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ABSTRACT

A soil washing study was performed to evaluate the treatability of New River sand contaminated in the
laboratory with apetroleum distillate. Unaltered and base-extracted sandswere mixed with petroleum hydrocar-
bons, equilibrated, and washed with water or a surfactant at two different pH values (7 and 12). The surfactant
had no significant effect on contaminant removal efficienciesat neutral pH. Treatment efficiencies of base-
extracted sand particles were 10 to 13% higher than for the unaltered sands. Scanning el ectron microscopy
(SEM) with elemental X-ray microprobe was used to determine the distribution of iron and carbon on the New
River sand surface. Qualitative interpretations of the SEM/X-ray photomicrographs disclosed that iron oxides
were associated with organic carbon on the sand surfaces, with sulfur believed to be a constituent of the
petroleum contamination. Low petroleum removal efficienciesfor New River sand observed in previous studies
were believed to be influenced by the high iron oxide content of the sand and the affinity of these metal oxidesto
bind natural and petroleum-derived organic carbon.
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INTRODUCTION

Soil washing and flushing have been proposed as possi bl e remedi ation technol ogiesfor soils
contaminated by petroleum hydrocarbonsand other hydrophobic organic chemicals(Nash, 1987;
Nash and Traver, 1988; Nunno et al., 1988; Esposito et al., 1989; Pheiffer, 1990). Theeffective-
ness of soil washing and flushing processeswasrecently summarizedinacritical review of physica/
chemical treatment technol ogiesfor organically contaminated soil sand sediments (Fox, 1996). The
soil washing process separates bulk contaminated soilsinto severd fractionsbased on particlesize.
The perception has been that sand-sized and larger soil particlescan betreated to acceptable
endpointsusing water augmented with extracting agents. Thisoften resultsin up to 60% reduction
inthevolumeof contaminated material to be disposed or treated further by using amorerigorous
cleanup process. Insitu soil flushing applications have d so attempted to capitalize ontherelatively
larger particle sizeand predominantly mineral character of typica aquifer materias. Thelarger
particles, because of their smaller surface area-to-volumeratio and the absence of significant surface
charge, aremorereadily decontaminated to stipul ated cleanup level sduring soil washing.

Retention of organic contaminantson coarser soil fractionsand agquifer material after soil
washing or flushing may beinfluenced by severa factorsother than particlesurfacearea, including
the hydrophobicity of the contaminant, the properties of the washing medium, and the characteristics
of thesoil particles. Extremely hydrophobic contaminants such asfour- and five-ringed polynuclear
aromatic hydrocarbons (PAHSs) and high molecular weight a kanes, both constituents of petroleum
products, may not readily partition fromasoil surfaceinto an aqueouswash fluid. Theuseof
surface-active additivesthat enhancethemobility of such contaminantsinthewashing fluid often has
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alargeimpact on the effectivenessof soil washing and flushing (Abdul et d., 1990; Jafvertetdl.,
1994; Roy et al., 1997; Kommal apati et d., 1997). Similarly, theaddition of extraction or chelating
agentsand pH adjustments can significantly improve contaminant removals (Espositoet d., 1989).
Theuse of such additives, however, resultsin the production of amore complex spent wash fluid
thatisdifficult totreat or dispose.

Soil organic matter (SOM) content has been implicated asthe primary factor governing the
interactions between organi ¢ contaminantsand soil particles (Gschwend and Wu, 1985; Leeet dl.,
1990; Rutherford et a., 1992; Weber et d ., 1992). Slow ratesof desorption or masstransfer of
contaminantsfrom SOM matrices can render the soil washing process uneconomical for coarser
materia that may havelarge amountsof organic carbon. Minerd attributesof the soil or aquifer
material, such asthe presence of surfacemetal oxides, may aso exert significant control onthe
extent to which SOM or organic contaminants adhereto themineral domain of the soil particle (Gu
etal., 1994; Evanko and Dzombak, 1998; Kaiser et al., 1998).

In earlier work, wherewe eva uated thetreatability of three soils(Sdem, Eagle Point, and
New River) using soil washing and biotreatment (Doveet a., 1991, 1992; Bhandari et a., 1994),
wefound that the sand fraction of the New River soil wasres stant to physiochemica and biologica
treatment. Figure lillustratessomeresultsfromtheseearlier studies. Biodegradation of the petro-
leum hydrocarbon from pre-washed sandswas studied in miniature compost reactors. Total
petroleum hydrocarbon (TPH) concentrationinthe New River sand after soil washing (at time=0
days) wasnearly four timesgreater than that on other sandsevauated. The 90-day biotreatment
resultedinfina TPH levelsof gpproximately 600 mg/kg for New River sand ascompared to 50 mg/
kg for Salem and Eagle Point sands.

We hypothesizethat the surface chemistry of New River sands, especialy theminera oxide
content, may have been responsiblefor thelow TPH removal achieved for these sands. A recent
study by Ghosh et a. (2000) utilized mass spectrometric and spectroscopic techniquesto study the
location of polynuclear aromatic hydrocarbons (PAHS) on sediment particles. Scanning electron
microscopy (SEM) techniques can provide detail ed three-dimensiona viewsof mineral and organic
surfaceswith adepth of focusthat isof the order of tensof microns. Inthestudy described here,
weutilized SEM inaquadlitative modeto study thedistribution of iron oxide, soil organic carbon,
and petroleum-hydrocarbon constituentson New River sand. Water and surfactant extractions
wereal so performed to probethefactorsaffecting TPH binding on New River sand.

EXPERIMENTAL APPROACH

Uncontaminated soil used in thisstudy was obtai ned from the banks of the New River near
Blacksburg, Va. Thebulk soil was processed asdescribedin Figure2. Soil fractionation, usinga
commercia hydraulic screen, showed that the New River soil consisted of approximately 34%
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sand, 39%silt, and 27% clay-sized particles. For the purpose of thisstudy, the New River sand
fractionwasdividedinto two parts. Whileone part waswashed with distilled water, the other was
extracted with 0.1 N NaOH solution (pH > 13) under anitrogen atmosphereto remove humic and
fulvicacids(HA). Toalow direct determination of TPH removal efficiencies, thetwo sandswere
contaminated in thelaboratory with apetroleum distillate asdescribed in detail by Bhandari et al.
(1994). Briefly, avolumeof distillate obtained from afuel depot in San Francisco, Calif., was
mixed with 50 g sand in aglass bottleto obtain aTPH concentration of approximately 20,000 mg/
kg. Theinitial TPH concentration, however, wasfound to beincons stent because of thevariability
intransferring an exact amount of distillateinto theglassbottle. The contentsof the bottlewere
mixed inamechanica tumbler for four hoursand then alowed to equilibrate at 4°C for 14 days.

TPH was quantified according to the procedure outlined by Bhandari et a. (1994). Briefly,
1.0g soil wasextracted using 20 mL of dichloromethanefor 12 hoursin a40-mL glassextraction
via sealed withaTeflon-lined silicone septum and aphenalic cap. Dichlorobenzenewasadded as
theinternal standard. External standardswere prepared fromamixtureof fuel oil, diesdl, kerosene,
petroleum distillate, and crude oil dissolved in dichloromethane. Analysiswasperformedona
Hewlett Packard 5890 gas chromatograph with aflame-ionization detector using aDB-1, fused-
dlicacapillary column.

The contaminated New River sands (base extracted and unextracted) were washed with water
or, Citrikleen®, acommercial nonionic surfactant, at two pHs(pH 7 and 12). Two gramsof
contaminated sand particlesweretransferred into 40-mL glassextraction vialscontaining 35 mL
water or surfactant. Triplicate setsof such vialsweremixed for 18 hoursat 25 + 1°C. For the pH
12 solution, thewash solution wasfirst purged with nitrogen gas. The headspaceintheextraction
vialswas al so replaced with nitrogen to prevent auto-oxidation of the organic matter at high pH.

SEM with elemental X-ray probewas utilized to determinethelocation and rel ative concentra-
tion of carbon, iron oxides, and sulfur onthe sand particles. Inthismethod, the X-rays produced
froman SEM el ectron beam striking the sample are collected and analyzed to determinethe e -
emental composition of the sample. We used SEM to scan surfaces of apopul ation of the sand
grainsand identify thosethat had regionsof high carbon content. Three sand grainsmeetingthis
criterion were selected from each treatment and further examined for theelementa distribution (C,
Fe, and S) ontheir surfaces. Thisanalytica ability afforded awindow into theinteraction of surface
mineral oxideswith soil organic carbon and organic carbon-based contaminants.

RESULTSAND DISCUSSION

Washing studies
TPH andtotal carbonremoval efficienciesfor the New River sand particleswith and without
HA arepresented in Tablel. Theaverage contamination on sand particleswith HA intact was
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approximately 16,060 ppm or 16.06 mg TPH per gram of soil. Washingthesandwith distilled
water at pH 7 resulted in 65% removal of TPH. No significantimprovement in TPH removal was
observed when the nonionic surfactant solution was used at neutral pH (pH 7). Raising thepH of
thedigtilled water to 12 resulted only inaminor increasein TPH removal efficiency (69%). How-
ever, asignificant enhancement in TPH remova efficiency wasevident (from 66% to 73%) whenthe
pH of the nonionic surfactant solution wasadjusted to 12.

Theinitial concentration of total carbon on the sand surface, as determined from the SEM/
X-ray signal, was 190 mg/g. Quantification of total carbon by thismethod included carbon
associated with the natural organic matter and petroleum hydrocarbons. Washing the sand with
distilled water at pH 7 resulted in 43% removal of total carbon from the sand particles. No
major changesin carbon removal efficiencieswere observed for water at pH 12 or for the
surfactant solution at pH 7. However, removal of total soil carbonwassignificantly larger (53%)
with the surfactant solution at pH 12.

Raising the solution pH can resultin swelling or expansion of the soil organic matter structure
froma*“tight” condensed configurationtoa“loose’” amorphousone (Schwarzenbach et al., 1993).
Datain Tablel suggest that apH-mediated expansion of the SOM structure may haveresultedin
greater access bility of the nonionic surfactant to theinternal surfacesof the SOM macromolecule.
The surfactant wastherefore ableto reduce the surfacetensionin theimmediatevicinity of the
adsorbed petroleum-hydrocarbon mol ecul esand enhance partitioning from the solid phaseinto the
agueousphase. Thisappearsto haveresultedinthehigher TPH removal efficiency exhibited when
the sandswere washed with the nonionic surfactant at pH 12. Thedataalso suggest that accessi-
bility of the surfactant to the sorbate wasrestricted at neutral pHs, most likely dueto the condensed
SOM configuration. No enhancement in TPH removal efficiency was observed when the sand was
washed with distilled water at pH 12. Thisresult indicatesthat the action of asurface-active agent
was necessary to removethe hydrocarbons, even when raising the pH expanded the SOM struc-
ture. Thedatashow no conclusive evidencethat raising the pH of thewash solutionto 12 resulted
inthe extraction of humic materia fromthe sand particles.

Sand particlesfromwhich humic acids had been removed prior to contamination contained
higherinitial TPH. Initia petroleum-hydrocarbon concentration on these sandswas higher because
of incong stency inthe contamination procedure asexplained inthe experimental section. Signifi-
cantly higher TPH remova efficiencieswere observed for the HA-extracted sand particlesat neutral
pH. Removal of HA, however, had no major impact on total carbon removal efficiencies. Although
initia contamination onthe HA-extracted sandswasgreater, these sand particlesweremorereadily
cleaned with TPH removal efficiencies 10to 13% larger than sand particleswith HA intact. Note
that the base extraction procedure removes only humic (and fulvic) acidsfrom sand particles,
leaving behind the alkali-insoluble organic matter onthe sand (Schnitzer, 1991). TheHA-extracted
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sand was not devoid of organic materia, but contained organic matter whose composition had been
altered by the selective extraction of humic acids. Theimprovementinremoval of TPH fromthe
HA-extracted sand particlesalludesto therole played by these organic macromoleculesinthe
retention of hydrophobic organic chemical son particle surfaces.

Resultsfrom thewashing study appear to suggest that humic acids can exert asignificant
influence on thetreatability of petroleum-hydrocarbon contaminated sands. TPH removal efficien-
ciesfor HA-extracted sandswere considerably higher despitethehigher initial contaminationlevels.
Desorption of contaminants occurred more readily from the base-extracted sand as compared to
thesandwith HA intact. Asinthecaseof thesandwith HA intact, the surfactant had no significant
effect on TPH removal for the base-extracted sandsat neutral pH.

SEM studies

Our earlier studieshad suggested that soilsof smilar particle-sizedistribution but of different
originsmanifested different TPH-retention characteristics (Bhandari et al., 1994; Doveand Novak,
1992). To obtain aqualitative understanding of thisobservation, we conducted SEM/X-ray micro-
probe studiesand interpreted theresulting SEM photomicrographs. These photomicrographsare
presentedin Figures3and 4.

Figure 3ashowsamagnified view of a0.2 mm x 0.2 mm surface areaof acontaminated New
River sand particle (unextracted) washed for 18 hourswith water at neutral pH. Asisclear from
the picture, the sand surfaceisnot smooth but consistsof irregularities such asridges, troughs, and
cavities. Thesesurfaceirregularitiesappear to provide siteson the edges of minera lattices capable
of retaining high concentrationsof contaminant. Figure3bisaSEM photomicrograph that shows
regionsof highiron concentration. Theseregionsappear to correlate strongly withtheridgesseen
onthesand particles. Figure 3cisaphotomicrograph showing thedistribution of carbononthe
sand particle. Thiscarbonincludesthe petroleum-hydrocarbon contaminant and the natural organic
matter associated with the sand particle. It should be noted that the carbon distributionisstrongly
related to thedistribution of iron on the sand surface. Large concentrations of carbon also appear
to be associated with the ridges and troughs on the sand surface at the upper and lower right-hand
cornersinview (Figure 3c).

To confirm therel ationship between highiron and high carbon regionson New River sand, a
moredetailed analysiswas donefor the high carbon region on thetop right- hand corner of the sand
particle showninFigure 3. These SEM photomicrographsare presented in Figure4. Inthese
pictures, thetarget areain Figure 3isrotated by about 120° inthe clockwisedirection. Figures4a
and 4b show the distributions of carbon andiron, respectively. AscanbeseeninFigure4b, the
presence of carbon ontop of theiron appearsto prevent the X-ray elemental probefrom readily
detecting theunderlying iron. Thefigure also showsthat the carbon on the sand surface preferen-
tially associateswith regionsof highiron content. Several researchershave observed strong binding
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and high hysteresis coefficientsfor natural organic matter (NOM) and NOM -analogue organic acids
adsorbed toiron-oxide surfaces (Gu et al., 1994; Evanko and Dzombak, 1998). Theseresearch-
ersattributed the strong associ ation between the organic matter and iron oxidesto ligand exchange
between carboxyl, hydroxyl, and phenolic functiona groupsin natura organic matter (NOM) and
iron oxidesurfaces. Kaiser et a. (1998) found that colloidal NOM mobilized from forest soilswas
retained on mineral soilsmainly dueto itsstrong association with Feand Al hydrousoxides.

Thedigtribution of petroleum hydrocarbon on the sand surface was determined by scanning
the surface of thesand for sulfur. Although soil organic matter may contain 0.3to 1% sulfur
(Schnitzer, 1991), the sulfur concentration in petroleum isusualy up to an order of magnitude
greater (Orr and Damste, 1990). Figure4cillustratesthedistribution of elemental sulfur onthe
New River sand surface. Although sulfur concentration onthe sand surfaceislow, itsdistribution
conformswel | withthat of the carbon andiron, indicating that petroleum hydrocarbonsmay have
contributed to the carbon signal shown in the photomicrographs.

Figures5aand 5b show similar photomicrographsof thedistribution of ironand carbonona
different grain of New River sand. Therelationship between thedistribution of iron and carbon on
the sand grain appearsto give strength to our contention that thelocation of organic matter isrelated
to the presence of iron oxides on sand surfaces. Surface metal oxidescan play asignificantrolein
binding petroleum-hydrocarbon contaminantsdirectly or by creating high organic matter regionsinto
which petroleum contaminantsmay partition.

SUMMARY AND CONCLUSIONS

Thisinvestigation was conducted to determinethereasonsfor high petroleum-hydrocarbon
retention observed for New River sand during past soil washing and biotreatment studies (Bhandari
eta., 1994). New River sand had exhibited residual hydrocarbon level sthat were approximately
four timeshigher than other sandsevaluated inthose studies. Intheexperimentsdescribedinthis
manuscript, wefirst contaminated and then washed the New River sand. Resultssuggest that the
organic matter clearly played aroleintheextent and intensity of hydrocarbon association. Remova
of humic acidssignificantly improved TPH removal efficienciesfromthe sand particles. Useof a
nonionic surfactant improved TPH removal at apH of 12.

Anaysisof SEM/X-ray microprobe photomicrographsillustrated the rel ationship betweeniron
and carbon distribution on the sand surfaces. TheNew River soil wasayoung aluvia soil with
sand grainsricher iniron oxides, compared to the other two soilsthat were eval uated by Bhandari
eta. (1994). Thehigh-energy binding of SOM or TPH to surfaceiron oxidesor hydroxideswas
possibly responsiblefor their preferentia association with regionsof highiron content on the sand
grains. Organic matter associated withiron-rich regionson sand surfacesisalsolikely toact asa
preferred domainfor further TPH adsorption. Thedistribution of sulfur inthisstudy wasindicative
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of acarbon signal that consisted, at least in part, of the petroleum hydrocarbon added to the soil. It
isclear that thetendency of the New River sandto resist physicochemical or biological treatment to
thelevelsachieved with other sands (Bhandari et al., 1994) was primarily dueto the strong associa-
tionsbetween theiron, SOM, and the TPH contaminant. In practical situations, therefore, it may be
necessary to eval uate soil-particle characteristicsin greater detail before selecting atreatment
method. Strong associations between mineral surfaces, SOM, and organi ¢ contaminants may
severdly limit the success of both conventiona physiochemical and biological processes.
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Tablel. Total carbon and total petroleum hydrocarbon (TPH) removal efficienciesfrom New
Riverasand.

TPH® Total Carbone Removal Efficiency (%)
TREATMENT (mg/g) (mg/g) TPH Total Carbon
HA Intact
Initial 16.06° (1.3)° 1901 (2.4)°
H,0, pH 7 5.67 (0.09) 109 (1.5) 65 43
Surfactart, pH 7 5.46 (0.05) 114 (2.3) 66 40
H,O, pH 12 5.06 (0.10) 106 (3.7) 69 44
Surfactant, pH 12 4.38 (0.09) 89 (2.9) 73 53
HA Removed
I nitial 23.31(2.2) 183 (0.5)
H,0, pH 7 5.13 (0.08) 102 (0.3) 78 a4
Surfactart, pH 7 5.56 (0.08) 98 (2.3) 76 46

atotal iron content of New River sand particles= 7500 mg/kg (5000 mg/kg amorphous, 2500 mg/
kgcrysadline)

b as determined by DCM extraction/GC-FID analysis

¢ asdetermined from SEM signd

4 mean of three samples

estandard deviation

" mean of threegrains scanned

Jour nal of Hazar dous Substance Resear ch VolumeTwo



1400
L

1200

1000

800

&00

TPH {malkg)

400

—@— Salam
—a—Eagle Point
—o— MNew River

200 | Sl E

0
0

20 40 &0 B0
Time (days)

100

Figurel. Biodegradation of petroleum hydrocarbon from washed Salem, Eagle Point, and New
River sandsin miniature compost reactors (adapted from Bhandari et al., 1994).
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humicacid.

7-10

VolumeTwo

Jour nal of Hazar dous Substance Resear ch



(a) Sand Surface

(c) Carbon

(b) Iron

Figure 3. Photomicrographsof SEM/X-ray e emental microprobe analysisof New River sand par-

ticle. View=0.2mmx 0.2 mm.
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Figure4. Photomicrographsof SEM/X-ray elemental microprobeanalysisof New River sand par-
ticle. Close-up view of thetop right-hand corner of Figure one, rotated 120° in clockwisedirection.
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(@Iron (b) Carbon

Figure5. Ironand carbon distribution on New River sand particle as determined by SEM/X-ray
microprobe analysis. Notethat regionsof high carbon shownin bluein (b) correspond closely to
regionsof highironshowninredin(a).
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