to beasource of contamination for
locd groundwater and that the existing perim-
eter gascontrol syssemdid not efficiently
removedeep soil gas.

Tominimizethe source of groundwater
contamination, the SVE system wasexpanded
for relatively deep soil vapor extraction. The
systemwasdesigned to removeV OCsfrom
unsaturated sediments near thewater table. 1t
conssted of three SVE wellsand asinglegas
injectionwell located inthecenter. Theair
injected at thewater tableforced the contami-
nated soil gastoward the SVE wells. Extracted
alr wasthen treated viaadsorption on activated
carbon and released to the atmosphere. The
system operated at aninjection rate of 250 scfm
and an extraction rate of 900 scfm. Treatment
was provided infour, 2000-Ib carbon vessels.
The average PCE concentration during the
study was 145 ug L%, and the average rate of
PCE removal wasfive kg day*
(HydroGeoChem).
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PRELIMINARY INVESTIGATIONS

Our two-pronged gpproach to the problem
of landfill remediationwasto optimizethemass
transfer of PCE from gastoliquid phase, andto

then photo-reducethe PCE by exposureto
sunlight. Weinvestigated these problemssepa:
rately inthelaboratory, then combined our efforts
for landfill application asdescribed bel ow.

Tablel. Datasummary of volatile organic compounds (VOCs), well SVE-BC, Harrison Landfill
(al concentrationsinug/L). Samplestaken from the soil vapor extraction system before carbon
adsorption units. Notethe significant reductions acrossthe board since 7/21//99. Soil vapor PCE
concentrationswere 20-40ugL ** during phototreatment system trial s (Jan-Feb 2000). ND; not

detected (detectionlevel).

SAMPLE DATE 7/21/99 12/28/99 2/2/00
Benzene 12 11 1.8
Chloroethane (Ethyl Chloride) 1.2 ND(0.088) 0.71
Chloroform ND (2.0) 0.27 ND (1.0)
1,4-Dichlorobenzene (p) 9.9 0.92 1.7
1,1-Dichloroethane (1,1-DCA) 53 6.9 13
1,1-Dichlorethere (1,1-DCE) 6.8 0.54 0.94
cis-1,2-Dichloroethene (cis-1,2-DCE) 6.2 17 2.3
Dichloromethane (M ethylene Chloride) 230 23 438
Ethylbenzene 15 11 1.5
Freon 11 (Trichlorofluoromethane) 110 9.8 17
Freon 12 (Dichlorodifluoromethane) 2,000 39 120
Freon 113 (1,1,2- Trichlorotrifluoroethane) 8.4 13 25
Freon 114(1,2-Dichlorotetrafluoroethane) 73 8 12
Tetrachloroethene (PCE) 190 19 29
Toluene 120 6.6 8.3
Trichloroethene (TCE) 84 7.3 11
1,2,4-Trimethylbenzene (Pseudocumene) 7.9 0.79 0.93
1,3,5- Trimethylbenzene (Mesitylene) 18 0.47 0.62
m,p-Xylenes 32 35 5
o-Xylene 13 1 15
Vinyl chloride (VC) 13 0.76 1
Total VOCs 3,003 133 279
Total NON-FREON VOCs 812 75 127
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Liquid dis?ributor

Figure2. Typical configuration of countercur-
rent gas-stripping or gas-scrubbing towers.
(Adapted from Treybal)

Scrubber column design

A countercurrent flow-packed column
waschosento transfer PCE from landfill gasto
anorganic solvent. Thistypeof scrubber
columnischaracterized by acontinuousgas
phase and adiscontinuousliquid phase. Figure
2illustratesthegenera configurationfor this
type of masstransfer equipment. Inthecolumn,
theliquidtricklesdown over thetower, packing
mediaasthegasisblown upward through the
column. Inthiscase, wheretransfer of a
constituent fromthegastotheliquidisdesired,
the operation istermed aeration or gas scrub-
bing (Leeand Tsui, 1993).

The countercurrent flow designhasa
distinct advantage over other commonly used
configurations, such asbubble chambersand
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Figure 3. Tower height requirementsasa
function of transfer efficiency objectives. Cacu-
lations apply to thegas-to-liquid transfer (gas
scrubbing) of PCE. Theliquid phase consists of
a9:1 solvent mixture of 2-propanol and ac-
etone. Flow iscountercurrent with liquid
introduced from thetop of thetower. Column
mediaconsist of ¥2-inch ceramic saddles. Solid
diamondsrepresent theresultsof individua
caculations.

co-current towers. Countercurrent flow pro-
vides contact between thecleanest liquid with
the cleanest gasat the column’shead and the
most contaminated liquid with themaost contami-
nated gasat the column’shase. Ignoringkinetic
limitations, thisminimizesthefina concentration
inthe gasphase, sinceaconcentration gradient
ismaintained from thegasto theliquid through-
out the scrubber column length. Consequently,
thistype of masstransfer equipment isgenerally
utilized when very low contaminant levelsare
required intheeffluent gas. For the specific
caseof PCE transfer from landfill gastoan
organic solvent mixture, the process effluent gas
must havethelowest practical PCE concentra:
tion, and so acountercurrent configuration was
chosen for the gas scrubbing operation.
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Figure4. Tower height requirementsfor 2-log
(99%) PCE scrubbing efficiency asafunction of
theratio of gasand liquid flow rates. Theliquid
phase consistsof a9:1 solvent mixture of 2-
propanol and acetone. Flow iscountercurrent
with liquid introduced from thetop of thetower.
Column mediaconsist of ¥~-inch ceramic
saddles. Solid diamondsrepresent theresults of
individud caculaions.

Scrubber column model calculations
Theremova efficiency anddesign
specificationsof the packed columnwere
modeled using thetwo-resistance (a.k.a. two-
film) theory of interphase masstransfer (Treybal,
1987). Thisapproachiswidey usedinsuch
applications, although water, rather thanan
organic solvent, typically congtitutestheliquid
phase. Thetheory positsthat astagnant film of
fluid existson each sdeof thegas-liquid inter-
face. Thetotal resistanceto masstransfer of a
constituent between the phasesisthe sum of the
resistanceto transfer through the stagnant gas
film, plustheresstanceto transfer through the
stagnant liquid film. Becauseof theassumption
of quiescenceinthefluid comprisngeachfilm
layer, masstransfer can only occur dueto
diffusion. Therefore, therate of masstransfer
can bedescribed by Fick’slaw, inwhichthe
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Figure5. Influent and effluent PCE concentra-
tionsina60cm x 5cm scrubber column. The
liquid phase consists of a9:1 solvent mixture of
2-propanol and acetone. Flow iscountercur-
rent with liquid introduced from thetop of the
tower. Column mediaconsist of %2-inch ce-
ramic saddles. During the period of operation,
the solvent wasrecycled from a500-mL
reservoir, accounting for the gradual accumula
tion of liquid-phase PCE (and deterioration of
transfer efficiency). Solid squares(influent) and
diamonds (effluent) represent theresults of
individua calculations.

flux through thefilmisthe product of the
condtituent’sdiffusivity and concentration
gradient acrossthefilm. Itisfurther assumed
that no resistance occursat theinterfaceitsalf,
S0 equilibrium between the phase concentrations
isinstantly and continuoudly established at the
interface. Specific detailsof themodel calcula-
tionswill bepublished |ater.

Themodel may berunfor aspecified
removal efficiency to determinetherequired
tower height, or it may berunusingagiven
tower height to cal culate the scrubbing effi-
ciency. For thefield design, theefficiency
required was specified for given gasand liquid
flow rates, and therequired tower height was
caculated. Figure3isasummary of model
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PCE degradation in sunlight, argon-purged,
2-propanot.acetone system (9:1 by volume)
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Figure®6. Kineticsof PCE transformationin
sunlight inasolvent mixture of 2-propanol and
acetone. Thesolvent waspurged withargonto
remove molecular oxygen before the addition of
PCE and exposureto sunlight. Solidlinesare
linesof best fit to zero-order and first-order (in
PCE) portionsof thegraph. Reactorsconsisted
of 26-ml borosilicateglasscontainers. Tem-
perature was about 25°C.

caculationsfor thetower height required to
achieveagivenfractionremoval of the PCE
fromtheinfluent landfill gas. Theplot calcula:
tionsassumealiquidflow rateof 0.1 L min?
and agasflow rateof 1.0L mint. Inthese
cdculations, theinfluent liquid concentration of
PCE isassumedtobezero. Thisisnota
conservative assumption (dueto solvent recy-
clinginfield applications). However, it was
consdered reasonablefor theparticular field
applicationintended inview of thelab results,
which showed the photo-catal ytic reactor to be
very efficient in degrading PCE.

Tower height requirementsfor 99%
transfer of gas-phase PCE werecalculated asa
function of theratio of thegas-to-liquid volu-
metric flow rates(Figure4). Theratio corre-
spondsto the unit-lessratio of the gasflow rate
totheliquidflow rate.
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Figure7. Electronic spectrumof 1.0 M
acetonein water (absorbance units) and the
solar actinicirradiance (photonscm?s?) at the
earth’ssurface (ca culated from Seinfeld).

Themode calculationsare based on
ideal transfer ratesfor PCE from an otherwise
clean air stream to a pure solvent mixture of 2-
propanol and acetone (9:1 by volume). Consis-
tent with expected field conditions, agas-to-
liquid flow ratio of 10 and aremoval efficiency
of 99% are used asmodel inputs, and atower
height of about 30cmiscalculated to bere-
quired. Incorporating an oversizefactor of two
to account for thelikelihood of non-idedlitiesin
thefield and the error engendered by model
assumptions, ascrubbing column of 60cm
packed lengthwas selected for thefield trials.

Scrubber column laboratory trials
Experimentd resultsindicated that column
performancewasreasonably well predicted by
thetheoretical model when the 2-propanol/
acetone solvent mixturewasfree of PCE
(Figure5). At least 90% of the gas-phase PCE
wastransferred to the clean sol vent mixture.
Thegradual deterioration of PCE transfer
efficiency wasprobably dueto accumulation of
PCE in the solvent since therewasno PCE
treatment stepinthisexperiment. Nevertheless,
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PCE degradation in sunlight, 2-propanol/acetone system
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Figure8. Lag-timeeffect of dissolved molecu-
lar oxygen (O,) onthekinetics of PCE degra-
dation in 2-propanol/acetone (9:1 by volume).
Photoreactors (26 mL boroslicateglassvials)
werefilled with solvent containing 1 mM PCE
and then purged with argon to obtain the 0%
and 2% O, levels. Notethat 20% O, (near-
ambient air level) delays PCE destruction by 30
- 40 minutesin the photoreactor vials.

transfer efficiency wasawaysgreater than 80%
over the one-hour course of thetests, and we
determined that the scrubber design was suffi-
cient for our landfill application.

Photo-reductive reaction mechanism

Itiswell known that acetone and other
ketones absorb light inthe near-ultraviolet
(UV) rangetoinitiatethereaction process
(Cavert and Pitts, 1966). Inthe presenceof
molecular oxygen (O,), acetone can beusedto
sengitize the photo-oxidation of alcohols
(Coxon, 1987). Thisreactioncould asobe
viewed as photo-reduction of O,. Inprinciple,
thisphotochemical system should be capabl e of
reducing many target speciesbesidesO,,
depending upon theredox potentia of the
target. Herewe apply some of thefundamental
knowledge gained on ketone photochemistry
over the past four decadesto the problem of
remediating contaminated landfills.

Initsexcited state, acetone extractsa
hydrogen atom from amolecul e of isopropanal,
producing an organicradical that iscapable of
reducing avariety of halogenated targets,
including carbon tetrachloride (CT) and PCE.
Asdescribed in moredetail in our recent
publication (Betterton et a ., 2000), both
chlorinated dlkanesand alkeneshave provento
be appropriate target contaminantsfor the
liquid-phasereactions. A variety of aliphatic
and aromatic ketonesand a coholsare suitable
for theliquid phase. We selected asolvent
mixture containing 2-propanol and acetone (9:1
by volume) for our investigations.

L aboratory-based kinetic studieshave
shownthat deha ogenation reactionsinthe
photo-promoted system arevery fast. Inthe
millimolar range, PCE concentrationswere
lowered by an order of magnitudeinajust few
minutes (Figure6).

Initial reaction rateswere zero order in
target concentrations, shifting to first-order
Kineti cs as reactants approached micromolar
levels. Resultsimply achangeinthe step that
limitsthe overall rate of reactionfromthelight-
initiated step (probably) to the radical-target
reaction step at relatively low concentrations of
thetarget. A completereaction mechanismis
not yet available, however, primarily because
of uncertainty related to radical-radical extinc-
tionreactions.

Severd observationsof potential practical
importance have been observed during our
preliminary laboratory and rooftop studies.
First, thedestruction of CT and PCE can be
driven by sunlight, eveninboroslicateglass
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PCE Destruction, Chioride Ton Accumulation in 2-Propancl/Acetone System
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Figure9. PCE destructionand chlorideion
(CI) accumulation in the 2-propanol/acetone
solvent mixture during atypical rooftop experi-
ment. Photoreactor wasa26 mL borosilicate
glassvid. Initia concentrationsfor PCE and CI-
inthe solvent were 100 uM and 25 uM,
respectively. Roughly two chlorideionswere
generated for each PCE molecule destroyed
(photo-reduced) in the solvent mixture.

reactors. Only asmall fraction of the solar
spectrum that penetratesborosilicateglassis
absorbed by acetone (Figure 7). Nevertheless,
dehal ogenation reactionsarefast under ideal
sunlit conditions. Thesecond observation of
obvious practical importanceisthat thepres-
enceof O,impedesthe destruction of haloge-
nated targets, presumably dueto the consump-
tionof light-derivedradicalsby O,. When O, is
present in the gasesto betreated, reactor
designwill havetoinclude sufficient detention
timefor the sequentia destructionof O,andthe
target. O, effectsareillustratedin Figure8.

Photolysis experiments

Preliminary experimentsdesigned to
establishthefeasbility of PCEand CT
dehal ogenation by photo-promoted reduction
were carried out at the bench scale (Betterton et
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Figure10. Genera schematicfor thegas
scrubber and photoreactor at the Harrison
Landfill soil vapor treatment facility. The experi-
menta 1L min?treatment systemissituated
within thefenced confinesof an existing carbon-
adsorptiontreatment facility. Thegasscrubber
wasdesigned for transfer of PCE fromthe
extracted soil vapor to the 2-propanol/acetone
solvent mixture. Thephotoreactor reliesonthe
reduction of PCE by photo-generated 2-
propanol radicals.

al., 2000). Two reactor typeswere utilized.
Thefirst wasa26 mL borosilicateglassviad
filled with the solvent containing =1mM of the
target compound and irradiated with sunlight.
Sampleswerewithdrawn periodicaly for
anayss, and kinetic rel ationshipswerederived
fromtheseresults.

The second reactor typewasa20 mL
glasstubethat also contained the solvent and
target. Inthiscase, however, UV light (295 nm
- 325 nm), originating fromaXenon arclamp,
wastransmitted to thereactor viaan optica
fiber with cladding removed fromthetip only.
By calibrating thelight sourceusingferrioxdate
actinometry, it was possibleto determinethe
total flux of UV lightinto thereactor and make
calculationsof quantumyield (Rabek, 1982).
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Figure1l. TheHarrison Landfill photo-
treatment system. The scrubber column (fore-
ground) iscooled to near 0°C with circulating
antifreezeand iswrapped induminumfoil for
shading. Soil vapor entersthe base of the
scrubber while solvent entersfrom thetop and
tricklesdownward through the ceramic packing
media. Thefour photoreactor tubes(rear) are
tilted to provide normal incident radiation at
solar noon.

For the purpose of thisreport, we concentrate
onresultsfrom the sunlight-driven reactor asa
sourceof preliminary datafor assessment of
processkineticsand feasibility.
Representativedataare provided in Figure
6. These show that thekineticsof PCE degra-
dationinthe0.1to 1.0 mM concentration range
were approximately zero-order. Thecondi-
tional zero-order rate constant was=5.3x 10°
M min. Millimolar concentrationswere
lowered by an order of magnitudeinlessthan
20 minutes. Theobserved reactionratewas
probably light-limited. Inthemicromolar

concentration range, reaction kineticswerefirg-
order in PCE with arate constant for PCE
disappearance of = 0.26 min?. Theseresults
suggest that the concentration of PCE inthe
solvent will affect destructionrates, whichwill
be zero-order, first-order, or mixed-order,
depending on PCE concentration. 1nnoneof
these experimentswas TCE or any other
partialy deha ogenated i ntermediate observed.
Sincewe could not measure ethane or ethene
using theanalytica proceduresemployed here,
the mechanism (pathway) and products of PCE
transformation remain to be established.

Photoreactor rooftop trials

In other preliminary experiments, PCE
wastreated in atubethat waseventually usedin
thefield. Thiswork wasdesignedto confirm
that PCE wastreatable using sunlight and the
120cm x 2.5 cm Pyrex tube beforeinstalling it
inthefield. The photoreactor was operated as
abatchreactor inthiscase. Reactor perfor-
mancewas established by measuring PCE
concentration asafunction of time. Results
suggest that reaction kineticsremained zero-
order in PCE concentration down to= 100 uM
PCE with areaction rate constant of = 1.7 x 100
*M min?. Thereduced reactionrateinthe
column reactor (compared to the 26 mL glass
vids) probably resulted from lower light flux per
volumeof fluidinthelarger system.

In addition to PCE disappearance, liquid-
phase concentrations of chlorideionwere
measured by ion chromatography (Dionex DX-
100; AS-14 analytical column) asastep toward
reaction-product analysis (Figure9). About
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50% of thechlorine, origindly presentinthe
PCE target, was accounted for aschlorideion.
Thebrief |ag that preceded the appearance
chlorideion (5-10 min) suggeststhat the pro-
cessmay produce short-livedintermediates.
Weareinthe processof identifying these
reactionintermediates.

HARRISON LANDFILL PHOTO-
TREATMENT SYSTEM

Armed withtheexperiencegainedinthe
|aboratory, atwo-stage treatment systemwas
designed and constructed at the Harrison
Landfill. A block diagram and photograph of
thesystemareshownin Figures10and 11.

Soil vapor (30°C, 10-15% O2 by volume) was
diverted by vacuum pump (Gast model DAA-
V114-GB) from thecity’s carbon adsorption
systemat 40 L min™. A massflow controller
(Adborgmodd GFC17) regulated thegasflow to
1.0L min*throughthescrubber, a60cmx 5cm
jacketed Pyrex column (Ace) with¥2’ ceramic

| ntal ox® saddles (Jaeger) aspacking materid.
Theouter jacket of the scrubber wascooled to
near C°Cwith antifreezeand arecirculaing cooler
(Fisher modd). Influent and effluent gassamples
werecollected from portsat the bottom and top of
the scrubber column, respectively.

Acetone evaporated from the gas scrubber
wasrecovered using ajacketed, 30cmx 3cm
distillation column (Ace) that wasalso cooled to
nearly 0°C. Recovered solvent wasreturned by
gravity feed tothe 500 mL Pyrex solvent
reservoir, and effluent gaswasreturned to the
SVE system.

PCE-loaded solvent was pumped
(Masterflex pump model L/S 7524-40) witha

Teflon pump head from the 500 mL Pyrex
reservoir (Ace) at 100 mL min-!intothe bottom
of thefirst photoreactor tube (1.2mx 2.5cm
Pyrex; 590 mL). Up to four photoreactor tubes
were connected in seriesto increasetheres-
dencetimeandto allow the solvent to photol yti-
cally removedissolved O,. Inlet and outlet
sample portsin each tube allowed withdrawal of
liquid-phase sampleswithout introducing
ambientair. Following treatmentinthe
photoreactor, the solvent was cooled to nearly
0°C by passagethrough therecirculating cooler
and returned to the scrubber. Thetotal solvent
volumeinthe closed system (four
photoreactor tubes) was 3.2 liters, and the
photoreactor volumewas 2.4 liters, or 75%
of thetotal volume.

Gassampleswerewithdrawn fromthe
scrubber columnwitha60 mL gas- tight syringe
(Hamilton) and transferred to evacuated 100
mL aluminum canisters(Tracer; 3x 60 mL
injectionsinto each canister) for transport tothe
laboratory and subsequent analysisby gas
chromatography (Hewlit-Packard 5890 ECD).
Solvent was collected using 3mL syringes
(Hamilton) and transferred to sealed, 2 mL
brown-glassvias(Supel co).

In astandard experiment, the solvent
was equilibrated (chilled) for several hours
before soil vapor was admitted to the sys-
tem. Thereafter, influent and effluent gas
sampleswerewithdrawn at hourly intervals
to measure scrubbing efficiency for PCE and
other target contaminants.

Theeffectiveness of the photoreactor was
determined by comparing liquid-phase concen-
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F Average Concentrations (+/-21%; n=4) of 5 constituents in
Harrison Landfill Soit Vapor in and out of scrubber column
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Figure12. Relative concentrationsof PCE and
other hal ogen-contai ning gases scrubbed from
soil vapor at theHarrison Landfill. Thetop
figure showsthe gas-phase results of acontrol
experiment when the scrubber wasrundry (no
solvent). Thebottom figure showstheresults
with 2-propanol/acetone solvent mixture (9:1 by
volume) inthescrubber. PCE wasidentifiedvia
gaschromatography using authentic standards.
All other gasesweretentatively identified by
comparison to independent city of Tucson
analyds, relativeamounts present, retention
times, and other indirect evidence.

trationsof PCE and other targetsin thereactor
influent and effluent. Theaccumulation of
chlorinated-reactionintermediatesdueto the
light-dependent transformation of PCE was
followed by comparingion chromatograms
corresponding to liquid-phase sampleswith-
drawn at different pointsinthefield experiment.
Lossof acetonefrom thetwo-solvent system
was monitored spectrophotometricaly
(Shimadzu UV-2101-PC).

Figure13. Absorbance spectrafor the 2-
propanol/acetone solvent mixture (9:1 by
volume) were determined using aShimadzu
Model UV-2101PC spectrophotometer con-
sisting of the dud-path photometer unit and host
computer workstation. Theanalytical wave-
length range wasfrom 350 nm to 200 nm;
measurementsweretaken at one-nmincrements
using aone-nm dlit width and g ow scan speed.
Spectrocell Modd R-3100-T cuvettes (fuv
quartz, spectral range 170-2200 nm, 10cm
path length) were used exclusively. We used the
spectrato determinelossesin acetoneduring
experimenta runsat thelandfill. Early experi-
mentshad significant |ossesin acetone, which
we corrected by the addition of asolvent trap.
Theplotillustrates changesin the absorbance
spectraduring our latest experiments. Slight
lossesin acetone occurred over the course of
12 hoursexposureto sunlight. Significant
changesin thelow-end spectraoccurred as
landfill gasdissolvedintothesolvent.

EXPERIMENTAL RESULTSAND CON-
CLUSIONS

Initsinitia configuration, the
photoreactor consisted of asingleglasstube
that provided adetention period of approxi-
mately 30 minutes. Comparison of PCE
concentrationsentering and exiting thetube
indicated that little or no PCE wasdestroyedin
asinglepassthrough thecolumn, most likely
because dissolved O, impeded the PCE reac-
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Figure14. Resultsof photochemical trestment
of Harrison Landfill soil vapor conducted
January 6, 2000. The photoreactor ranin plug-
flow batch mode after being saturated with soil
vapor (PCE) by running the scrubber overnight.
Two effectsare noteworthy. First, oxygen (O,)
delays PCE deha ogenation for gpproximately
120 minutes under these conditions. Second,
oncethe O, isphotochemically reduced, PCE is
rapidly destroyed over afurther 120 minutes.
Conditionsat the sitewere partly sunny and 20
- 25°C. Thesoil vapor contained 13% O,

tion or because acetonewasrapidly lost from
thesystem duetoitsvolatility. Consequently,
the system was modified to recover fugitive
acetonefromtheexit gasstream, andan O,
sensor (Instrumentation Laboratory model Ohio
600) wasinstaledinlineto measure O, inthe
soil vapor. O, readingsfrom 10-15% were
routinely observed, suggesting that poor
photoreactor performancewasdueto inad-
equate detention timefor sequentia reduction of
O, followed by PCE. Laboratory experiments
haveshownthat O, isalwaysreducedfirs,
becauseit reacts so rapidly with the photo-
generated 2-propanol reductant. Asaremedy,
column capacity wasincreased fourfold by
adding three additional (identical) tube sections
inseries.

Theefficiency of the solvent vapor trap
was checked by comparing the absorbance
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Figure15. Continuous phototreatment of soil
vapor at Harrison Landfill, February 1-10,
2000. Thegasscrubber and photoreactor were
operated smultaneoudly. Solar radiation peaks
(dotted) indicate solar noon. Notethat PCE
levelsof = 50-100 uM wereobservedinthe
morning and virtually reduced to zero by mid-
afternoon each day (2/8 the exception). No
sampleswere collected over theweekend (2/5
- 2/6). Also notethat cloudy conditionsper-
sisted on 2/8 (decreased solar radiation), and
PCE levelsincreased to >300uM by the
morning of 2/9, but were again reduced to near
zero by mid-afternoon when sunny conditions
returned.

spectrum in the 200-400 nm range derived
from thefresh solvent mixturewith that of
“spent” solvent following extended use. Field
data described here were derived from the
modified four-tube photoreactor with the
solvent vapor trap.

At thelandfill, the scrubber consistently
extracted > 90% of the PCE in the soil
vapor (Figure 12). Therewas no evidence
of PCE lossdueto leaks, for example, ina
solvent-free (control) experiment. A number
of other halogenated compounds, including
TCE, and possibly Freon 11 and Freon 12,
were al so detected in the solvent. Tentative
identification of freonswas based on com-
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parisonswith the city of Tucson routine soil
vapor analysis, but has not yet been verified
using authentic standards.

Although scrubber operationisconsid-
ered adequate from the standpoint of technol-
ogy demonstration, performancewas consider-
ably lessefficient than predicted by themode.
Efficiency greater than 90% was observed,
while 99% efficiency waspredicted (see
above). Therearesevera possibleexplanations
for the apparent discrepancy. For example,
ca culationswere premi sed on assumptionsthat
solventsintroduced at thetop of the column
werefreeof PCE, and therewere no other gas-
or liquid-phase congtituentsthat might impede
PCE transfer. Under the circumstances of these
tests, agreement between model predictionsand
empirical resultsiscons dered adequate.

Photoreactor performance was some-
what erratic because of the variable nature of
O, levelsinthesolvent. O, levelsintheex-
tracted soil vapor varied from 2-15%, depend-
ing ontherecent history of thecity’sfull-scae
treatment operations. At varioustimes, thecity
injected air into thelandfill to speed the vacuum
recovery and thereby increased the O, concen-
trationinthesoil vapor. Periodsof poor
performance apparently did not result fromloss
of acetone or from accumulation of interfering
compoundsthat absorbed light energy at the
samewavelength asacetone. Spectraderived
from solventsafter extended use (upto six
hours) indicated that acetonelevelswere
essentialy unchanged (Figure 13) and that,
despitethe accumul ation of energy-absorbing
substances at wavel engths < 250 nm, therewas

littleinterferencewith acetone absorbance at
longer wavelengths.

Results suggest that photoreactor
detention periods of morethan one hour are
necessary to ensure adequate PCE transforma-
tioninthepresenceof highlevelsof O,. HL
data (Figures 14 and 15) show that itisindeed
possibleto photochemically destroy PCE quite
rapidly, oncedl thedissolved O, hasbeen
photochemically reduced, probably to organic
peroxideintermediates (Rubin). Thekineticsof
O, reductionin the photoreactor have not been
investigated, but O, elimination took about two
hoursunder thecloudy conditionsprevailing
during the experiment conducted on Jan 6,
2000. After that, it took afurther two hoursto
reduce PCE levelsfrom about 200 uM to less
than 10 uM. Obvioudly, dissolved O, in
extracted landfill gases(transferred tothe
solvent mixturein the scrubbing column) can
delay the onset of PCE transformation for
periodsof thedetentiontimeinthe
photoreactor. However, inastrictly anaerobic
landfill, thisproblemwill begreetly diminished.

Instead of increasing reactor detention
periods, it should bepossibletoincrease
reaction ratesby focusng moresunlight onthe
photoreactor. There hasbeen no attentionto
light gathering and focusing up tothispointinthe
study, but weintend attaching parabolic reflec-
torsto the photoreactor tubesto increase the
light intensity. We estimate apotentia ten-fold
gainof photon flux inthe photoreactor, and this
shouldincrease photolysisratesby the same
factor, if thesystemisindeed light-limited.
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