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] ) - EXECUTIVE SUMMARY - - :

The objective of this project was to_test-whether the use of surface L

active-agents (surféctants)iwbuld enhance removal orrrggdvery of gasoliné;;;, B -

from afcontaminatgd—aquéiﬁgr. ‘Theieffecféfof su;factantg used to mobilize —

spilled gasoline:éhérainedginfthe capillary. fringe of a modeled qgﬁiferfgi - -

— — -were assessed. The surfactant employed was a 2% solution of Richonate —

- YLA, with 2% Hyonic PE-90 added to enhance flow rate. —_— -

- - Adm x*Bﬁ”xgl.Zmideepi(logf x 10f€ x 4fc) sanqjﬁ}lléa’concrege .

iaﬁk*wifh a nominélfO;SQ (1ft)ideep; 3% gradient wgté;—tab;elwaé used - —

“as modelfaquifera - The tank interior waé’temperatufé’control}ed and was —

- _ instrﬁmented fg;iobsgfvafion;of fluid distribution-and measurement—of ~

fluid levels an&;flowsr Gasoline was metered into the sand volume just -

above the-capillary fringe of the aquifer. The rate-of-gasoline removal - ’ . |

was monitored by collecting raw gasoline from a simulated producing well

— and by extraction of dissolved gasoline from samples of the produced

effluents A carbon disulfide (C,Sz) extraction tETfht{ique—,was,em[Lloyed.

“Calculation of residual gasoline based-on core sampling of the sand -

"volume'completeqfﬁaséfaccogptability. i

— Three surfactant applicaéion,techniqqes were tested: a éingle aéplicé;

tion by percolation through the sand volume,-a multiple (daily) application . ] —

biipercolation,iand a multiple (daily) app}icatiog:b§idi:gct injecti&h B

_ into the water table. The multiple-application techniques proved to be the .

’mostfgfféctiyeffdfirémbvipg;the*sﬁilled’contaminants;, Based on _the amount-— 7 -

of gasdiingiin,theftaﬁk atifhe*bEginﬁingfbfréhefggrféq;ant—appliéation(s),

B Aitheiﬁeicen;agg§ pf—gasolingiremoved’assgciatéd,wifh eaéh;gechﬂique were — 7’ -

4j4—76! 76;_and 83, respectively. — — 7 7 R - S
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Ancillary observations performed throughout these tests underscored
the uncertainty in predicting fluid distribution and fluld flow in even
a simply structured soil (e.g., packed sand).

Recommendations are made for further study of surfactants and surfac-
tant application techniques and of fluild flow behavior in model environments

before proceeding to full-scale field tests.

11
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1.0~ _INTRODUGTION - e

— - Gasoline that escap;s* from a-surface or buried ciontainerlwiill perrmeat'e?

t?xgso?.’l downwardly and will diffgseﬁléterallyr;Tﬂfe e}tent? of 1at:er;T dif~

"~ -fusion relative to downward ,t;falelfwill be détermined principally by-the -

permeability of the soil. . In the abégncé of shelf rock orz— clay; the - - .

- limit of 40wnwa,rd,movgmenf: will be the upper surface QE the’a’qui'feirf,f .

which presents a virtually impenetrable barrier to-the g’asoline.ﬁ Yhen . — - -

the gasoline percolates to the aquifer, it then spreads horizontally to- —

form a -buoyant layer, or-lens, on the water surface. The nature and_ ' -

_extent_of this lens will be determined by the-topography and permeability

. of-the aqulfer boundary, by-the movement of the ground water, and by

_ complex surface interactions among soil, water, and gasoline.

: _ Gasoline is-an obvious contaminant of ground water and its-spread .

- may lead to undérgtjouan seepage into open water containments and-potential-

entryiofjlézardou*s fluids and fumes into storm sewefrs,fbasgment:s, and

- undéréround Bﬁiities,iéftén with @astriouis results. T -
7 _Gasoline that permeates the pox?ei structure of the aquifer- boundary will —

" be dispersed i}tO:’djqplgéS wﬁoseisi;igé (‘or%i;e range) 1s determined by the N

finteg.‘fécialﬂ:egsionj)gtwe;an the gaéoling and the ground Wafer 'énd by the

- capillaryidimensions of the pﬁoreistructgref Cgpililary, fof:cesiwill act—to-

retain these droplets wi.thiﬁ—the soll pores. S?)me components of the con— —

“taminant 7—w;11:adsoirb —on 7surf7aces within the aquifer fri’ngé 7;nd “in-the

- overlylng unsaturated soil. ‘The result 1s a zone of:- gasioliirge contamination

o moving along the surface of- the water table at a rate-slower than the _

— water movement,- plus-a=relatively small volume- of~gasoline contamimated ~ i -

B soil located beneath the spill-site. Water, e.g.,f rain; that enteré;thef -

_ soil over the spill site will-percolate-through this region to leach fgago:

"1ine-into-the water-table.  —. ] - = S
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Part of the gasoline spllled to the aquifer can be recovered in raw
form at a drawdown well or an intercepting trench. However, a significant
portion of the spilled gasoline volume will remain entrapped in the pore
structure of the aquifer surface in the fom of droplets immobilized by
interfacial and capillary forces. Recovery of thls entrapped volume of
contaminant requires that it be mobilized. This can be accomplished by
1) increasing the driving force, e.g., by flooding with water to lncrease
the hydrostatic head, 2) by forcing air to flow through the soil layer
to increase the rate of droplet vaporization while in the pores, or 3) by
reducing the surficial forces retaining the droplets, thereby allowing
them to flow under the existing driving forces and/or to dissolve. It
is the last approach to enhancing contaminant mobility that was addressed
in the work reported here.

Texas Research Institute (TRI) identified surface active agents (sur-
factants) that enhanced the removal of gasoline entrapped in the pore
framework of simple soils (packed sands), and that would not themselves
permanently contaminate an aquifer, and assessed their utility in recover-
ing the entrapped gasoline in a large-scale physical model experiment.
Three surfactant application techniques were evaluated: a single dose
that percolated through the spill site to the water table, a multiple
(daily) dosage that percolated through the spill site, and multiple (daily)
injections directly into the water table below the spill site. 1In a fourth
test, the control, water only was percolated through the spill site. The
effectiveness of each technique for recovering the spilled gasoline was
evaluated singly and by comparison to the other techniques and to the

control.
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2.0. EXPERIMENTAL FACILITY _ ] — .

_ The TRI model aquifer facility is diagrammed in- Figs. 1 and 2. It )

’, is -a steel—reinf?:rced concrete tank measuring 6.1m x 3m x 1.2m deep (20ft = A

— x 10ft x ﬁft) inside. For.-the present work theﬁ tank -was ﬁiﬁdedrby a— -

steel partition to—form’tﬁo 3m x-3m x 1.2m (10ft x 10ft x 10ft) tanks -to-

allow parallel testing of - different procedures. i -

— N ~ The soil fill of each tank was packed washed river sand ﬂlesignated—

- ;'finish" sand by the aggregate ’supplier. The four- | te’sts-——ﬂlrfee suffactant— ’ -

application _techniques plus Twaterfappl’icatifon only--required two £1llings ) -
ofwachftank. The—charactﬁ'istics off the sands used in:the twoffillings = i 7

differed slightly in" grain -size distribution and herefore, porosity and - -

- - - permea‘bility. The sands ‘are. characterized 1)elow. (See_also Appendlx c. )

- Each tank was equipped and- instrumented as follows (see Figs. 1 and

2).. A water inp —pipe for establishing and maintaining _the water table - L

‘was located along’ithe genterlinem steel partition. A 30 5 cm- (12

- —  _dns) high;st’andpiipe/recovery well was located-along the centerline adja-

cent to—th; opposite (end) wall of the tank. A perforated tube grid for B _

simulating rainfall was positioned jgst ,ahove ‘the top_of the sand pack. o

The sides of the tank"and the upper margin gf;th’e rainmaker- grid were

sitriped -with copper tubing for circulating coglant— water- to maintafn

tank temperature at nominal 13 Cc(¢55° F) Seven observation wells made from

- _ 3. 24:m (1 25 in.) i.d. PVC -pipe slotted to- 61 cem (24 ins) heigﬂ‘xt above-

- - .- the tank ,floor— were positioned as diagrammed in Fig. 1. Four large vol=

- - ume vapor wells made from 10 :em (4 1in:) 1.d. PVC pipe with-100 mesh screen —

on bottom were positioned as shown in-Fig. 1. Thermocoupleswere placed - - - ]

- . at three depths——lS cm16 in.) 61-cm- (24 in ;ln.), and in:the water table—- T

near the steel divider: and—the'end wall and- near the center: of the J:ank to-
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— "  monitor the temperature -profile -of the model aquifer; an additional thermo-

- ‘couple was located -externally to-monitor ambient temperature.

— A plywood barrier-was laid over. the cooling coils. above the sand pack B .

- - o - _ - - D —
and a nominal 5 cm (2 in.) thick concrete cap was poured in place-to reduce

- evaﬁoﬁrative 4;oe§ses from the tank and, by’actiné ‘as-an ﬂxygenfbati'rier, to ~ .

~ reduce bagterial activity in’—the;modelfaquifgr.f The -entire stl:ucﬁure was .

then spray. éoa?gd’vith poly’uréthane foam to a,éhickness:of 5 cmitz in.) -

for 7iilsulation;and,furthier sealing. Photographs of the surfac?e—*of a

filled tank before the -concrete cap was pourediaqd:ﬂft;r it was spray - -

= - coatedﬁitﬁfofam afe included asi AppendiiX'A-i ) - - -

- - ~— The water taj)ilg was set-at Bbi;cm (12%.n:) 7abové; the _tank flfof; -

- yntreatid City of Au*stinitap ffvatfer--piﬂf9T7 to 10.0--was-used. The input —

- jl;w was anusted"to -establish-and maintain-a nominal 3%1187:&1‘ table. -

gradient. — - — - - - - T B

—Effluent was passed through -a separator for removal of raw gasolime. —— —— -

-~ —The effluent water was sampled for:analysis and the remainder was pumped B -

- to a holding tank for subsequéntﬁ:f disposal (tranmsport to-a sewage treat-—

- ment- facility)s R o _ = . T - —

_ The ‘grain sizes of the sand used in the —fi;stgack’are—regrgsentgd 777 N

byii:lle follc;wing sieve anal?sis results. . i — _

= - _ - Mesh-Size - - i Wj: % Passing . - _ -

- - 5 - 99.9° -
. ) 1m0 - T 96.8. -
- o - - - 20 o - _81.0- -
T ’ - - ——  5l.1— -
- - ~ 50: - - - 2225
R - - -100 - - - T 4.8 -
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— _ The porosity of this sand was:-33%. 1fs permeability was 19 -darcies. — -
- Cép}ll&ry height was _approximately 15 cm (6 in.). - Surfactant adsorption -
~~  studles indicated that 20-30% of the surfactant in one pore volume of - S =
soliutién ‘was retair;ed by the sand. - = - . - - _ _
. ThefErain;siizies of the sand used-in the,;egonﬁ back:ére represénted i
byitﬁe foilléwlng siéve:ﬂn;lysis ti‘gsulti:s.i o 7 o ) . B
- . 7 o Mésll Size- © - - Wt % Passing . - = -
— - - - 5 7 - o 106 77 R
- . - —_ 10 - o 9847 - —_— -
= 20 . - 8L - - - - = -
] — —- - 351 - . 44-2 - - - -
T - o 50 — - R 14.9 - - B —
S T ——_ 100 - 2.8 T

- 'i‘h’at is; the ;gdian gréinisi?z’e of this sand was slightly larggztﬁan that -

of the earlier sqr(d- Its porosity was 34%, an fj:nsigﬁnificﬁantdiﬁfift;renqe’

7 - from the éax;lieﬁrzisif;l;,bixt itgygruieability was 37 dérc?ezs, 7:17ﬂ:wo-r-fold7 =
) inci'eaise—.i Capillary-height was apfn:o;gmgt:.ely 13 cmg (5 7:@.)L’Surfacti:aft;t: T — i
. ] eidsorgtior;*studiegs*()n thii;. ’g;and indicated t;hai:;jtbout* 29%— of the surfactant ) B
mmovéd from éo@on by the sand.— i _ - - —7; B ]

- - — — ) B 7 - — — - *7: o - - - —
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3.0 EXPERIMENTAL PROCEDURE

Four experiments were conducted using the model aquifer facility
described above. Three of these were to assess the effectiveness of
different surfactant application techniques in mobilizing soil and
gasoline trapped in ground water for removal and/or recovery. The fourth
was a comparison or control test to assess recovery in the absgence of
mobilizing agents.

The surfactant employed was a 2% solution of Richonate YLA (Richardson),
with 27 Hyonic PE~90 (Diamond Shamrock) added to enhance flow rate. Earlier
work at TRI* has shown that the anionic Richonate YLA was effective in
displacing gasoline from a sand pore framework by reducing the gasoline-water
interfacial tension. However, used alone it formed a viscous emulsion
with an intolerably low flow rate. The addition of the nonlonic Hyonic
PE-90 increased the flow rate without decreasing the effectiveness of
the YLA.

The original test plan specified that during the first phase of the
experimental program, one of the surfactant application techniques would
be compared to the control. Then, in the following phase, this application
technique would be repeated for comparison with a second application tech-
nique. However, the results from the Phase I assessment revealed a need
to modify the testing program. Therefore, during Phase II, two additional
surfactant application techniques were assessed. (See below.)

The Phase I tests consisted of the control--no surfactant applied--
and a single application of surfactant by percolation through the sand.,

The experimental procedure for these tests was as follows.

*Texas Research Institute, Inc., "Underground Movement of Gasoline on
Groundwater and Enhanced Recovery by Surfactants,” Final Report (September
14, 1979) submitted to the American Petroleum Institute.
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-~ 1. on Day 1l-a nominal 3% gradient BLt:Té water table 7wafsf -

- establiéged, 7a7nd — - _ - - -

- 2. 715.7 lﬁiteris (20 g;l) of-gasoline (unleaded, 87 octane) were = =

- "épilied" into—eachftankfat’ the high ‘end of the water table

7through -the obser;iation%*mall identified—,iﬁ Fi:g. 1. - The g@sb——

= - linfgiwasfsiphoned from 19 liter (5 gélj cans through a sjlallf 7

- tube over a 4-hour: period. - i

- -~ 3. -On Day 18, 94.67 liters (25 gal) of surfactant solution (water— - =

- "in the control) were trickled onto the soil surface via the

- - rainmaker grid.i - - - - - —

- — - 4. On the following two days, Days 19 and 20, 208 liters (55 gal)

- - . of water per day were added through the rainmaker to wash any .

- " - pore—gpace-entrapped -surfactant d})&nﬂ:ofﬁle gﬁsolineicontﬁmi—

—nated soil above the water ‘table: Equal volumes of water: were

_ simiiarly:applied in the control test. . B , o

E 5. OnDay.26-a third washdown, not- 6ri§ina11y scheduled, with 208-

liters of water-was applied to determinieiwhetier'any addi;tior;atl’

- 7sl1rfaictant could be ;‘emovejfrom the soil. 7Ag3aj.ﬁ , a similar
- ! S R

B . Arglumé of watefw&sfﬁercoiated through the 1oigtr6i sgii.i 7 _

T 6. All Iﬁeasuremgrgts were i:’ermitiaﬁtédﬁ,on Dayfi}O; T ; ) - o

~ 7. Core samples of- the. sand pack in each tTank were taikeg—;)n Day 32 - -

for-use in fde’tefli:miningfres ldual gé.solir%e 7cointént;§. o -

_ The Phase II tests comsisted of multiple (daily) applications of -

surfactant, without washdown, in-one case via the rainmaker to-percolate —

through the contaminated-soil, if-the -other.case by direct injection into - - )

"~ the-water table via an observation-well. -The experimental procedure -for- -

— -~ these tests was as-follows. - - =
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1. The water table gradient, nominal 3%, was established on Day 1,
and,

2. 75.7 liters of gasoline were spilled into each tank via the
observation well identified in Fig. 1. Again, the gasoline
was siphoned from 19 liter (5 gal) cans through a small tube
but this time over a 6 hour perilod.

3. Beginning on Day 17 and countinuing through Day 29, 94.6 liters
of surfactant solution per day were, in one tank, trickled onto
the soll surface via the ralmmaker to percolate through the gaso~-
line contaminated soil to the water table, and in the other tank
were injected directly into the water table via an observation
well.

4. Measurements of gasoline recovery and/or removal were terminated
on Day 30.

5. Core samples of the sand pack in each tank were taken on Day 31
for use in determining the residual gasoline contents.

The measurements and analyses described below were performed during

each Phase of the experimental program.

1. The volume of raw (liquid) gasoline in the separator (see Fig. 2)
was measured twice daily. Samples of the effluent water were col-
lected at the same time for later amalysis for dissolved hydrocarbon
content. The raw gasoline was analyzed by gas chromotography (GC)
to evaluate the percentages of heavy and light fractions. Immedi-
ately upon collection of effluent a 20 ml sample was extracted
with 2 ml of C8y in a separatory funnel; extracts were stored

at ~10°C and analyzed weekly for dissolved hydrocarbon content.
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- R ,AnalysisiwaS’hinC using ai6ﬁ7F§AP column and a flame fomization

Agg—rdetector (2 1 inJections' temperature‘program from 75°C to 200 C- —

- at 49 C/min;after,2‘min,initial hold)., The CSo peak was arbitrafily - B}

- . — chosen as the demarcation between 1ight and heavy - fractions. The I

- selection of the CSy-extraction technique vis-a-vis other tech— - -

7 niqueSAwas predicated on development work at TRL that demonstrated -

— its effectiveness in these applications. T - . _

2. Samples of the effluent were -collected dally but- were frozen - -

for-weekly analysis of surfactant content. énalysisfinvolvedi’ -

7complexing the anionic Richonate YLA withfmethylene blue,gl . —

- ifoiiomediby colorimetric determinat;on (seejAppepdix7C);

3. Gasoline and water levels-in the observation wells were deter-

- - L ‘mined twice daily using a dipstick. Water level was measured _ - —

by detecting electrical conductivity; gasoline depth-was measured-- - -

using -a wettable surface. o - B -

- 7 4i’7002 in the sand pore spaces waSAmbnitored ana;daily schedule.A*Sam—

- = . i ples were drawn from one of the _four yapor wells on a rotating N

— basis and4passed through a dry ice/ethanol coldAtrap and a - _

T - ’charcoal—tube to remove h?drocarbon vapors. Evaluation was by -

GG using a 2m Porapék Q Column with. a reducing catalyst (conver— - -

sion of'COZ to CH4);and a flame 1on12atiqn detector. — -

- 5.- €02 -and 0y contents in;thelinput water_and effluent were determined

— — twice daily:; €Oy was evaluated h; ionzselectiye,electrodé (Qrion

_ Mode14§5—02). -0y was measured by use of. a membrane-electrode —

- - (Yellow Springs 1nstruments,Model'5331)a — S - - e

6. The pHs of the input- and effluent waters- were- measured daily —_— =

- - ‘using a- research grade comblnatlon pH~e1ectrode. - . —
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7. Model aquifer and amblent temperatures were recorded continu-
ously on a 24 channel strip chart recorder.

8. At the end of each phase, a number of core samples from each
tank were removed and the residual gasoline was extracted with
1.5 liters of CS2. A 5.7 c¢m (2.25 in.) diam core from the sand
surface to the plezometric level was removed. Extraction took
place in one gallon glass vessels with intermittent agltation.
Quantification of gasoline content was by GC.

9. The porosity, permeabllity, capillary height, particle size dis-
tribution, and surfactant adsorption of the sand used in each

phase were determined using the techniques described in Appendix C.
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;?}17 " Phase 147 , - - N - oL -

Figure 3- displays gasoline recovery.z and removal during‘the two tests-

— fconstituting Phase I of _the experimental progra : Be no—surfactant con=

trol-and a‘sipglelappliéation fosurfactant’ﬁgllqwed by;gequehtiel wash- _

domne (see Sec. 5.0). Each plbt is identified in;the’figure; the control- -

— test dataglﬁfeeEﬁiplot are ;hownfby‘thE’solid’cu;ye, The ve;tiéel line = -

- 1abelled surfactantf (Day 187’idénti£ies the‘de; oﬁfgﬁlcﬁfsurfaétantiwae B

- appliedfin the surfactant application test—and on which water-was first. -

“applied in the control- test. - o

— ‘Daily totalé of raw gasoline collected from the -separators are displayed

in the lower plot; the ordinate is-in liters. The total,volume of raw gaeo— _

- 1ine recovered in-the control test was 23 4 liters, ot 30 9% of- the Spllled —

— volume. The total volume ofitaw gasoline,recoyered;in the surfactant appli- —

cation test was 15.3 liters, or 20.2% of that spilled. _The difference is

presumed to -be due to differences in-the flow characteristics of the sand =

packs in -the two-test tanks. 7 . - . 7 - — L

.~ "The application and subsequentgpercolation of surfactant through the - -

‘ii —soil/aquifer is represented by*the plot second- from the bottom in Fig. 3,

:1a5eled:“Qiséolvea:Surf;Etapt in Effluent'“ the ordinate -is in ppm (see 4:7

Appendix C for- details of the analys1s) The volumes of dlssolved gaso— e

- line in the - daily samples of the effluents ate shown in the third plot-up, -

*labeled,“Dissolved Gasoline in Effluentif— Followingffhe epplicatibn “of -

surfactant- and subsequent washdowns, there is-a moticeable-peak in-the- — _

data (curve) -for-this test also, the amounts of dissolved gasoline are- _ -

hepcefofthigreéfer»than in-the control. The total volumes of dissolved

gasoline in.the control-and in-the surfactant- tests, respectively, were - -
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Figure 3

Time Course of Gasoline Removal during Phase I Tests

~— Control test (no surfactant)
—~—~ Surfactant test
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