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ABSTRACT

Environmental contamination with aircraft de-icing fluids (ADF) isbecoming aconcern. Propylene
glycol (PG) composesthelargest fraction of the ADF most commonly inuseinthe U.S. The biodegradation of
PG and ADF in saturated and unsaturated sand columns was evaluated, in addition to the impact of biodegrada-
tion on the hydrodynamic characteristics of the porous media. In studies with unsaturated sand, the amount of
PG removed increased with spilled concentration (from 1000 to 300,000 mg/L ), but decreased as multiple pore
volumes were spilled. Testsin saturated columns were conducted at average loadings of ADF or PG of 43 to
32,000 mg/d. The hydraulic conductivity of the sand was reduced due to biogrowth, but to alesser extent with
increasing PG or ADF loadings above 110 mg/d. At higher groundwater flow rates, there was less biomass
accumulation in the sand and therefore less decrease in hydraulic conductivity. Dispersivity increased over time
as bacteria grew in the sand. Understanding the effects of bacterial growth in sand on the hydrodynamic
properties of the mediaand the net biokinetics of the system will aid in predicting the fate of de-icing compounds
inthe natural environment and engineered treatment biofilters.
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INTRODUCTION therefore berel eased into the environment at
Tomaintain safe operation of airplanes very high concentrations (on the order of 1,000
during adverse winter weather conditions, t0 500,000 mg/L). Although PGisreadily

specidly formulated de-icing fluidsare applied degradable by many bacteriathat are commonly
toarcraft. Largequantitiesof thismaterial are presentinsoil, thehighloading may overwhelm
used every year intheU.S,, estimated at 11.5 theability of thenatural bacteriatofully degrade
million gallonsof glycol in 1992, of whicha the PG beforeit reachesthe groundwater
significant fraction of around 50% isrel eased (Whereit has been detected asreported by

into the environment (Noble, 1997). Concern Cancillaet a., 1998) or other surface water
isbuilding about potential harmful effectstothe  bodies. If PG entersstreamsat evenfairly low

environment resulting from theserel eases of concentrations (10to 100 mg/L ), thedissolved
arcraft de-icingfluid (ADF). Themixture oxygen could be completely consumed by
commonly usedtode-iceaircraftisacombina-  aquatic microorganisms, whichwould negetively
tion of approximeately 88% propyleneglycol impact fish and other aquaticlife. Another

(PG), 2.5% surfactantsand corrosioninhibitors,  problem associated with ADFisthetoxicity of
and water. (Older ADF used ethyleneglycol thesurfactantsand corrosioninhibitorstofish,
instead of PG, but newer formulationsuse PG water fleas, and microorganisms(Cornell and
duetoitslower perceivedtoxicity.) PG may Hernandez, 1998 WEF). Therefore, itis
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important to consider theimpact of theentire
ADF mixtureon environmenta systemsin
addition to the effectsof PG.

Studiesareongoing to determinethe
fateof ADFinthe" near runway” environment.
Thework isrelevant to both natura soil where
the de-icersmay bereleased and engineered
biofiltersused to treat therel eases, such as
thoseused at Norway’snew internationa
airport (Danielsberget d., 1998). Asthe ADF
permeatesthrough the soil and entersthe
groundwater, significant bacteria growth may
occur whichinturn may decreasethe hydraulic
conductivity of theaquifer. This“plugging” of
the soil could have significant impacts, sincewith
thelower conductivity there could beincreased
spreading of the contamination or areduction of
the biodegradation capacity dueto thelimitation
of oxygen or other electron acceptors. Under-
standing how biologica growth affects subsur-
face hydrodynamicsand predicting theeffect of
thisbioactivity on contaminant fate and transport
will helpimprovebioremediation designand risk
management strategies.

PROCEDURES

Preiminary experimentsin unsaturated
columns packed with sand were conducted to
determine an approximate amount of ADF or
PG that could reach the saturated zone, while
themagjority of experimentswere conductedin
saturated sand columns,

Unsaturated column experimentswere
conductedinbothlarge (80 cmtall x 9cm
diameter) and small (15cmtal x 7cmdiam-
eter) Plexiglascolumns. First, #50 sand was

mixed with asuspension of bacteriagrownon
PG. Thelarge column was packed under
water-saturated conditionsand then thewater
wasalowedto free-drain out of the column.
Thevolume of water drained was measured in
order to computetheresdua saturationinthe
column. A volumeof water equal tothefree-
drained water containing 1,000 to 10,000 mg/L
PG was spilled into the column, and samples
takenwith depth at 10 cmintervalsand ana-
lyzed for PG content. Attheend of the experi-
ment, the columnwas sectioned into vertical
dicesand measured for moisture content (by
weight differenceafter drying at 105°C) and
biomass concentration (by volatilesolidsanay-
ss). Small column experimentswere conducted
inthe sameway, except that sampling ports
werelocated at adepth of 3cm, 7.5cm, and
12cm.

Saturated column experimentswere
conductedinthesmall Plexiglascolumns(15cm
tall x 7 cm diameter). The uniform #50 sand
with an averageparticlediameter of 0.32mm
was passed through aNo. 200 sieveto remove
finesand burned at 550°C to removeorganic
matter prior to use. The sand was pre-seeded
with natural bacteriathat were enriched from
Denver Internationa Airport soil by growthon
PG inamixed, aerobic batch flask. This
resultedinaninitidly even distribution of biom-
assthroughout the sand that was packed inthe
columns (approximate sand depth 8to 10 cm,
with gravel pack at each end). Smulated
groundwater containing trace nutrientsand ADF
or PG wascontinuoudly upflow circulated
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through the columnsat aconstant rateviaa
peristatic pump. Thefeed solutionwasincu-
bated on arotary shaker table (160 rpm) to
provide aeration prior to entering the columns.
Thegroundwater wasrecircul ated through the
columnsfor aperiod of two days, and then
replaced with fresh solution.

Changesinthehydraulic conductivity
(K) of the saturated sand over timewere
determined by measuring the head drop across
the sand using piezometer tubesattached tothe
sidesof thecolumn. Using Darcy’sLaw, the
measured flowrate and headlosswere used to
cdculate K. Hydrodynamic dispersivity inthe
columnswas periodically measured by injecting
adug of bromideand analyzing the column
effluent to determinethe breakthrough curve.
Effluent PG, ammonia, and biomass concentra-
tionsweremeasured. PG wasmeasured using
the colorimetric glycol method (New York,
1991). Ammoniawas measured by the Nessler
method using Hach reagents (APHA, 1992).
Biomasswas measured asdry weight by volatile
suspended solids (APHA, 1992). At theend of
agiven growth period, the columnswere
sacrificed to determinethetotal mass of
biogrowth onthe sand asmg volatile solids
(VS) per dry weight sand. The biomass
distribution with depthinthe columnwas
determined by sectioning the column sandinto
1to 2cmdepth dlices.

Experimental conditionswerevariedto
smulatearangeof environmental conditions.
Influent ADF and PG concentrationswere
varied, representing arange of environmental
dilution and degradation prior to entering the

saturated zone. Theflow rate of water through
thecolumnswasvaried to test for the effect of
shear onthebiofilm growth.

RESULTSAND DISCUSSION
Theunsaturated column experiments
were conducted by spilling PG-contaminated
solutionsinto sand at afree-drained saturation
ontheorder of 40to 56%. Inthelargecolumn,
theoverall remova efficiency of PG fromone
pore volume of water over the 67 cm of sand
was 81%, 91%, and 92% when 10, 5, and 1 ¢/
L PG werespilled, respectively. Thebiomass
concentration at theend of thethree spills
averaged 1.26 mg V §g sand, with higher
biomass concentrationsinthetop 15cmand a
constant concentrationin the bottom 52 cm of
sand. Subsequent unsaturated experiments
were conducted inthesmaller columns. When
one pore volume of 1000, 2000, and 20,000
mg/L of PG wasspilled, theaverageremoval
efficiency over thelength of thecolumn aver-
aged 85%, 68%, and 64%, respectively. Thisis
logical duetotheratelimitation for PG degrada
tion asthewater migrated past. A final set of
experimentswas conducted with one pore
volume of water spilled threeto four timesin
succession. Theremoval efficiency of 2,000to
300,000 mg/L of PG decreased from 51 to
80% inthefirst spill to 0to 3% by thethird spill
for dl of thedifferent concentrationstested.
Thefina biomassconcentration onthe sand
averaged 0.47t00.721mgVSgsand. The
resultsindicated that asmall pill could be
significantly attenuated, but that larger volumes
(represented by the multiple-porevolume
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experiment) could havevery littleattenuationin
thevadose zone.

Theresultsof the unsaturated zone
experimentsindicated that awiderange of ADF
and PG concentrations should betested inthe
saturated zone experiments. Exampleresults
fromthe saturated experimentsare presentedin
Table 1. Ingenerd, thehydraulic conductivity
decreased and the dispersionincreased over
time asthe biomassgrew on the PG or ADF.
Thiscontinued until steady valuesof conductiv-
ity and dispersion were achieved (after 10t040
days), which indicatesthe point where biomass
growth dueto degradation of the contaminant
was balanced by the shear of the biomassout of
the column viathe groundwater and endogenous
biomassdecay. Thisgenera result of the
hydrodynamic effectsof biomassgrowthin
porous mediahas been shown by other re-
searchersworking with different bacteria
growth substrates (Cunninghamet ., 1991;

Taylor and Jaffe, 1990; Vandevivereand
Baveye, 1992). AsshowninTablel,the
highest PG and ADF loading caused little
changeinhydraulic conductivity, lessthan one
order of magnitude, whilethelower inlet con-
centrations caused two to three orders of
magnitudedecreasein hydraulic conductivity.
Thedispersvity increased asconductivity
decreased, reaching about threetimesthevalue
of the clean sand.

Thebest PG removal wasachieved for the
lower loadings, with greater than 99% for inlet
concentrationsbelow 1000 mg/L. Astheinlet
concentrationsincreased, PG removal efficiency
decreased. Differencesinthe PG removal when
PG wasthe sole contaminant versusinthe ADF
mixturewerenot Sgnificant. Thefinal biomass
inthe columnsindicates, however, that S gnifi-
cant biomasswas present inthe columnswhich
had the very high PG and ADFloading. There-
fore, although someinhibitionisapparent at the

Table 1. PG and ADF removal in saturated columnsand effects on hydrodynamic propertiesof the

#50 sand.
I nitial Average Flow PG Final steady Final Final total
Contaminant | inlet conc | loading rate removal state K dispersivity biomass in
(mg/L) (mg/d) [ (mL/min) (%) (cm/s) (cm) column (mg VS)
none 0 0 0.5 3x102 0.6 0
PG 300,000 | 32,000 0.7 3 9x103 NM 940
ADF 300,000 | 32,000 0.9 3 9x10°3 NM 730
PG 10,000 1070 0.5 20 3x10° NM 370
ADF 10,000 1070 0.8 30 2x103 NM 280
PG 1,000 110 0.5 99.9 5x10* 13 415
ADF 1,000 110 0.8 99.9 4x10* 18 733
ADF 1,000 110 0.2 99.9 3x10° NM 1145
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higher loadings, completetoxicity isnot indi-
cated. Usingthemeasured biomassinthe
columns, an estimated specificfirst-order
biodegradation rate of PG wascalculated. This
rate decreased at increasing inlet concentrations
of PG or ADF; however, itisunlikely that a
first-order rate expression would bevalid over
thevery high concentrationstested. If azero-
order rateisassumed instead (whichisthe
amplification of theMonod kineticswhen the
substrate concentrationissignificantly higher
than the half-saturation concentration), then
thereisactually awesk trend of anincreasing
maximum specific degradation rate (ranging
from0.1t0 1.2gPG/gV S-d) withincreasing
inlet concentration. Therefore, itisnot obvious
that toxicity isoccurring, rather alimitation of
electron acceptor or nutrients appearsto be
indicated. Alternatively, theshear forcesinthe
columnmay smply limit themaximum amount of
biomassthat can accumul ate.

CONCLUSIONS

Biomassgrowing onaircraft de-icing
fluid and the main component of ADF, propy-
leneglycol, accumulatesto asignificant extentin
saturated sand columns, which causesasignifi-
cant decreasein hydraulic conductivity and
increasein hydrodynamic dispersivity. While
sgnificant quantitiesof ADF and PG can be
biodegraded, this capacity can be overwhelmed
a very highloadings. Further researchis
needed to determinewaysto increasethe
biodegradation capacity. At present, the non-
PG*additives’ in ADF (including surfactants
and corrosion inhibitors) do not appear to have

asignificant inhibitory effect on bacterid degra-
dation of PG. Understanding the effects of
bacteria growthin sand on the hydrodynamic
propertiesof themediaand the net biokinetics
of thesystemwill aidin predicting thefate of
de-icing compoundsinthe natura environment
and engineered treatment biofilters.
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