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I. Introduction

Spills, leaks, or subsurface disposal of industrial
solvents and petroleum products 1s known to con-
tamina-e soils and groundwater with organic com-
pounds ncluding aromatic, chlorinated, and po-
lycvelic aromatic hvdrocarhons.” the 1940s,
it has bheen a bury
storage tanks underground to guard agamnst fire
hazards

Since

common practice 1o fuel

and explosions. As these underground
gasoline storage tanks near the end of their ef-

fective lifetime, leakage of hydrocarbons into

soils 1& becoming a common problem. A portion
of these spills remains trapped in the soil, im-
mobilized by capillarity and adsorption. This frac-

32

tion can present a long-term threat to groundwat-

er, as relatively cleaner recharge water may
desorh or solubilize gasoline components. Remedi-
ation requires a reliable and rapid means of evalu-
ating the total gasoline content of contaminated
soils,” Recent tests of public water supplies re-
vealed that among the most frequently ohserved
contaminants were benzene, toluene, and the xy-
(BTX).
are common constituents of fuels and solvents,
and through the processing, handling, and storage
of these products, BTX

and groundwater,

lene 1somers These light hydrocarbons

have contamiated soils
As major components of un-
leaded gasoline, BTX have a ubiquitous presence
throughout much of the world. Environmental re-
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gulations have mandated the reduction of these
compounds within soil and groundwater systems.
Knowledge of the fate of these compounds in
soils and aquifers is critical importance to the
design of effective monitoring and remediation
processes.”

The soil washing process technology appears to
be a wviable alternative for treating some con-
taminared soils and sludges. As the technology
contintes to be applied more frequently to treat
certain waste types, the various solvent ex-
traction systems will be refined. It seems certain
the technology will grow to meet the needs of
the market." Water-hased soil washing has been
demonstrated to be ineffective in removing tar
from contaminated soils.” Other technologies,
such as supercritical fluid extraction have heen
used in bench-scale designs to demonstrate ef-
fective removal of herbicides from soil metrices.”
Recent'y, an accelerated solvent extraction sys-
tem has been developed by other investigtors’
for the rapid and efficient removal of organic con-
taminants from soils. As the technology continues
to be applied more frequently to treat certain
waste types, the various solvent extractionsystems
will be refined. It seems certain the technology
will grow to meet the needs of the market.” Soil
washing has several advantages over thermal
treatment. Some benefits arise because it is a re-
covery process rather than a destructive process,
and solvent extraction can often recover valuable
products and reclaimm some soils. Soil washing
may be easier to permit, may be economcally
feasible for treating a wider range of hazardous
wastes, and can be considerably less costly with
respect to energy requirements.”’ The other bene-
fits often cited for soil washing 1s the lower en-
ergy requirements compared with, for example,
distillation, which often can be used to ac-
complish a similar purpose. For soil wahsing, as
an isolated umt operation. the energy re-
quirements are generally limited to electricity for
running feed and solvent pumps, stirrers, or
column agitators. Materials requirements are es-
sentiallv limited to makeup for solvent losses,
since 1n most nstances, solvent will be recovered
for reuse from both the extract and the raffinate.

In general, soll washing processes are most at-
tractive relative to alternatives when the con-
taminant to be removed from the ‘eed has sig-
nificant material value.” Soil washing can be con-
ducted on a large scale at costs substantially low-
er than other treatment methods. Typical clean-
ing efficiencies for soil washing ranged from 75
to 95 percent removal, depending on the type of
contaminant.” Atalay and Hwang""' investigated
that higher molecular weight compounds were re-
covered at greater than 80% whereas the re-
coveries of BTEX were generally less than 50%
using methanol extraction.

Soil washing using organic solvents could be
used to clean soil contaminated with high con-
centrations of nonvolatile hvdrophobic organics.
The choice of suitable solvent depends primarily
on chemical structures of the contaminant, sol-
vent extractive capacity, soil type and e-
quilibrium characteristics. In addition to these,
the solvent should be stable and must have fa-
vorable density, viscosity, and mterfacial tension
properties. In general, the wdeal solvent for the
task should not be volatile at low temperatures:
should be pure, noncorrosive, nonviscous, non-
foaming, nontoxic and nontlammable;  should
have infinite solubihty for the solute: and should
he inexpensive.” The soil washing technology
has not vet heen fully developed for hazardous
waste treatment applications.  Dalev'”  com-
mented that soil washing has not been widely
used. however, bhecause 1t often cannot reach
treatment quality goals, it may produce a great
deal of wastewater or waste solvent, and the
washing solution may carry away too much sold
material. Contamination of soils from fuel spills,
such as gasoline, aviation fuel, and diesel fuel are
common enviromnental problems. Therefore, soil
washing 1s a rapid, cfficient. and environmentally
friendly for remediation of contaminated sites.

II. Materials and Methods

1. Soil Preparation and Analysis

In choosing a soil for the extraction tests, the
applicability of the procedure to actual field si-
tuations was a primary consideration. Soil selec-
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Table 1. Physical and chemical characteristics of soils
used 1n the study.

Soil Material

Parameter

A B C
% Soll mosture 1.4 13.6 19.4
pH 7.6 8.2 7.4
¢ Organic matter (1.5H8 1.84 5.04
CEC 834 19.33 8.40
Inorganic
separates(9 )

Sand H5.» 73.2 13.1
Silt 1.0 14.6 57.4
Clay 3.2 12.2 29.5
Texture” Sand Sandv Silty clay

loam loam

“CEC: Cation exchange capacity (in meq./ 100 g)
"Based on the soil texture classification system (118,
Department of Agriculture)

tion mcluded identification of native soils at three
places near Norman i Oklahoma. Three dif -
ferent soils(sand, sandv loam. silty clay loam)
were used 1 batch experiments. The soils were
air-dried for 1 week and passed through a 1 mm
sieve. In case of siltv clay loam soil, a grinder
was used to break up large clods. Soil properties
stch as moisture, pH, organic matter content, ca-
tion exchange capacitv(CEC), and soil texture
were determined by soil testing i the laboratory
following the Method of Soil Analysis.” The
results of the soil analysis are shown in Table 1.
There soils showed different moisture content,
organic matter content, CEC value, and morganic
texture.

2. Soil Contamination Procedure

Nine hight hvdrocarbons at concentration of 400
mg kg were used m this experiment. The com-
pounds were benzene. toluene. o-xylene, m-xy-
lene. p-xylene. ethyibenzene, n-propylbenzene, 1.
3.5-trimethvlbenzene, and n-butylbenzene. These
compounds are tvpical representatives for C6-C10
hyvdrocarbons commonly found in gasoline mix-
tures. They were sclected, m part, because cach
could be resolved from the mixture by gas chro-
matography. A 500 mg ot hydrocarhon standard
chemicals were dissolved to a 25 m/ volumetric
flask using methanol. The concentration of the in-

dividual hydrocarbon was 20 mg/ml/ {(grand mix-
ture of hvdrocarbon). For each experiment, 10 g
of air-dry soil was weighed into glass vials. For
analysis of wet soils, 0.48, 1.36, and 1.94 g of wat-
er were added to the dry soil of sand, sandy loam
and silty clay loam soil vespectively (4.8%, 13.6%,
19.4% moisture by weight on wet-weight basis).
The sotl was then injected at various depths with
a total 0.2m/ grand mixture of hydrocarbon per
vial. The vials were sealed with Teflon-lined
screw caps and shaken for 2 min to mix com-
pletely. Soil was extracted by the solvents after
20 hr spiking.

3. Development of Soil Washing Condition

1) Extraction Solvent Selection

The choice of suitable solvent depends primarily
on chemical structures of the contaminant. solvent
extractive capacity. soll tvpe and equilibrium charac-
teristics. Methanol.  2-propanol, and water were
selected for the following critical characteristics:
adequate water solubility, low clay particle disp-
ersion. good ol dispersion, and adequate hiode-
gradahility.

2) Effect of Moisture Content

The moisture content of the soil 18 a paramet-
er that should be considered for good extraction
efficiency. In this experiment, soil from 0 to 20
percent (maximum moisture content in a field)
mowsture level were chosen for a silty clay loam
soil. A 10 g air-dry soil was weighed in glass vials
and then 0. 05, 1.0, 1.5, and 2.0m/ of water
were added to the dryv silty clav loam soil (0, 5%,
10%, 15% and 20% moisture by weight on wet-
welght basis). The hyvdrocarbon mixture was in-
jected at various depths in the vial containing the
soil. The vials were sealed with Teflon-lined
screw caps and shaken 2 min to mix completelv.
The vials were then allowed to equilibrate for 20
hr. Then the soil was extracted by the solvents.

3) Effcct of Extraction Time

Ten grams of the hvdrocarbon contaminated
soil were mixed with 20 ml of the appropriate ex-
traction solvent and shaken for 0.5, 1, 2, 4, 8, and
24 hr. The sample was then centrifuged and the
supernatant was decanted. It was analyzed for its
hydrocarbon content using a gas chromatograph.

Korean Journal of Environmental Health Society, Vol. 23(4)
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4) Effect of Solvent Amount

For the purpose of this investigation, a 1 to 10
ratio (solvent/soil) was chosen. A 10 g air-dry
sandy loam soil sample was weighed in glass vials
and 1.36 m/ of water was added. A total of 0.2 ml
of hydrocarbon mixture was injected at various
depths in the vial containing the soil. The vials
were sealed with Teflon-lined screw caps and
shaken 2 min to mix completely. To each vial
either 10, 20. 40 or 100 m/ of solvent were added
and then shaken for 4 hr. The sample was then
centrifuged and the supernatant was decanted. It
was analyzed for its hvdrocarbon content using a
gas chromatograph.

5) Effect of Contaminant Concentration

An experiment was conducted to determine the
effect of sail contamination level on extraction re-
covery. A range of 0.1 to 1.6 mg/g soil was used.
To do -his, 10 g air-dry sandy loam soil was
welghed nto glass vials, and 1.36 m/ of water was
added. At various depths in the vial, either 0.05,
0.1, 0.2, 04, or 0.8m/ of a hvdrocarbon con-
taminant mixture was added. The vials were seal-
ed with Teflon-lined screw caps and shaken for 2
min to mix completely. The soil was extracted by
the solvents after 20 h equilibration.

4. Batch Tests.

Ten grams of hydrocarbon contaminated soil
was mixed with 20 m/ of either methanol, 2-pro-
panol or water and shaken for 4 h. It was then
centrifuged and the supernatant was decanted.
This was analvzed for its hydrocarbon content us-
ing a gas chromatograph. When water was used
for extraction, the extracted soil and surfactant
solution were centrifuged and the combined fil-
trate placed in a separatory funnel containing 20
m/ methylene chloride. The mixture was shaken
for 3 mmn the phases were allowed to separate,
and the aqueous phase was discarded. Methylene
chlonde laver was passed through a Na.S(),
column. These steps were repeated 3 times to ob-
tain a final methylene chloride volume of 50 ml.
A 1 u/ volume of methylene chloride extract was
injected in the gas chromatography. The con-
centration of each component was determined
via an internal standard procedure.

5. Analysis of Light Hydrocarbons.

Varian gas chromatograph 3330 equipped with
flame ionization detector, and 60 mx0.75 mm [D
Supelco VOCAL fused-silica capillary column was
used for analysis of hight hyvdrocarbens. Mixture
containing hght hvdrocarbons was prepared by ad-
ding 500 mg of each chemicals to 25 m/ volu-
metric flask with optima grade methanol. All
light hvdrocarbon standard reagents were ob-
tained from Chem Service, Inc.. 99+% pure. A.a,
a-tnfluorotoluene i1s used for internal standard
for quantitative analysis.

1H. Results and discussion

The recovery of light hyvdrocarbons from soils
using  extraction methods was evaluated. With
the extraction method. it 1s desirable to study the
influence of specific factors on the analvtical pro-
cedure. In this study a number of factors were
evaluated mcluding soil mosture content, ex-
traction time, contaminant concentration, solvent
amount, soil tvpes, and solvent tvpes. Typical
chromatograms of standard hydrocarbon mixture
and hydrocarbons extracted from contaminated
soil samples are presented i Fig, 1.
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Fig. 1. Gus chromatogranmy of a standard hydrocarbon
mixture and an extract from a contaminated
sol
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1. Effect of Moisture Content

[t 1s apparent that soill moisture is a critical
parameter for assessing good sample recovery. In-
creasing the moisture content resulted i a de-
creased recoverys this is demonstrated in Fig. 2.
The best overall recovery was obtained when
samples were extracted using dry soil. Sample
moisture content may also affect analytic re-
covery due to vartation in hydration of sohds.
When these highly hvdrated sols are subjected
to the extraction with solvents, the soll particles
tend to flocculate. causing entrapment and reduc-
ing the extraction of organic matter. Higher re-
covertes of all individual hydrocarbons were ob-
tained when the soll was dry rather than wet. It
has heen demonstrated that expansion and con-
traction of clays due to changes m moisture may
affect sample recovery.”' In this study the diff-
erence 1N recovery was proportional to the level
of moisture in the soil. Benzene, toluene, ethyl-
benzene, and xylene (BTEX) compounds showed
large variation m percent recovery with moisture
content compared  with the semivolatile com-
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Fig. 2. Effect of moisture content on percent recovery
of mdividual hydrocarbons

pounds. The mean percent recovery of BTEX
compound was decreased about 20%, while the
semivolatile compounds was decreased 10% fol-
lowing with increasing the moisture content. Pre-
vious work has demonstrated that water solu-
bilities of organic pollutants are the most im-
portant physical properties controlling the tran-
sport and fate of the chemicals in soil systems."™
For instance, the hvdrophobicity of humic acid,
the pll of the pore water, and soil/aquifer or-
ganic carbon content were three parameters
that can significantly influenced the ef-
fectiveness of a humic acid solution in a decon-
tamination scheme.” An attempting to convey
water as a chemical or biological treatment
media to fuels 1s limited both by a low hy-
draulic permeability and channeling through
larger pore spaces. Even in larger grained san-
dy soils fuel blobs can become trapped in small
pores causing water to channel through only
the large, unblocked pore spaces. Because soil
washing 1s best suited for permeable soils, a sandy
soil site 1s desirable.”’ However, environmental
contamination knows no boundaries or site selec-
tion.

2. Effect of Extraction Time

This part of the study was undertaken to de-
termine the time required to reach equilibrium us-
ing for batch extraction. Theoretically, this should
indicate  complete extraction of the contaminant
from the soi. Two solvents: methanol and 2-pro-
panol were used as solvents. The results are
presented in Fig. 3 and 4. Batch extraction with
methanol showed that percent recovery of BTEX
compounds decreased after 1 hour, while re-
coverv of semivolatile compounds increased until 8
hours. Batch extraction using 2-propanol showed
that ndividual hydrocarbon  recovery was in-
creased until 4 hours. Using methanol as an ex-
traction solvent, maximum recovery of BTEX
components was reached quicker than when us-
ing Z2-propanol. However, as the BTEX com-
ponents quickly dissolved from the soil material,
the extra extraction time did not improve the
percent recovery. It should be noted that the to-
tal ume of 8 hours should have no significant ef -

Korean Journal of Environmental Health Society, Vol 23(4)
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fect on light hydrocarbon recovery, since the 4
hours extraction period was sufficient to vyield
Maximum recovery.

3. Effect of Solvent Quantity

Extractability of individual hydrocarbons from
sotls as a function of solvent quantity was evalu-
ated. For the purpose of this investigation, a
range of solvent/soil ratio from 1:1 to 10:1 was
chosen as a compromise to provide more than
the indicated minimum  solvent for high ef-
ficiency. Increasing solvent volume resulted m a
decreased  component  recovery, this is  de-
monstrated mn Fig. 5. When the solvent‘soil ratio
was 1. some semivolatile compounds, sach as pro-
pvlbenzene and trimethyl-benzene, showed max-
imum percent recovery. However, the percent
recovery of benzene was very low. When the ra-
tio was 10:1, the percent recovery of hv-
drocarbons decreased sharply regardless of the
type of component. Percent recovery was sig-
nificantly better for all components when the
solvent/soil was 2:1.
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4. Effect of Contaminant Concentration

Another evaluation of the soill washing tech-
niques was done hy comparing recovery of light
hydrocarbons with different levels of sl con-
tamination. To accomplish this, an experiment
was conducted to determine the effect of dif-
ferent levels of soil contamination level on per-
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Fig. 6. Lifect of contamimant added to sol on percent
recovery of hvdrocarbons

cent recovery. A range of contaminant level
from 0.1 to 1.6 mg/g was chosen. Fig. 6 indicates
that the soil 1s sufficiently contaminated when (.4
mg/g of the hydrocarbon was added. Addition of
contaminant greater than 0.4 mg/g did not show
significant improvement on the percent recovery.
Fig. 6 also shows that percent recovery values
for cach component were excellent, indicating
that

range used here, was not a limiting factor in oh-

concentration, at least withm the narrow
taining quantitative recovery. The BTEX com-
pounds were more persistent on the soil than the
sentivolatile compounds at a given rate of con-
The

for BTEX compounds than for

tammant  addition. percent  recovery  was
greater by 204
semivolatiles  when  compared  at  higher  con-
taminant concentration. No significant increase in
semivolatile hydrocarbon recovery resulted great -

er than 0.1 mg’g contammant addition.

5. Batch Extraction

Extraction of light hvdrocarbons from three
solls was studied usimg a batch process to assess
the recoverabtlity of these components. Three
solvents: water, methanol, and Z-propanol were
compared for thewr extractive potentials. The
results were complex in that several interactions
were found between soils and solvents. The data
obtained 1s tabulated m Table 2. The data is sim-
tar i scope i that they compare the effect of

soll tvpes and solvents on recovery. It 1s ap-

Table 2. Percent recovery of individual hydrocarbons from different sotls using three solvents for batch ex-

traction.

Sonl type

Components Sand Sandy loam Silty clay loam
Water  MeOIH" 2-PrOH” Water  MceOID 2-PrOIl Water  MeOH  2-PrOH
Benzene 4.12 55.18 47.41 3.02 34.35 35.25 1.12 4418 9.46
Toluene 2.3 62.81 6:3.24 1.75 50.26 5330 0.57 52.01 31.24
Ethylbenzene 1.12 71.37 73.91 0.1% 65.79 67.48 0.27 63.32 51.68
p+m-Xvlene 1.03 72.72 66.69 1.21 67.71 67.15 .23 64.09 58.55
o-Xviene 1.38 68.76 71.97 1.20 71.04 68,60 0.37 67.33 651.43
n-Propyl-benzene 0.32 71.74 75.4% 0.33 T8AT 72.15 0.06 71.23 70.84
1.2.4-Tri-methylbenzene 0.5%8 74.13 78.50 0.5% %604 7587 0.15 73.33 75.46
n-Butvl-hbenzene 0.14 30.29 84.50 0.55 9570 |07 76.63 83.82
Average 1.38 649.63 70.21 1.10 6H8.67 65.08 0.35 64.02 55.31

"Methanol. "2-Propanol

Korean Journal of Environmental Health Society. Vol 23(4)



Determination of Soil Washing Condition for Light Hydrocarbon Contaminated Soils 89

parent taat soil tvpe had an effect on the extent
of recovery and this effect was pronounced when
the soil was sandy. For light hydrocarbons,
methanol and 2-propanol consistently resulted in
higher extraction efficiency than water. This is
due to the fact that the soluhility of hydrocar-
bons is higher in alcohol than in water. Methanol
gave superior results for contaminants removing
from silty clay loam. There was a significant in-
teraction between soils and solvents, indicating
that some solvents worked better m one soll
while others worked better in others. Recoveries
of ndividual hydrocarbons varied depending on
the tvpe of soil being extracted and the solvent
being used. The extraction efficiency of water
varied from 4 to 0 percent depending on the soil
types and contamination. Benzene was the dom-
mant cornponent that was removed from the soil
by water. Silt and clay provide much more sur-
face are: per unit mass than sand. In addition to
a higher external surface area, some of the silty
and clay soils used in this experiment were san-
dy and porous, providing additional charac-
teristics for adsorbing the volatile organic com-
pounds. Soils high in clay will be particularly dif-
ficult to treat in that special provision is required
to prevent agglomeration. It 1s also important to
note that soil organic matter has some controlling
influence over the removal of hydrocarbons,
whereas other soill properties such as., percent
clay and bhulk density, do not.'” Expansion and
contraction of clays due to changes i moisture
may also affect recoverv.'" As seen in Table 2,
in general, the silty clay loam soil gave lower re-
covertes for hoth individual and average hy-
drocarbons compared with the other soils. This
was probably due to the presence of high organic
matter and moisture. Methanol gave higher per-
cent recoveries than did 2-propanol, except in
the sandy soil. This data suggests that variability
in extrac:ability of components is apparent when
several vastly different extraction solvents are
evaluated individually. The low organic matter
content of the soll correlated with low ab-
sorbance of the pollutants spiked into the soil.
Thus, the removal of contaminants from such a
matrix may bhe expected to be relatively easy

compared to a soill with a high organic matter
content. In the silty clay loam, use of methanol
recovered more benzene, toluene, ethylbenzene
and xylene while 2-propanol was more efficient
i extracting trimethylbenzene and buthvl-
benzene. Therefore, on the basis of the recovery
results discussed above, methanol would be ex-
pected to recover greater total monoaromatic hy-
drocarbons than the 2-propanol. It should also be
noted that methanol was used in these extraction
in order to improve the recovery of the higher
BTEX components.

IV. Summary

This study was conducted to establish an ideal
condition for obtaining maximum extraction ef-
ficiencies using an array of soil types and under a
wide variety of conditions. Nine characteristic
compounds were studied: benzene, toluene. ethyl-
benzene, o-xylene, m-xylene, p-xylene, n-pro-
pvlbenzene, 1,2.4-trimethylbenzene, and n-butyl-
henzene which were found in gasoline. Increasing
the mosture content resulted in decreased re-
covery, and recovery of hvdrocarbons from wet
soils was significantly lower than from dry soils.
For the batch extraction process. 4 hours of ex-
traction time was sufficient to give optimum re-
covery of the contaminants. With methanol as an
extraction solvent, maximum recovery time ap-
peared to he reached quicker for BTEX com-
ponents than with 2-propanol. The 2 to 1 ratio of
solvent/soil was chosen as a compromise to pro-
vide for the indicated minimum solvent use and
high extraction efficiency. The 0.4 mg/g soil con-
tamination was adequate to show quantitative re-
covery. The percent recovery of BTEX was con-
centralion dependent more than the semivolatile
compounds.  Methanol and  2-propanol  con-
sistently  gave higher efficiency than water.
Methanol was superior to 2-propanol in removing
contanunants from silty clay loam soil. Using the
most cfficient extraction procedure, the average
recovery of the hght hydrocarbons from the
three soils was 66 percent. Recoveries were
also dependent on soil type. solvent type, ex-
traction time, solvent amount, contaminant con-
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centration, and compounds volatility.

Keon-Joong Hwang

This study

provided a useful screening technmique for pro-

cedures that can be used to remediate soils con-

taminated with

1

1

o

9

light hydrocarbons.
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