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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

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

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

o coated—viit}{—fogm are included asi AppendiiX'A.i, ] - - - - - -

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

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

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

T

— ~ ~ PUBL 4390-85 i 0732290 0067967

— "  monitor the temperature -profile -of the model aquifer; an additional thermo- ]
- ‘couple was located -externally tc;—mnitor ambient temperature. B o -
— A plywood barrier was lald over. the cooling coils-above the sand pack .
_ — - - —

and a-nominal 5 cm (2 in.) thick concrete -cap was poured in'iplace,f:ofreduce .

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

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

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

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

gradient. — _ - — o . _ - c B

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

ment- facility)s R o _ = . T - —

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

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

— - Mesh-Size - - . Wt % Passing : : __ —
- - 5 - 99.9° - - —
- “10 0 - " 9.8 - B .
- =T - 20 — - _81.0" )
35 B T —— 51— - -
’ o — 50- - - . -22:5. oo -
- 7 - - -—100 - - T 4.8 _ - _ —
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— _ The -porosity of this saud was-33%. 1Its permeability was 19 -darcies. —

~ Capillary height was approximately 15 cm (6 in.).. Surfactant adsorption

_ - studies indicated that 20-30% of the surfactant in one pore volume of

soliutién -was retained by the sand. - = . — - ) _

ThefErain;siizies of- the sahd’u;ed “in the,;egonﬁ back:ére represénted

byitﬁe foilléwlng siéve:ﬂn;lysis ti‘gsulti:s.i - - o .
- - 7 o Mésll Size- © - - Wt % Passing . —
- - - s o R
- - — - T 10 . ST _ 9874 - -
I 20 T oo8ls . T o
i - — - 35- - _ 44.2 , - -
T - 50 — - . 14.9 - - -
- B S 100 - 2.8 —. i} .

_— That 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’
- from the éax;lieﬁrzisarfcl;fbixt itgygruieability was 37 dérc?ezs, 7:17ﬂ:wo-r-fold7

- adsorption studies on thii;. -sand indicated that about- 20% of the surfactant
was removed from solution by the sand.— i — - -

77 - — — ) 7 - - - - — )
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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.

8
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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.

10
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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.

12
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4.0 _ RESULTS -AND DISCUSSION _ - T o
i;.lf I fhase 147 , - - - o - B —

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—ii

- 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 . - N 7 -

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

‘li —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, -

‘1abeled,“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 volumesgpftdfesolved

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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= 6.787’litersi, or-9.0% of the volume spilled; and

) tgsi:. The latter difference is szign?ficant’ ;

by the t-Test for uncofrelated means:

had Lalfeadyﬁbéen tiashed down.

mobilizing gasoline, the low gasoline yield’

Copyright by the American Petroleum Institute
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Aifalégous_ values for the two ﬂ:esfs*l?eforéil)iays 71-—177) and after (Days-
7 18-30) the surfactant: appli}:atiof are,fi:esgectivel};:#.BS liters, 5.75%, i
for the contr’oli, 74’.576 liters, 5.’/76%,7for;thefstg:factapt,test;,ancferQ -

11!':ers, 3.3%, for-the gontrol’, 3.47 litérs, 4'.758%7,1 for- the surfactant-

Two possible explanations for- the ur{exﬁej:i:edly small iincrgaise in-

1) that. the vgiTme;og surfactant. used wasimaént to alter the _ -
mobility of theieixtragped;giﬁoliﬁeieffe;ctive}ly?; or-2) Eh;tifurtﬁer i

- was;d;)wn—ifitTeisurfagtant to the water table was needed. The latﬁgr

- h’ypothesE Jwasrexamifb}; implementing a{hirfl washdéwn on -Day 26:(11'775913,*

B f‘ié: 3) Witll an 7add,iti<;>nal (,unsched;ile;) 208 :1i£ei:s -of water- viafthie’ _

" ratomaker grid in each tank:—Evaluation of Vili;solved gasoline in-the

_effluents showed -small j.ncreiasiesiinlhq_tp_,the coitrél and surfactant

teistfs,;indiicatiir}g that- this was gueito the adidii;:io;al flow thrgtjfh,;he’ -

contaminated area anginot— to 7ad-ditionz?11 ,;urfaFéantfbeing 7washed ;own.

;Also, the add;tionaifwasﬁdoén had no ‘sig;xific;rﬂz em,ﬁ}le Tevel of-

— _the surfactant in its effluent; indicating that most of the surfactant -

-Since -the third,surfactapg washdown -had only a mﬁinimalgaff(::ct on

was -assumed toibe due to-an

77insuffié}ent; quant;ty ’off’surfactafxt* rather than a- @e to —d;elivet thei’
surfactant- to the contaminated zorie.j For-this- : 7

in-Phase 11 wetre modiﬁfiedfto;include ac}dit:ibngl ’qu@ﬂit}es -of: sjgfacﬁt’ant;

7.8 liters, or 10:3%.. —

a”0.05" le{rel as-determined

_ gasoline removal foili;wing aﬁlicatiog 6; the-surfactant vgerefpostulatedir

reason, the experiments —




~ PUBL 4390-85 ] 07322490 Uuw’fw”’?"“ti]*

The upper plot in Fig. 3 shows cumulative curves of total gasoline
removed--raw gasoline collected from the separators and that dissolved
in the effluents--during each test. The total volume removed from the
control tank was 30.2 liters, or 39.1% of the total volume spilled; that
from the surfactant application tank was 23.0 liters, or 30.8%. The di~
vergence of the two curves beginning on about Day 12 is unexplained.

The daily volumes of gasolline recovered from the separators plus
that digsolved in the effluents are plotted in Fig. 4. This figure
illustrates the Ineffectiveness of the single application of surfactant.

Figure 5 displays the dailly water levels and the floating gasoline
levels measured in the seven observation wells of each tank (see Figs. 1
and 2). The depth of floating gasoline 1s added to the water depth so
that the top line of each graph represents the total depth of liquid in
each well. The measurements for the control test are shown in the lower
portion of the figure; those for the surfactant test im the upper portion.
The location of the standpipe/recovery well is indicated for referencing
these data to the plan view shown in Fig. 1. The arrow in each of the
upper profiles indicates the day the surfactant was applied.

The similarity between the profiles in each test indicates that the
spilled gasoline spread uniformly across the water table in each tank.
Note that shortly after the spill, gasoline flowing along the surface of
the capillary fringe of the water table enters the observation well and
falls to the plezometric surface, where it begins to displace the water
column in the wells. Since the gasoline does not easily flow into the
lower portion of the caplllary zone, water is forced out of the bottom of
the well and back into the aquifer. As gasolinel is removed from the tank,

the mass loading on the water column in each well diminishes and water seeps

16
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— Observation Well Profiles,

_ - O - Hater Input~

Figure 5 —

Phase -1 Tests — B -
. Upper: Surfactant test—  — o -
o Lower: —Control- test (no-surfactant)™ — - e
T;Tgy*ofi surfactant application - - T -
- 18 il
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_ back in. It is thought that- the dramatic elevatioi;—gffthe water*golt;mp - —
that occurs follo@ingi the application of the-surfactant is the result of = )

collapse or. compression of the capillary fringe caused by the surfactant.-

This allows a rapid outflux-of gasoline from the wells into the -soil area-

" which -previously contained the capillary zone;- the outflowing gasoline 1§

replaced with inflowing water. - . - — — - -

Measurements of gasoline removal were terminated on Day 30 of the _

- Phase I tests.  On Day 32, four 5.7 cm (2.25 in:) diameter core samples - -

91.4 prﬁi& ft) ﬁ.oﬁg were removed from Egéh tank to evaldate its residual- -

’gﬁésolﬁ.;lefcontentr (only sand above thg,pifazoinetric level was collected).

- ‘The core sample sites were evenly épaced-aloﬁg a line from the water:inptIt - -

to the standpipe. The *gasolinér was extracted from the core lc:ontents “using-

a C89 extraction technique (see Sec. 3.0). The calculated volumes of re- -

sidual gaﬁ)ligfwere 45.3 liters-in-the co’ntfol'{estftanlg and 755,57711te1:§7

—in the surfactant test tank. -

. The volume of- gasoline—?spflled in each test (75.7 liters) is accounted -

for as follows; values are in liters. e - - -

— - - i - T - Test — ;

. o - S — Control-  Surfactant - -
_ i Vliawigiasglineiremo;leci . ’ - 23.4 7 7157.22 7;
] - B ]?iglvercfﬁgé.soline in ﬁffiheqt 6.8777’7 B 7 B 7.§— - N
. Restiddal volume 453 55.5 -
- - - - = Totﬁ.5%78‘5f - -

That is, nominally -100% of the gasoline spilled in each-test was

accounted for. - - - — — . o

The gasoline that was spilled ineach test contained 41% by weight-

, of aromatic heavyiriactions.* ) (Ihe;hea?ry fraction is defined arbitrarily- - -

Copyright by the American Petroleum Institute
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as components with six or more carbons.) The gasoline removed from the
separators of both teast tanks, control and surfactant, averaged 50% heavy
fractions throughout the 30 day test period. The gasoline extracted from
the effluents of both tesgts averaged 70% throughout, indicative probably

of the greater golubility in water of the aromatlc heavy fractions than

of the light fractions. Table I summarizes the mass balance for Phase I.
Note that while the amounts of gasoline remaining in the tank estimated

by difference and from core sample extraction appear to agree, the

estimates for light and heavy fractions differ by a factor of two. The
heavy fractions are overestimated and the light fractions are underestimated
by the core sample analysis. Core sampling would be expected to provide

a better estimate of the heavy than of the light fractions because the

lower vapor presgsure of the former would preclude their loss due to
evaporation during both the experiment and the core sampling. If it is
assumed that a larger number of core samples would have ylelded better
estimates for the heavy fractions (i.e., equal to the presumed values of
14.5 liters for the control and 17.9 liters for the surfactant test) and
that the relative concentrations of the light and heavy fractions are correct,
then the volume of light fraction hydrocarbons not accounted for would

have been

31.0 - 14:3 % 14.9 = 23.9 liters for the control, and

34.8 - 17:9 x 18.3 = 26.0 liters for the sufactant test.

The temperature of each tank was maintained at 13 i.2°C.
The pH of the source (City of Austin) water varled between 9.7 and
10.0. The pHs of the effluents from the two tanks varied between 9.1

and 9.3. There was a transient (two days duration) depression (0.2 pH)

20
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- : TABLE T R -
e © —  MASS BALANCE - PHASE I — LT =
- CONTROL B ! LITERS (% OF TOTAL) ]
7 _ - ~ Heavy - 7 Ligﬁt Total - -
gasoline spilled 31.0 - (41%) 44,7 (59%) - 5.7 _
 raw gasoline - T 11.7 (50%) 11.7 (50%) 23,47 -
removed from - - - o _
- separators : o - - - — ,7
- gasoline dissolved . B - 4.8XT0%) - 2.0°(30%) 6.8 —
in effluent- - - - i L — -
— gasoline presumed T 14,5 (32%2)_ . 31.0 (68%) 45.5
- in-fank by-differemce ~ - _
gasoline estimated 30.4 (674) - 14.9.(33%) . 45.3 :

from core sample .
extracts .

" SURFACTANT - SINGLE APPLICATION

LITERS (% OF TOTAL) —

gasoiine,spilléd
raw gasoline
-~ removed -from
separators

gasoline dissolved
in effluent—

gasoline,pre;hmed
in tank by difference.

gasoliﬁe estimated-

from core-sample
extracts
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" — Heavy 7 - Light Total- )
= 31.0(A1%) - - 4hT (59%) - 75.7 — - -
7:6 (50%) - 7.6 (50%) 15.2 - - .
5.5 (702) 2.3 (30%). 7.8 -
117.9 (34%)  — __34.8 (66%) - 52.7 —
372678 - 18.3-(33%) 55.5
21 - e,
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in the pH of the effluent from the surfactant test tank after surfactant
was applied.

As noted in Sec. 3.0, soil and effluent COp and 09 levels were moniltored
to assess biodegradation activity. The COy levels in the soil fluctuated
widely, -+500 ppm about an approximate mean of 1000 ppm. Although there
was a positive correlation in the variation of COy levels in the two
tanks, no meaningful interpretation of these data can be provided. The
levels of dissolved 03 in the input and effluent waters remained steady
at 2=5 ppm throughout the test duration. The C0y levels in the effluents
from both tanks exhibited an increasing divergence from the level in the
input water during the latter half of the test perlod, suggesting increased
bacterlal activity. It 1s not understood why the increasing COy levels
were not accompanled by decreasing 0y levels. Some of the increase in
€02 may have been caused by a reaction between acidic by~products
(from bacteria) and soll carbonate, and may not be a manifestation of
bio-oxidatlion of the gasoline or the surfactant.

4.2 Phase 1I

Figure 6 displays gasoline removal during the two tests constituting
Phase II of the experimental program: multiple (daily) applications of
surfactant by percolation through the soil, and multiple (daily) appli-
cations by direct injection into the water table. The format of Fig. 6
is analogous to that of Fig. 3. Shown are plots of volumes of raw gaso-
line collected from the separators, of surfactant levels in the effluents,
of dissolved gasoline levels in the effluents, and of total volumes of
gagoline removed. The plots are identified in the figure; the percola-

tion test data are identified by the solid curve. The time span during

22
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which surfactant was applied in the two tests 1s marked by the vertical
lines on Days 17 and 29.

The lowest plot shows dailly totals of raw gasoline collected from the
separators; the ordinate is in liters. The total volume of raw gasoline
recovered in the percolation test was 35.6 liters, or 47.0% of the spilled
volume; it was 37.6 liters, or 49.77%, in the injection test. The volumes
collected prior to the application of gsurfactant were 32,1 liters and 36.9
liters, respectively, vis—a-vis nominal 15 liters in the tesats of Phase
I, illustrating the difference in the flow rates of the two sand packs.
The volumes of raw gasoline recovered during the surfactant application
period totaled 3.5 liters in the percolation test and 0.7 liters in the
injection test. This gasoline was collected as an emulsion that was
broken by salting out to evaluate the gasoline content.

The second plot up in Fig. 6 1llustrates the effluent surfactant con=-
centrations produced by the two application techniques. The ordinate
for this plot is ppm (x 10~3). The injection technique obviously
yielded higher (about 4X) levels of dissolved surfactant in the effluent
than did the percolation method, due In part to adsorption of surfactant
by sand in the latter. However, as will become apparent, the impact of
this difference on volumes of gasoline removed from the two tanks was
negligible. The wide fluctuations in surfactant levels exhibited in
this plot are probably due in part to variations inm water flow and in
part to variations in time of sampling after the daily surfactant spill.

The daily volumes of dissolved gasoline in the effluents are dis-
played in the third plot up; the ordinate is in liters. There is an
approximate five-fold increase in gasoline removed during the first 5-6

days of surfactant application in both tests, after which the daily

24
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volumes return‘tg aboutiﬁre-appliCation levels. The injection téchnique

eyidenced slightly'morEEdissolved gesolinegremoned:dﬁring the surfactant

aﬁplicétion period-—6.7 liters versu§76.2 liters, asziszfsﬁ& 8.27, -~

— respectively,; of the—torsl;spilled. These are-not statistically dif-

- the seven observation wells Df eachitank (see- Figs.,l and 2) — The measure- ——

_ different. : . - . i _

- ferent. The total—volumesiremoved were 9.9 and 9.3 litersg(lB.lZ and

l2.3%),7respective1y,7in,fhe7percolétion and injection tests. -

The uppermostiplotjin Fig. 6 shows cumulative curves—of total‘gasoli

7remoged’during the Phase II tests. The ordinate isiin:liters. —-The total

volume recovered duringftthdsily surfactant percolation test was 45.5

7liters3 or 60.1% -of the volume suilled; the volumeérecovered dufiné the -

ne

fsurifactisnt injection test was 46.§ litiersi, or 62.0%4+ Theﬁfdifjerenceiisi

" not significant. e =

Figure 7 is a plot of dailg volumes of gasoline recovered‘from the

separators plus -that dissolved in_the effluents. This figure high-

lights fhe enhanced recovery effected by the application of- surfactant—

Figure 8- displays the daily gasoline and water levels measured in

Copyright by the American
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(ViaAEithef technique). Again, the Phase II curves are not statistically:

_ments for the. percolation test tank are shOWn by the lower set of profiles,

those for the 1n3ectionrtank,—by the ugper set.- The indlcatedelocation

of;the standpipe/recoverzrwelliindéxes these data to thegﬁlen view shown .

that the gasoline was distributed-less uniformly across theiqgterftatle:

during-these tests than-it was,during;theighese 1 tests,eand there was -

notably less lateral distribution in-the percolation test tank than.in. -

- T o2 T — A

Petroleum Institute

- in-Fig. l;‘:The arrow in-each plot indicates the first day oE the surfac--

_ tant applicstiongperiod*(througbAbay*29). It is obvious -from -these data
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the injection test tank, Factors that may have contributed to these
variations are 1) different overall sand permeabilities between Phases
I and 11, as well as local permeability inhomogeneities within each tank
and 2) a different gasoline spill rate in Phase I than in Phase II.
Measurements of gasoline removal were terminated on Pay 30. On Day 31,
core samples were removed from each tank to evaluate residual gasoline con-
tent. Since the gasoline distribution (see Flg. 8) was obviously less
uniform than during the Phase I tests, nine instead of four core samples
were removed from each tank (the tank was divided into a 3 X 3 grid,
with a sample removed from the center of each grid square). The gasoline
was extracted from the core contents using the (S extraction technique.
Four of the nine core samples taken from the percolation test contained no
gasoline at all, reinforcing the observation well data that indicated a
poorly distributed gasoline layer. The calculated volumes of residual
gasoline were 9.5 liters, or 12.5% of the volume spilled, in the percola-
tion tank, and 6.0 liters, or 7.9%Z, in the injection tank.
Accountability of the volume (75.7 liters) of gasoline spilled in each

tank was as follows; values are in liters.

Test
Daily Percolation Daily Injection
Raw gasoline removed 35.6 37.6
Dissolved gasoline in effluent 9.9 9.3
Residual volume _ 95 6.0
Total 55.0 52.9

That is, about 72% of the gasoline spilled in the two tanks was accounted

for.
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_There-is no a priori reason for suspecting errors in the core sample 1 —

measurements. -The approximately 25 liters unaccounted for in each test - —

_are assumed to have been-lost in the effluent, i.e., were missed because —

of- the low effluent- sampling rate-(only twice daily; peak levels og - -

- dissolute could -have occurred during monsampled periods). jtiwas speculated .

~that the high-surfactant levels in the effluent mI’gh't have interferred

7: — with théicsz extraction of the gasoline, but t‘zeétgrev@léd,that _the effect- - -

B fviv’asfneg.iligiible (less fhary6%idecreme’nt) . N 7 - .

The %asgline spillediiin?e’ach tank-daring these tests contained 33%—

- —by 'wqightiofz aro;natic:héav;, fractions. The raw 'gasiine —Eecovereh’from

- ti{e sépai‘ator:s averiagedilLO% heavy fractions throughﬁtithe test period. P

ffluents of both tests jlerz;\geidjoz o :

The gasoline e;ctgacted from Cthe

heavy fraétioné dgring;the—first two wec;_lisioif the 7exp’erim;:ﬁt. During the —

- " first four- days _of surfactant ajplications%the content- of heiavy fractions-

“decreased tofanfave’gageiﬂf 50% and rema@eid faifly constant through the

= - _  end of the -test period.” This-decrement illustrates the effectiveness of } -

the surfactant- in-increasing the solubility of the lighter fractions. 7

— Tank temperature. was maintained -within the same limits observed — i -

_ during the Phase I tests: The pHs of the effluents from the two tanks

varied between 8.8 and 9.4. o

S The“levels of COy in.the sandipac]cs ofi’!)othftanks iimrea}ed if parallel B

- du’;':ing the 30 day test period from nominal 1000 ppm onDay 1 to nominal 15,090 o

" ppm on D%ly 29;,indicaitiﬁ‘g:ani increasein bacterial act:Lv;j.ty.;’Liéve-lis of 02 -

in the input—amd refflruent waters remained ﬂnchafng’ed’at'g fppmiﬂquughwtl; —

- the test- period. 7C02;];e‘}el's tin’thei iﬁpgﬁ and -effluent. ;aiters;verei - S

“essentially :ﬂlénticai and i'emeiined’uncihahged#ait’QO ‘ppm until éhg beginning- -

—-  _ - of the surfactant application period. At that ’timer,:the, levelsiiin :the - ) —
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effluents began increasing, indicating probable bacterial metabolism of the
surfactant; the highest levels occurred in the surfactant injection test.

4.3 Properties of Hydrophone Solutions

It is apparent from the preceding results and discussion that a
significant portion of gasoline spilled, approximately one-third, could
not be readily accounted for. Examlnation of the relative amounts of
light and heavy hydrocarbons in the gasoline recovered leads to the
conclusion that the unaccounted-for product must be in the light fractions.
Losses due to evaporatilon are strongly suspected.

Table II presents some propertles of three hypothetical solutions of
aliphatic hydrocarbong. It is not suggested that these blends are repre-
sentative of the gasolines used in the present experiments. But they
illustrate the effects of changing the ratio of light to heavy fractions
in hydrocarbon solutions. Solutions 1, 2 and 3 contain roughly 30%, 60%
and 85% by weight of light (C4 to Cg) fractions as defined in Sec. 3.0.
The equilibrium vapor pressures over the solutions, calculated on the
basis of Raoult's law, are seen to increase in proportion to the amount of
light hydrocarbon present inthe liquid phase« A coﬁsiderable mass of
hydrocarbon can exlst in the vapor phase over the liquid as shown by the
columns labeled Condensed Equivalent Volume. The mass of hydrocarbons in
the vapor phase also increases in proportion to the amount of light
fractions in the liquid.

The hydrocarbon vapors formed during the experiments were not
analyzed. However, the raw gasoline, as well as the gasoline recovered
by extraction from the effluent water, was richer in heavy fractioms than
the gasoline spilled, which indicates that the residual gasoline in the

tank was richer 1lan light fractlions. Since the pore volume over the

30
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— gasoline spill wesiabouffZ.Sim3; the preeedlhgiexamplei(Table IlzisuggeSts B

_ thatthe equivalentieon&ensed'volume'of hydrocarbon vapor could have been

- _ _ as high as 10 liters at—the end‘of the experiments. The core ‘sampling

. - procedure used had no provision to- capture vapor- phase hydrocarbons.

Thus, up to- one~half of the ur unaccounted-for light hydrocarbons could have T o

- been lost in- the process of taking the core - samples. . e —

- Precautions:taken to ninimize evaporative losses from the tank. -

included a concrete cap and a sprayed-on urethane‘foam seal. ‘PenEhrations

through the cap for— —vapor wells and observation wells were sealed with a

- - - silicone caplking compound. - Suhseguent—workion forced al; ventlpg?" - - =

;erformedfin the same facllif?Ashoyedethetlghese precautions were-

— f‘iqsufficiént to’provide a-pressure—tight englosure; This leads us to — -

_ ~ conclude thatfasiihé—hydrocarbonivaporfpressu;elihcreasgd with time the

- tank permitted hydrocarbon vapor-and- air -to esgape thereby main€aining a- oo

one atmosphere-(nominal) pressure-inside. - - - - -

4ot - " Surfactant Effectiveness ) — - -

““In retrospect, it is unfortunate that-a control experiment was not —

R included in Phase II. Had the sand packs for Ehe two phases been similar

in permeability it would have been possible _to make direct dayfby-daygi =

S comparisonsibetween,the gasoliqe eluted from the control tank and that B

_ _ eluted from theghanks‘in Phase -II. -The contol experiment of Ph;se I may, -

- hoﬁever;’heecoﬁpared if the time associated with gasoline elution is

- : resealed using the ratio of thegiermeabilities of:theisqu packs in the.

— ) two -phases as a multiplicitave factor. Fig: 9 presents the result of-

7this¢exercl5e1 While—notleopclusihe,fFig,49:stronﬁly'sqggestseghatfthe -

— ’ * —Texas Research Institute, Inc., Forced Venting TO‘Remove Gasoline -Vapor-
i From A Large-Scale Model Aquifer,"TRI Rpt. No. 82101~F:TAV- (12 July -1983)s
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increased volume of gasoline recovered during the application period of

the Phase II tests was a result of the surfacant treatments. Using the
rescaled control test as a guide, the Phase II tests had just about completed
the initial large yleld of gasoline by gravity drainage and were beginning
the slow dissolved-hydrocarbon-only yleld at the time surfactant treatment
began. The surfacant induced "kick" in gasollne recovery has been observed
previously® In column studies shown in Fig. 10,

Based on the estimate by difference of residual heavy fractions of
gasoline in the control test and the ratio of heavy fractions to light
fractions determined by core sampling, it 1s estimated that the actual
residual liquid product in the tank at the completion of the 30 day
control test was 14.5 liters heavy fraction, 7.2 liters light fraction,
21.7 liters total, with most of the residual light fractions being lost to
evaporation, Had the control test been continued for another 30 days, an
additonal 3-4 liters of gasoline would probably have eluted in dissolved
form or been lost to evaporation, leaving about 18 liters of residual
gasoline. It is assumed that a 60 day control test would be equivalent
to the 30 day Phase II tests because of the difference in sand pack

permeabilities.

*Texas Research Ingtitute, Inc., "Underground Movement of Gasoline on
Groundwater and Enhanced Recovery by Surfactants,” Final Report (September
14, 1979) submitted to the American Petroleum Institute.

34
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Similarly, it is estimated that the residual liquid volumes in the
tanks at the completion of Phase 1I tests were:

Percolation Test

5.0 liters heavy fraction
4.0 liters light fraction

9.0 liters total

Injection Test

4.7 liters heavy fraction
2.0 liters light fraction

6.7 liters total

again, with most of the residual light fractions being lost to evaporation.
By this method of analysis, the surfactant treatments reduced the residual
gasoline concentration by a factor of two or three, with the injection
technique appearing to be the better. On the other hand, based on Table
I1 and the suggestion that the gasoline recovered after Day 18 was due to
gurfactant treatment, the percolation technique was more effective than
the injection technique (9.3 liters vs. 7.0 liters recovered during Days

18-30).

36
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5.0 - CONCLUSIONS AND RECOMMENDATIONS e

- ;Twoi factors cloud the results of this work. The first-was a difference

— in pEmezHlity bet’Weﬁei?n the sand -packs ;in;the two 7phase:s; The problems -

- - caused by:t:_hiis diffgreﬁncefcoulc?h’avgyeen,avoide;i -by-running a second

control- experiment in Phase II, but-this was not done because of cost.

The second factor was the inability to achieve closureiﬁiith mass balancgs;.

_-  This problem is fundimental in nature. It appears-to be related to the. - -

high vapor- pressure that exists over aging hydrocarbon-solutions. As I —

—  __discussed later; it can be corrected by changing the facility design and — -

——gasoline sampling pxjog;edurejs: However, evaporative loss of hydrocarbons, —

even at the level (30%)4)re3\£ned:in:the present work, does not totally-

obscure how much gasoline was removed after surfacgént,treatment ‘or—how" -

— - muﬁchiwé.s left in the t:ani; at Ehe,eildfoffgﬁe test. B L

The results 7of 7£h'efPhase I go;:k,s’now that aisiniglecappliceg:ion:of? a.

2% Richonate YLA-plus 2% -Hyonic PE-90 aqueous solution is not effective. -

- in’mob’iliizirng spillzdi gasoline. The level of surfgict’ant;inisoluti(m: - -

éqhieved by this t;(ecl:lpique’w;s -on the;oEdér of- séve;:a}l parts per-million

_ _as measured in the effluent watgir—.i The resﬁltgiot: the E’llase II tests “show

-that more aggressive surfactant treatments are-effective in mobilizing -

.~ _ raw gasoline and in increasing its solubity in water, -The level-of = -

surfactant concentration in thé’;c'fluent’ water._achieved du;ing'Fhasg 11 —

was two to-three orders of magnitude greater- than that reached dugiilg Phas; -

——  I. And this was achieved only after doublejto—triplelamountsfof surfactant -

; were added (i’.é’f ,7after’tw0’ to three days ﬂfffapplfcai:—ion). Most of the

— ef:fecf;ofr surfactant treatment:'was _observed to occur: duﬁr-iggithe'firétf four- —=

— to-six ';dayfg of- tre;.tmentf; ,sugigesting that- about- twice -as anuc}L:éuri:lctant

—was apx;ligdias was*gcituaillyineeded‘ Quantiiﬂcatiion*of' these results.is mot -

e _
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conclusive because of the lack of a satisfactory control; however, it is
estimated that the surfactant treatments reduced the residual gasoline
levels in the tank by a factor of two to three. Another way of expressing
the effectiveness of surfactant treatment is to gage the time saved over the
traditional gravimetric recovery method. Seven to nine liters of gasoline
were recovered within a short period of time after surfactant treatment.

A normal recovery rate of 0.1 liter per day without surfactant treat-—

ment would have required 70-90 days to achieve similar results.

It 1s concluded that application of surfactant to residual gasoline
in an aquifer effectively decreases the amount of residual gasoline.

The results of the present work constitute a step forward in spilled
gasoline recovery techunology. However, it is clear that additional work
is necessary before full-scale field tests can be undertaken with a
degree of confidence commensurate with the cost.

To achieve closure in mass accountabllity would require either a
pressure tight experiment chamber in which the hydrocarbon composition is
continuously monitored, or a secondary enclosure around the experiment
tank for monitoring evaporative loss of hydrocarbon vapors., The latter
would be accomplished by purging the secondary chamber with a known volume
rate of alr and monitoring the effluent for hydrocarbon vapor.

Only one surfactant solution was assessed in the present work. It was
a best cholce based on earlier laboratory studies performed at TRI. The
effectiveness of other surfactants, or of different solutions (or sequen-
tial applications) of the same surfactants, in sand, and in other soils,
should be evaluated. Such evaluation should include other promising
surfactant solutions and use several different types of soil. Initial

work should be performed on a laboratory scale, with a modified model

38
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aquifer- facility as discussed. -Such worklwouldiprovide verification of- -

the present results ;ﬁ& guidelines fof,inplementipgfand'evaluating,a ’i o - -

full-scale tests = - - % - )

The present work employed two techniquesgfgrrapplying the,surfactant*

solution: percolation and injéction. While both techniques appeared to:be-

—effective, neither: has been optimized. A combination of these two tech— ot -

niques, either in a sequential or a parallel- format, might further enhance

- recc;éry,offthe,entrappédfgasoline.efother feasible surfact t application, -

— — _ techniques could be assessed in-a model aquifer facilityEusing,differéntAL —

- 7 ;7tjpes of spil. Again, this work,wouldiprovidefﬁeaningfulAéuideliﬁés,fqr;, -

- full-scale applications. o , . - o

- ) Finally, the results of- -the present “work- underscore—the uncertainties —

- in predicting distribution and flow b‘haviors in even simply structured

~ soils. 4@“ effective:surfactant solution and/or:application technique could

“be disregarded throughifailure to,appreéiate the*fluid flow,dynamigsrfor 7 o

i particular soil and the parameters that influence them. For example,

how is the- distribution of the surfactant affected by spill rate? Does

injected'surfactant diffuse smoothlyaand evenly,through‘the contaminated, -

“medium, or—doesfit,,under—some:c;nditions, undercut the capillary fringe

_ and thereby miss treating the cdntaminated‘reéiﬁn? _What- is the optimum —

surfactant- injection rate as a function of natural flow tﬁrough,the4§Quifér?

In future studies, increased effort--including requisite instrumentation—- -

should be applied to understanding this facet of the problem. Thisiﬁill R

- permit more realistic assessment of- the model study results and their -

extrapolation to-full=scale-testing. - - : -
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- Appendix -A

_~ Photographs of “TRI Soil/Aquifer Model Facility - - =
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Photograph of surface of sand- iilled tank sho'cung
observation well and vapor well extensions and =~ —

— thermocouple pipes, top of" rainmakerrand copper
- - - tubing for cooling water. o - o
7: - e ﬂhotographmf surface of- tank after spraying w1th
- . _— - polyurethane foam showing observation well, . vapor-
- = - well and thermocouple pipe extension. .
I - - B T R L
T ) B - - 8 S 5 i o
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~ Appendix B—

Calculation of Soil-Gasoline Saturation Values

x _ —

- - B i 42 - 77 - N - ) N
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7 i : :Théﬁ 7fioillo¥;ling as;umptioﬁswe;e n?adie forfes;iu,latimigr available soil =— =~ B
7 7 por;a';pqcla} S o - ,: ) _ L 777 jif
- i 1+ fTheiresgdual gai()j.inefo:qupies a 15.25 ctx;,(6 ins) ihiék*sand B N j— -
e laiyer.,’ L - ) - 7 '71 - 7: o ]
- 2.17ghe residual 7gaiso]tine is uniformly distr;l;pted throughout the’l o
_ sand layer.f o - 7:77, — — I
7 3. Eat,eri s’athraitgiorliwlri;s 1;.near;from 100% at the lioweirif@laryi i - e N
77 — - t0720% at theiupéer:i b:)undar);iof— the sand layer. Tt:erefore!ir 777* ]
B — onilyi 40% of the avaiilablefpofe —space 15 free of-water ﬁc{ndican' — -
7*;* : ) h;)ldfga}:oli;;é. 7 7 - o B ; T ~
i o _ The availat;le’volumeikVA)fi&icalculatefd f;:oﬁji; B . 7 - -
T B 7 *zi - 7,7 ~0:40Vg o o - L
) where @ Lg,the,p;rosiﬁﬂOiSAj aqd}ls is the volume of the sand l;yexi: - B o
That is,. R — fff:;; - .- B
W= 0.4-X-0.34X3.05 m X 3.05 m X 0.1525 m; )
B 7 f T - 1= 0.19737m3 - - I 7:77:*777 - i
= = 193 liters - -
——The residugliga?ciﬁnie volumes 7(VR);1;rior' toi suyfactar{t appi_iéation' - _ i
_ —were: - o o 777 . 7 77 B e - N
- - - 53.64iters; c;ntrol;te;t, 1 - - : ; B - i
7 59.Oflit;'rs,7slngile applic;tion 1test7 ) . N
I 39.8-1liters, multiple fipericblition test, andi - o -
T - ’5(12 liters,iﬁuilti’ple 4njection testy; = = — ) - 77
- *’giving:ﬁ,ercent saturati@(Vf{[VA X 100),\(aiues °f, - . R -
- o 2resy - .- T = T == - —
- = 806, - = - - o -
- 2056, and - = —
- 7;,*7717,8-78,—:respécgivL,7—7i — ; T - - R - -
) i 7 _ - 7’ —43- if B 7 - ’77 7,7 -
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The residual gasoline volumes (V,) after surfactant application were:
45.3 liters, control test,
55.5 liters, single application test,
9.5 liters, multiple percolation test, and
6.0 liters, multiple injection test,
giving percent saturation (Vy/Vp X 100) values of:
23.5,
28.8,
4.9, and

3.1, respectively.
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- Appendix C .- [

Surfactant Analysis o A —
and _
Sand Characterization. _ — ——_
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= ~ Surfactant Analysis = - -

— - _ - -

D The surfactant solution used in these studies vas a mixture of two . S

surfactants - Richonate XEA (anionic) and ilyonfc PE-7-7907 (nonicTnic’).—iToLi -

establish the most effective way of monitoring édrfactani: concentfation ——— —

_ " in-the effluent, 7sta{naaridiized analytical proceduresiwer;jppli'erdi,toisolu—f o

—tions of each surfactant alone and to the mixture so -that: analytical—— - -

- interferences,; if any; could be identified. - - ’ - -

1. RICHONATE YLA-ANALYSIS® . - - - = =

A. The LaMotteichemii:al Detergent Test Kit - - T o ) —

The LaMotte test kit. anaiyzes 5-ml sa’mplesiof alkyl ’ben*zene,isulfionaga’ ) R

~ - (YLA)-in -the range of 1-6 ppm with-an-accuracy of + 0.5 ppm.~ The presence

of PE-90 does not interfere with this test.- Tlleitest kit—can bé t;ggd for -

_preliminary analysis of surfactant samples and will help determine the

dilutions to-be used -in the more sensitive methylene blue Aanailysiis.fi

° B.- Methylenme Blue Analysié T R I - 7 -

The ASTM (D 2330) :method is used for- the analysis of Richonate YLA, an-

alkylari{l sulfonate. This method *er:iployS'coloriimetrii:*determi.ﬁﬁtion of a

methyierﬁa blig.e-YIA complex. ;menithe;reaigegts‘i are used in the 151;0poriiogs

— describgd beioxi; the meti;od is gag:curafefifoir YLA solutions 7of70;f-5 ppm. — S

1. Reagents - — -

~ _  o—Chloroform (CHClz). - — ~ _ - =

_ 0o Methylene Blue Solution - Dissolve 0.1 g of methylene blue chlo-

_ B ride in 4.60 -ml-of water+ Transfer 30 -ml. of- this solutii;ti to a_ N .

_ ~ — 1 liter volumetric flask and aidd15Q0 ‘ml c}fﬂqateli.u - Add 7 ml. of — ——

concentrated stﬁ[+ (sp-gr 1.84) and -50:g sz*NﬂHzPOZ{ﬂéQri S;léke - —

- unt:fl' solution 1s complete and then-dilute to-1-liter with-water. — - -
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Phenolphthalein Indicator Solution (5.0 g/liter) - Dissolve 0.5 g

of phenolphthalein in 50 ml of 95% ethyl alcohol and dilute to

100 ml with water.

Note: Speclally denatured ethyl alcohol conforming to Formula No. 3A
or 30 of the U.S. Bureau of Internal Revenue may be substituted

for 95% ethyl alcohol.

Sodium Alkyl Benzene Sulfonate, Stock Solution -~ Weigh the amount

of reference materlal necessary to provide the equivalent of
1.0000 g of ABS on a 1007 active basis. Dissolve in water and
dilute to 1 liter.

Sodium Alkyl Benzene Sulfonate, Standard Solution (1.0 ml = 0.0l mg

ABS) - Dilute 10.0 ml of the stock ABS solution to 1 liter with water.

Sodium Hydroxide Solution (10 g/liter) ~ Dissolve 10 g of sodium

hydroxide (NaOH) in water and dilute to 1 liter.

Sodium Phosphate, Acidified Wash Solution - Dissolve 50 g of

sodium dihydrogen phosphate monohydrate (NaHoPO4:H20) in 500 ml
of water in a 1 liter volumetric flask. Add 7 ml of concentrated
sulfuric acid (H3S04, sp gr 1.84) and dilute to volume with water.

Sulfuric Acid ~ Carefully add 7 ml of concentrated sulfuric acid

to water and dilute to 1 liter with water.

Procedure

o

o

o

o)

(o]

A 25 ml sample is placed in a 60 ml separatory funnel.

One drop of phenolphthalein is added.

Drops of NaOH are added to turn solution pink.

Drops of H9S80,; are added until solution is just clear again.

7 wl of methylene blue are added and the funnel 1is shaken.

47
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- o -Approximately 6 *mi— of- Zhloi‘bfﬁormi(CHCI:;) arg;added -and mixed _ -

well by shaking. Once_the phaseé sepafa@Lthe CHClg layer is

— 7 drained into an Erﬁlenmefye; ‘;’lasi.;

o-Two more CHCly washes are done. The aqueoﬁs layer-1s then discarded”

- _ and the CHCl3 layer is put back into the separatory funnel. - -

~0 25 1nl’offphosphafte47ash solution are added and-the 7f7urine1 isg agitated:

for-30 sec, swirled vertically, and the solutions are allowed-to-

settle for-1l-min.- The CHCl‘-;,laye,rf is filtered through glass o

wool into -a 25 ml volumetric flask. )

= - i o 5 ml of CHClj are used to wash the remaining aqueous layer, and

_ are then filtered into the volumetric flask.  The flask contents- _

—— s fthenibjrought up to 25 ml with CHCl3, mixed well, and a 1 cm

ciuvette’iisifilled.’ The -absorbance of the solution is measured at -

- 652 nm on-a Beckman DU Speétrophotometiar versus a CHCl3j blank. B -

~ 3. *aalib?ation (seeFig. CI)- _ -  —

- ’Analysesiperformed _on four- different days were -used to comnstruct a

i cali‘tirétioin line for the YLA dfet:iermination. The followingraat’ail were used:

o - - Concentration - = _ -
Date N . ppm-— ©  Absorbance® o —
. _ 8=27-81 — - -0 - 0:010 A _
. — - 1.2 0.062
--2:0- _ 0.110 )
- - - - 3.2. ) i 0152 B L -
- - 4.0 ——— 0:192- N
—8-28-81 - - _ B ) 0.007 — - o
- a — -7 12— _ 0.063- -
— o= ) —_. 2.4 - 0.120- o -
_ - - - 4.0 i i 0.196-
- T T 6.0 - — 0,282 — -
- - - 7.2 ) - 0.323 )
_ } 48 _ _
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Concentration
Date ppm Absorbance*
8-31-81 0 0.011
3.2 0.148
6.0 0.267
9~08-81# 0 0.008
2.0 0.098
4,0 0.184
6.0 0.248

*average of at least 2 absorbance readings

#a new standard solution was used here

The system seemed to saturate around 6 ppm, so the calibration line

was calculated for all points from 0-5 ppm (excluding the 9-08-81 data).

Slope = 0.0456 absorbance unit per ppm
Intercept = 0.0095
Correlation = 0.9982

On each day of analysis, two reference samples were measured to check

this line.

II. HYONIC PE~90 ANALYSIS

The colorimetric determination of non-ionic surfactants discussed
by Brown & Hayes* was used with some modifications for the analysis of
Hyonic PE-~90, a polyethoxylated nonylphenol. When reagents are used
in the proportions given below, the method 15 useful for PE-90 solutions
from 400-900 ppm.

A. Reagents
o Chloroform (CHCl3)

o Cobalt Nitrate - 60 g are dissolved in delonized (DI) water in a

1 liter volumetric flask and brought to 1 liter total volume.

o Ammonium Thiocyanate — 400 g are digsolved in DI water in a

1 liter volumetric flask and brought to 1 liter total volume.

*Analyst 80:755 (1955).

Copyright by the American Petroleum Institute
Sun Feb 08 18:50:04 1998



_ - ~ PuBL 4390-85_

B | 0732290 ﬁbhauml,%'_ “

W -
-‘-‘ — ]
_ - — _ - -0 —
- )
_ [ _ - —
- - - 74‘“
- o g
- B - : - 3
- . - P
_ - _ — I - D
_ - Rel
— - - 8 -

ppm
\LinA
\

|
standérd s‘olution)
Cy
o i-‘igure ca )
rati(ln

Qalib‘

o 8/28/81

|
27/81
'O 8/31/81

FaN 9/8/81 (New
\

@ 8

Copyright by the American Petroleum Institute
Sun Feb 08 18:50:05 1998



th’gyiare fairly,consta—nt. The 1atter rangej:l.ll be used and the calibration

- - 743.7 Procedure - - . - R -

~ line calculated for data from -100-300 ppm only:: S

o- Cobaltothiocyanate Reagent - (CTC Reagent) = Equal volumes of the —

_cobalt- nitrate and ammonium thiocyanate solutdons are mixed well.

—0- A;lj5.f) ml sa.mple*is put in’to -a-60 ml sepaf‘gf:ory fun?xei. -

o- 40 ml ofTTCjeagent are added, shﬂcen for 1 min and Aallowed to — —

react for: at 1eastj min. - - . -

o 6 ml-of CHClg* are used to wash the aqueous solution three times.

~ _ 1t _is important- that Th;ﬂs mixtureibe;shaken vigorously for at-

least 1°min each time. The CHClj is drained into a 25 ml .

~— volumetric flask. The solution is-brought up to-25 ml with CHCl3.

_ If the solution is clouciy,_it is xen?rifdé_ed 1n:a,stop7pered7testi

tube er about™ 3 min at a medlum speed. This brings the

ﬁwateg tg the top pffthe suspensi@. Al cm cuvette is filledf

with :th’e;CHClg solution, and T:heiabsorbanc’ef at 620 nn 1s measured-

7§gaiinst— a CHCl:;fl;lanTc. A Beckman DU Spectrophotometer- is -used

7for:§1’ 1 measurements. — - R

C. Calibration (see Fig.£2) T T T T =

The reproducibility of- this analysis depends onThe sample concentra—

) t'ion., Above 400 . ppm, data-are widely scattered “but- between 100-300 ppm

Date - __ conc. (ppm)° " absorbance I —
M)8l - fif 133 7 ;1 0:028 . — ] -
. _ — 133 — . . — 0.024  slope-= 0.000194
- 200 - —0.036 intercept- = 0.000480 -
- —=- 200 ©_ 0.042 correlation = 0.978: - _
- T 267 - 0:053- - R :
- - 2670 . 0.051: -~ — . = - i
- 9/13/81- 200 — - . 0:041 - =
: - 51 - = - -
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PE-~90 Calibration Data
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_ ;iji‘he following dgt:a‘ap;;earr on the gr.:aphibht _were not- used for- - =

- *cglibrlat;ion: - B - - = - _

— . Date- - _ conme. (ppm)  — —  absorbance 7 -

8/30/81 - - - 667  —  0.l46 R
o ’ - N 667 - 0138 - - -

_9/n/8 470-  —0.114 - - -
- e 470 — — 0.096 — — - -

- - - 667 0.157 i .
e ———— %0 0.237  _ CE

L 127 R - 470 0.085 - - -

- - - - 600 - IR ¢ 15 § 1 o R — - - _

_ - _ 600- - ' _0.129 - o
- - - —- 734- - - 0.169 - - -
— ) T _ 734 * 0.146 -

— —_— - - 867: N _ - - - 0.158 - T 77 - 77 -
- III. ANALYTICAL INTERFERENCE 7 S o -

_ —In several &periments it was shown-that the presence of PE~90 does — —

—not affect the determination of YLA with methylene blue: - ’ - -

— - - .~ ~ conc. YLA-~ cOonc. PE-970 S -

- — - _ (ppm)- — (ppm) 7 absorbance _
. 8/26/81- 1w — o - 0.465
- _ — —10: - - ) 4] — ) 0.459° —
B [ R .10 T 0.469-
8/3i/81 B _ — with _the LaMotte Test Kit: ; ) -
- . - B tests done with (a) 2 ppm YLA + no PE-90 and with

- N (b)2 ppm YIA -+ 2 ppm PE-90 were identical.

- — - It appeared; though, that -YLA intelfered with the PE-90 test:

_ T ~ conc. PE-90- - conc. YLA
- . - - (ppm) i (ppm) - - —absorbance

© 8/77/81 ) 667- - 0 - 0.2000 -
, - -e67- — — 0 - -~ o.as
- - T = 667 - 333 — - 0.062°  _—

9/16/8r- — — - — 200 - - 200- 0.105 - -
R — - 200 ) 0- - 0.037 -
- — _ _calibration line value -~ 0:039-

Copyright by the American Petroleum Institute
Sun Feb 08 18:50:07 1998



conc. YLA
- (ppm)

- - - 77477C07n(7:- PE-90
T ' o (ppm)”

. T 267 267 . 0.076.
- - T 267 0o - - 0+056."
- 0052

~ — calibration line value = -~

- 7 For- thisi‘eéson, the YLA analysis was used to monitor the effluent

T in-all tests. 7 7 -

T B - -
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- permeability, éap

-adsorption.

POROSITY

i The differgn

~—  used to determine

to total- volume ¥

— " volume of ﬁétegfsatuféted'sand (pgpﬁed,with{; vibraEBrfggd degassed) was . _
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“Characterization of Sand

g properties were evéluatedﬁ}dr ggph,batchfoffé;;d',po:osity,

illary height, Bérticlefsizefdistfibugiqn;*and surfactant —

ce in weight B%tqgen a volume of dry sand -and “an equal

the. pore volume ofithgisamblei;fThe raqio—of pore-volume

ieldégéhe porosity, -

~ pore volume
"~ total-volume

= porosity

—II. PERMEABILITY B T — -
;@u{ - . — A 6.4 cm-diam (2.5-in.) sand column was packed
rom — J—
faucet R i — _ _ -
,’;J, ;\ _ with-a vibrator and set—up-as shown in Fig. C-3.
= = -— le fi_n - e B - ; - - P ,7 B
- e Xﬁi;@%?@d The water- level in the -upper reservoir main- B
% upper reservoir | S in columa_ - . — R ) - .
) - — o - — _
3 - . 18— - tained a coustant- pressure head above the sand. —
— _ Ah 1— - - _ _ - - _ - o L
. B VT - Water was allowed to flow through the column for-
) _ -7 ] 'g, Asand - _ _ - - - ) )
g - 5 min; after which-the volume of water eluted
100 meshscreen < @ o o - Aj’ - T
) ] LN _ __ from the lower reservoir was measured for-10 min: _
C overflow _ — _ - _ _
into - = = — - - - o
o 32:3@8 1loweT reservoir - At least four-10 min periods were monitored for —
_ - - - each column-and at least three éalumns were - _
- _ " Figure C-3 __ - - _ B _ - —

Permeability Ap

biiity;zig;darhie
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The average flow rate for:eaghrcgiumn was used-to evaluate the permea-

paratus

7preparea;fof'each’Sand*batch.Aﬁ

S; ﬁsingithgrfdllowihg eqégfioﬁ}

- R -

- Permeability;(darc1es) (A) . B s
- QR = - B

- = a T - - - T

- = 55 -~ — T
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where n = viscosity of water in centipoise (eP),

Q = flow rate through column (en3/sec),

A = cross sectional area of column (cm2),

dp = pressure head of water (atm), and

dl = length of sand column.
I1I. CAPILIARY HEIGHT

A 6.4 cm (2.5 in.) diam drained, packed sand column was used to esti~

mate capillary height. Flexible, transparent tubing was fastened to the
bottom of the glass column; water was added through the tube to provide a
piezometric water level 15 cm (6 in.) above the bottom of the column. The
height of the capillary zone was visually estimated by comparing the appear-
ance of the upper part of the column, which contained only residual water,

to that of the column just above the plezometric level, which contained

capillary water.

IV. SIEVE ANALYSIS

Particle size distribution was determined by shaking a dry, weighed
sample of sand through a serlies of sieves, Mesh sizes used were 5, 10,
20, 35, 50, and 100. Fach sieve was shaken for 10 min. The weight of
sand collected by each sieve was then measured. The results are reported

as weight percent of sample passing each sieve.

V. SAND COLUMNS - Surfactant Adsorption

Sand columns were prepared and surfactant solutions run through them
in an attempt to simulate conditions of the tank experiment on a small

gcale.

56
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- - A-  Preparation -

- N - — Columns were constructed as

—_— N cross secti:l:oer shown at lef€. The stopper could be — - |
- — _— stoppers:- - — . — . T - -
B } -removed to-facilitate the rinsing - o
- _ |~ silicone = wire- — i T -
o : seal\imt 7“),§5h - out_and cleaning of the tube., To =~

!
\
|

glass tube, 5 ¢m o.d.|

pack the column, sand was poured in

—a steady stream-into the tube, which ]

— ~had some DI-water already in-its  The

" helght of the water was one-third-to -

- rubber - - o
- o :Eggg:r ; = © _ - ome-half the desired height-of ‘the sand.. -
. 5T n - R .
Ezbiiti Once the sand had completely -taken :up

: - shutoff valve _ B IR
- — - _ - = — - itim()l:e efficiently, starting at the _

- o the water; aivibﬁratgff was used téfpack

T bpttT)m of - the column and working ,lip.ﬂ'i?his T’process gﬁmd be:’repeated dn 2 ft-

~— sections if the sand in-the @uﬁniwillJoe higher than 2 ft.) DI water was then-

~  run through the columin until it came out clear.- The water was allowed to-drain

- to Q:hefdesiiriedr1eve17(§fmu17ating wgtér table plusi,c;piilafy—fzone) and surfaictﬁgt
EoilutionS—ﬁer:efaddeE. - R - ] . -

— B. ~Initial Experiments - - - 7 _

The columns ug:difor theifirstf series T)j.:,experiments were 4 ft long, but—

" they- proved difficult- to.pack pt;operly’;and’tiing tonsumjné to.run. One experi-

— ment with a 4 ft column was complet:ed so-that the -results could be compared

to:-those from the shorter columns used subsequently. I — I

- - _ Pore Lqumgs -were calculated by-assuming-that welliipackedfsand has

a pore volume of- 33%- Once -the water in-the-column was drained to the —

- :desﬁedﬁ level, one pore - volume of—isurfacga.nit—fsoilution was adaed::at the
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top. Collection of eluted water started immediately. DI water was added
at the top of the column only when the surfactant solution has just
disappeared below the top of the sand. The eluted water was collected

by pore volume; Ll.e., for a pore volume of 250 ml, the first 250 ml

eluted was stored separately from the second, and so on, so that each could
be analyzed separately. Four or five pore volumes were collected for

each experiment.

Sand for these initlal experiments was collected from around the
model soil/aquifer and sleved through a 2 mm sieve. It contained some
organic matter. The data are tabulated below.

It appears that using 15 in. columns instead of 4 £t columns did not
change the results significantly. The difference in the amount of YLA
eluted from columns 3 and 4 is probably due to the fact that the PE-90
in column 4 put YLA into solution. The YLA solution from column 3 was
very cloudy; perhaps micelle formation limited the sand-YLA interaction,

lowering the chances for adsorption.

% of
Pore Surfactant Total Surfactant
Column Volume Conc. (ppm) | Surfactant(g)! added Result

PVy 732 0.497 4

1 PVy 11,300 7.46 57 657 eluted
PVq 530 0.350 3 4 £t column
PV 143 0.095 1 2% PE-90
PV 411 0.095 2 71% eluted
PVy 12,300 2.83 62 15 in. column

2 PVy 960 0.221 5 2% PE-90
PV, 246 0.057 1
va 128 0-029 006
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~ Surfactant
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Total
Surfactant(g)

—% of

-Surfactant

added

Result

PV
- PVy
- PV
PV,
c— - PVg —

L

- —320-

o 11-
15,500
1,600

—

0.8

: 00025
X R—
0.368 - |
0.074
0.0002—

_0.05 -

887 eluted -
15-ins column
2% YLA-

- N - ] 12 0.0027 — 0:06 - - B
- | pvy 12,250 1. - 2.8- 6l - " 68%-eluted
. 4 PV3 1;200 — . 03276 — 7 6 "1 =15 in: column
) ) PY,. 170 — 0.039 . 0.9 _ i 2% PE-90 & —
- = PVs 14— - 0.003-. - 0.07 2% YLA— -
- - - - - - - (YLA analyzed)
B 59 - - - - ,\/\\
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