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Abstract

A new method of in situ soil remediation called in situ washing by sedimentation (IWS) was
introduced, by injecting a high air-pressure into a mixture of saturated water-sandy soil
and hydraulically separating the soil particles based on their particle size and density. This
physical separation exploits the distribution of contaminant in the soil by physically separating a
selected contaminant-rich fraction. The effect of soil-water ratio and diameter geometry of the
column on the effectiveness of separation by IWS was investigated. Soil-water ratio 1:2 (v/v)
was found to be optimum for particle segregation produced by IWS, however, generally the diameter
geometry column was not effect on the particle separation. The suitability of IWS for organics
remediation was investigated by batch column experiment. The laboratory experiment was effective to
produce a distinct size separation of the contaminated soil into the coarse and fine fractions, as well as
the wash water, and indicating that a significant reduction in organics contaminant level (90%) may be
achieved.
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Introduction

Several techniques have been developed for soil remediation. Basically, they can be divided in
the these categories, ex situ methods where the contaminated soil is removed and treated
away from the site that has to be cleaned up and in situ methods, where the
contaminated soil is cleaned on site.

There are some options in each of these methods. FEx sifu methods include incineration,
extraction, ex situ washing, and in situ methods include soil vapor extraction, soil flushing,
bioremediation and phytoremediation. The advantage of ex sifu methods is that it takes
relatively little time to remove the contaminated soil. The soil is excavated, treated or replaced
and then filled in again. By comparison with in situ methods, however, method of ex situ
remediation has many disadvantages. They are expensive, large quantities of soil have to be
transported often in residential areas, there are risks to buildings and other structures especially
with major excavations, pollutants can be released during excavation, and it causes major
disruption of daily life in the area to be cleaned.

Nowadays, in situ techniques are used for sustainable remediation of contaminated sites
[1]. Air and water extraction have in practice proved to be reliable methods for various types of
soil remediation [2,3,4]. Although bioremediation and phytoremediation was also used,
this technology works slowly to be fully effective as a remediation technique [5,6].
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Soil washing was conventionally performed ex situ in treatment plants that
employ extracting chemical to remove contaminant from soil into aqueous solution
[7,8,9,10]. Few studies of in situ soil washing have been conducted, even though in situ soil
washing could be suitable for certain contaminated soil in the field [11,12,13].

In this paper, a new method of in situ soil treatment called in situ washing
by sedimentation (IWS) was proposed, by injecting a high air-pressure into a mixture of
water-sandy soil column and hydraulically separating the soil particles based on their
particle size and density, as shown in Figure 1 [14,15,16,17]. This physical segregation
exploits the distribution of contaminant in the soil by physically separating a selected
contaminant-rich fraction. Several researches indicate that the finest parts of soil are
particularly active inthe sorption processes of organic as well asinorganic contaminant
[18,19,20,21]. For thein situ application, the physical segregation by IWS and on-site
wash water treatment happen as an integrated process and it is important to isolate the site
to protect the leakage of the aqueous solution used (Figure 1). The advantage of IWS was
that the washing and segregation processes take place simultaneously during the
remediation process, quick, effective and cheap since there are no costs for excavation
of contaminated soil from the site. The fine fraction is recovered for further treatment
or disposal. The wash water is completely collected, treated and recycled.

Air Pressure
On-Site Wash Water Recycled
Treatment Water

Water

Casing

In our earlier laboratory work on simulation of IWS, simple batch laboratory
scale experiment was conducted on metal-contaminated soil, such as Cu, Pb, Zn and Cd
indicated that a very high reduction in Cu, Pb, Zn and Cd level (up to 90%) may be
achieved consistently over a wide range of initial Cu, Pb, Zn and Cd concentrations
(200-4000 mg/kg) [16].

On the other hand, it is important to consider organics contaminant as a major source
on soil contamination instead of heavy metals. Frostner (1989) demonstrated that
heavy metal and polycyclic aromatic hydrocarbons (PAHs) show parallel evolution
pattern with heavy metals and it is concluded that both contaminants could originate
from a common source [22]. PAHs as representative of organic contaminant, which
contain more than two benzene rings, are refractory organic compounds commonly
produced by incomplete combustion of fossil fuels [23]. Remediation processes for
PAH-contaminated soil have been studied extensively over the last two decades, most of
them being bioremediation processes based on microbial degradation [24,25,26].
Unfortunately, however, these processes are not only time-consuming, but are of limited value.

ASEAN Engineering Journal Part C, Vol 1 No 1 (2012), ISSN 2286-8151 p.87



Theoretical Background of Sedimentation

A conceptual model developed on IWS was based on sedimentation process. Typically,
the settling and sedimentation behavior of particulate suspension was assumed to be
governed by Stokes’ Law. This based on early work conducted by Terzaghi (1925) through
series of simple column sedimentation test [27]. For the most part, dilute slurries
with  low solid concentration settle according to Stokes’ Law, resulting in the segregation
of coarse and fine particles.

However, Stoke’s equation is valid only for dilute suspension where the effect of
neighboring particles on the movement of particle under consideration can be neglected, i.e.,
for discrete particle settling. At a high sediment concentration, the interfering force of
adjacent particles has a pronounced effect on the settling velocity to establish relationship
between sedimentation velocity and fluid volumetric concentration for suspended solid
particles in water.

Related to sediment concentration or the soil-water ratio, several works has shown
that as the solid concentration of a  particulate  suspension  increase, the
resulting sedimentation rates occur at a slower rate and do not follow Stokes’ Law
[28,29,30,31]. Kynch (1952) determined that the settling velocity of a particulate suspension
was dependent on the suspension solid concentration and termed this behavior hindered settling
[28]. Hindered settling occurs when the suspension concentration increases, causing
interference  between particles, which affect the settling velocity. An  important
characteristic of hindered settling was determined by McRoberts and Nixon (1976), in
which  suspension with varying size of particles could be deposited  without
significant  segregation under hindered condition [29]. Segregation is minimized under
hindered settling condition as the suspension settles at approximately the same velocity.

In IWS, when the air pressures become sufficiently high to counteract the gravitational
pull on the soil-water column, the soil particles effectively float, or suspended as hindered
settling. One promising method to enhance the efficiency of the washing processes under
consideration was based on creation of a suspended soil for accomplishing the interaction
of the liquid-gaseous medium with the ground solid materials. Air pressure velocity will be
effective when the upward velocity of air pressure through a porous solid mass reaches a
condition whereby the frictional pressure drop across the solid becomes equal to the buoyant
weight per unit area of the solid.

The main advantage of IWS is to produce vertical column sedimentation
which separates contaminated soil particle into coarse and fine fraction as well as wash
water. For practical purposes, the two soil fractions are considered in this study. We
used the terminology “fine” and “coarse” particles as the results of segregation of
particles by the difference in settling velocity. The top layer was assumed to be finer fraction
(silts and clays) and the bottom layer was assumed to be coarser fraction (fine-coarse sands
and gravels) (Figure 1).

Obijective of the Study

The objective described in this paper was two folds. Firstly, our earlier work on the simple-
batch laboratory-column experiment of IWS [16] was extended by a systematic investigation
on the evaluation of the effect of soil-water ratio and diameter geometry of column on the
effectiveness of particle segregation by IWS in laboratory scale. Secondly, our second goal was
to observe the removal of organics-contaminated sandy soil by IWS in batch laboratory
experiment.

Soil Sample Characteristic

Experiment were conducted on the uncontaminated soil were collected in 15 m
depths.The result of grain-size distribution indicated that the original soil sample contained
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approximately 10-20% clay-silt size particles and the remaining was sand (sandy soil). The
main properties measured in this uncontaminated soil were pH, particle size distribution, the
organic content, the cation exchange capacity, the specific surface area and the density.
Selected properties of this soil are given in Table 1.

Table 1. Properties of Soil Sample

Properties Value
pH 6.65
Effective Diameter, dio (mm) V) 0.063
Median Diameter, dso (mm) 0.24
Uniformity Coefficient dgo/d1o” 4.25
Mineralogical Quartz, Feldspar, Albite,
Composition ? Kaolinite, lllite, Chlorite
Clay Mineral Composition Kaolinite, Illite,
in Fine Fraction? ® Chlorite
Cation Exchange Capacity 6.8
(meqg/100g) ¥
Carbon Content (%) ¥ 2.81
Coarse Fraction ® 0.30
Fine Fraction ® 3.31
Specific Surface Area (m?/g) 8.007
Coarse Fraction ® 4.964
Fine Fraction © 27.831
Density (g/cm®) 2.710
Coarse Fraction ® 2.768
Fine Fraction © 2.650

D Analyzed by using sieving and hydrometer test

2 Analyzed by using X-ray Diffraction

9 Analyzed by using BaCl,.2H,O compulsive exchange method

# Analyzed by using Total Organic Carbon (TOC) Analyzer

9 Analyzed by using Brunauer, Emmitt and Teller (BET) method

® Fraction after separated by 90 mm sedimentation column (see later description)

The Effect of Soil-water Ratio and Geometry Diameter of Column on
the Effectiveness of Particle Segregation by IWS

The Effect of Soil-Water Ratio

The objective of this experiment was to evaluate the effect of a soil-water ratio on the
effectiveness of particle segregation by IWS. Environmental and economic concern required
that the volume of water solution used on IWS in order to obtain sufficient particle
segregation should be kept to a minimum. Generally, one of the main drawbacks of the
washing method on soil remediation is the vast consumption of water required to make up
the washing solution for the removal of the contaminants that have been retained in the
contaminated soil. In IWS, we propose for washing solution which must be subsequently
be on-site treated before it can be re-use. A series of laboratory experiment were
carrying out to optimize the soil-water ratio for sufficient particle segregation.
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Experiment was conducted in the cylinder tube of 2000 ml in volume with
90 mm inside diameter. For constant mass of 810 g dry soil, different volumes of water
solution were used and were described in Table 2. The value of 300 ml volume of
dry soil sample was divided by 2.710 g/cm® measured density (see Table 1).

After the soil sample and the water solution was prepared into the cylinder tube, the
column then was stirred for one minute and let sedimentation occur for 30 minutes.
Theoretically, the soil particle in the column will settle in a descending order of particle sizes
with the top part of the soil layer consisting of smaller particle.

The segregation of the soil particle into nominal size fraction in this experiment depends
on the sedimentation process on hindered settling in the high sediment concentration.

Table 2. The Water Solution and the Dry Sample Soil Used

No. Soil Sample Volume Soil-Water Ratio
Tube Gram (milliliter) of Water (ml) (VIV)

1 810 (300) 300 1:1.00

2 810 (300) 400 1:1.33

3 810 (300) 500 1:1.67

4 810 (300) 600 1:2.00

5 810 (300) 700 1:2.33

6 810 (300) 800 1:2.67

The next step, all the cylinder tubes containing sedimentation soil column was
kept in a refrigerator for -18° C temperature, in order to obtain an undisturbed frozen
soil column sample. After 24 hour, the frozen soil column samples then were taken out
and marked. The purpose and the advantage of this freezing were to obtain a selected
frozen column soil sample accurately by slicing the soil column without disturbing the
sedimentation column. These undisturbed frozen soil column samples then were cut into
several certain thicknesses and were analyzed for particle size distribution (Figure 2).

1 2 3 4

Figure 2. An illustration of undisturbed frozen soil column
(not to scale or actual size)
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Figure 3. Particlesize distribution analysis of selected frozen sedimentation column
ineachtube

The experiment was continued by observing more accurately the two soil
fractions considered in this study. The terminology “fine” and ‘“coarse” particles was
used as the results of particle segregation by IWS. As previously stated, the top
layer was assumed to be fine fraction and the bottom layer was assumed to be coarse
fraction assumed reflects the high and low content contaminant in each fraction. Similar to
previous experiment which conducted in the cylinder tube with 90 mm inside diameter, the
optimized the soil-water ratio 1:2 (v/v) consist of 810 g dry soil and 600 ml volumes of
water solution were used.

After sedimentation column was created, the top layer consisting of fine
fraction was sampled very carefully by using small spoon, after the wash
water was removed Dby suctioning. The fine fraction was then determined for
particle size distribution analysis. Corresponding to the fine fraction, the remaining
coarse fraction inthe bottom part of the sedimentation column was also determined
for particle size distribution analysis. The result of particle size distribution analysis was
shown in Table 3. The fine fraction separated in the study was labeled as Clay and the coarse
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fraction was labeled as Fine Sand. These two fractions were then dried and weighed. The
result can be seen in Table 3. The percentage of saturated volume was obtained by measured
the height of each fraction in the sedimentation column.

In this stage, these two fractions separated (coarse and fine) was also determined
for several parameter as described in Table 1. It shows that the fine fractions have the
high specific surface area, the high organic content, and containing of 1:2 clay minerals
such as illite. It can be understood that the fine fraction separated by our sedimentation
column particularly active in the sorption processes of contaminant.

Table 3. Particle Size Distribution Analysis of Fine and Coarse Fraction

Fraction Observed Fine | Coarse
(Size Diameter)
Gravel 2-75 mm % 0.0 0.9
Sand 0.075-2 mm % 1.0 43.8
Fine Sand 0.075 mm % 6.9 48.5
Silt 0.005-0.075 mm % 37.0 51
Clay <0.005 mm % 55.1 1.6
Uniformity Diameter (mm) - 2.59
Clay | Fine Sand
Percentage Dry Weight 4.5 94.5
Percentage Saturated 10 90
\olume

The Effect Diameter Geometry of Column

Following the previous experiment, by using the optimized soil-water ratio 1:2 (v/v), the effect
of diameter geometry of sedimentation column on the effectiveness of particle segregation by
IWS was investigated. The diameter of the borehole, as sedimentation column, was
critical in determining the volume of each column, the number of borehole to be drilled and
the relationship of the sedimentation column to each other.

Four different tubes of varying diameter were used in this experiment. In detail, the
volume of the water solution and the weight of the soil sample used in this
experiment were described in Table 4.

Similar to the previous experiment, after creating the sedimentation column in
each cylinder tube and were kept in a refrigerator, the undisturbed frozen soil column
samples then was taken out, marked and sliced into several certain thickness, and in each
selected thickness was analyzed for particle size distribution (Figure 5). The result
of the particle size distribution analysis of a selected frozen sedimentation column in the
each cylinder tube is shown in Figure 6.

Table 4. The Water Solution and the Dry Soil Sample

No.  Inside Soil Sample Volume Soil Water
Tube Diameter (mm)  Gram (milliliter) of Water (ml) Ratio (v/v)
1 30 270 (100) 200 1:2.00
2 60 405 (150) 300 1:2.00
3 70 540 (200) 400 1:2.00
4 90 810 (300) 600 1:2.00
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By using the optimized soil-water ratio 1:2 (v/v), it showed that there was no
significant difference on the particle segregation by observing the presence of fine particle in
the top layer of the frozen sedimentation column of each different diameter geometry tube
(section C). Generally, it can be concluded that the diameter geometry column does not
need to be considered for the effectiveness of particle segregation by IWS.

>W0

Figure 5. An illustration of undisturbed frozen soil column sample
(not to scale or actual size)
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Figure 6. Particle size distribution analysis of selected frozen sedimentation column in each tube
Removal of the Organics Contaminant on the Sandy Soil by IWS

Batch Sedimentation Column Experiment

Naphthalene (NAP), phenanthrene (PHE) and pyrene (PYR) were selected as example of PAHs
representing organics contaminant. Two artificial contaminated soils were prepared by dissolving
uncontaminated soil which collected from Ota District Tokyo (see Table 1 for detail) with an
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appropriate quantity of NAP, PHE and PYR solution as described by Sawada, et al., 2004
[32]. Briefly, uncontaminated soil sample was spiked with solution of NAP, PHE and PYR
for three days to allow the dispersion and sorption of the contaminant in the soil matrix. (A)
Soil with low concentration of PAH; (B) Soil with high concentration of PAH, by spiking
uncontaminated soil sample with 500 mg/kg of NAP, PHE and PYR solution for soil A and
1000 mg/kg for soil B. All samples then were determined for PAH concentration after
ethanol digestion by using a Gas Chromatography Mass Spectrometry (GC-MS) under
optimized operating condition. The resulting of the artificial contaminated soils had a final
concentration of 30, 75 and 50 mg/kg of NAP, PHE and PYR on Soil A and 250, 490 and 350
mg/kg of NAP, PHE and PYR on Soils B.

Experiment was conducted by using air pressure created by air pump injected into the
soil-water column on 90 mm internal diameter cylinder tube (Figure 72) A 05 kg
dry PAH-contaminated soil sample was used and 370ml water was added ased on the
optimized soil-water ratio 1:2 (v/v) obtained from previous experiment. Seven similar
tubes were constructed and the air pressure was introduced into each tube for 1, 2, 3, 4,
5, 10 and 15 minutes to observe the effect of washing duration.

OmMmyg

Column

‘-

Air Pressure
Washing v
Solution
PAH
Contaminated

Soil Sample

Figure 7. Laboratory experimental setup

The air flow started with the position of the pipe reaching the surface of the soil
sample inside the tube. The air pressure rate was increased as the inlet pipe penetrated the soil
sample. After the final depth was reached, air flow rate was kept constantly until the
inlet pipe almost reached the bottom of the cylindrical tubes.

The soil inside the tube was allowed to settle to obtain clear water above the settled
solids. The coarse fractions separated in this batch sedimentation experiment were analyzed
for their particle size distribution. The wash water and the fine fraction were sampled
through pipe by suctioning and the coarse fraction was sampled using a small spoon. All
samples then were determined for PAH  concentration by using a Gas
Chromatography Mass Spectrometry (GC-MS) under optimized operating condition.
The wash water was determined after filtered by using 0.45um filter.

The segregation of coarse and fine fractions produced by IWS was investigated as a
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function of the washing duration, obtained by introducing air pressure into each tube for 1, 2,
3,4, 5, 10 and 15 minutes. The result shown in Table 4 indicated that the result of segregation
in our batch sedimentation experiment was reliable, and the accuracy of segregation increase
depending on the washing duration. After 5 minutes washing, 92.2% of particles in the coarse
fraction were separated as >0.075mm particles size diameter (fine to coarse sand) and fine
fraction separated as <0.075mm particles size diameter (clay-silt). After 5 to 15 minutes, it
seems that no significant difference occurred in the results. Perfect segregation was expected
in this method, but it showed that only about 90% of its grains were separated.

Table 5. Values Obtained by Particles Size Analysis of Coarse Fraction Separated by
IWS

Sample Washing | Sand % Fine Silt % Clay %
(observed | puration | (0.850 mm- Sand % (0.075 mm- | (<0.005
fraction) 0.250 mm) (0.250 mm- | 0.005 mm) | mm)
0.075 mm)

Original 0 42.1 33.7 12.8 11.4
Coarse 1 44.7 47.6 5.0 2.6
Coarse 2 44.8 47.5 5.0 2.5
Coarse 3 43.5 49.1 49 2.3
Coarse 4 44.8 48.2 4.7 2.1
Coarse 5 44.2 49.7 4.0 2.0
Coarse 10 448 48.2 4.7 2.1
Coarse 15 44.2 49.7 4.0 2.0

The inaccurate result is attributed by the lack homogeneity in the particle size
distribution of the coarse fraction. The sedimentation process is more complicated if several
particles are present and the system becomes a sediment suspension in hindered settling
reflected when the concentration of the suspension decrease, the homogeneity of the
separated fraction will increase and therefore impossible to exclude small amounts of finer
particles. Although the result of segregation by IWS was not perfect, the first important
point of this study was that the process succeeded to separate the soil sample into a coarse
fraction and a fine fraction. The segregation into coarse and fine fraction will affect the
high and low concentration of the contaminant in each fraction.

Removal of PAHs in Contaminated Soil

As shown in the result of the previous experiment, the accuracy of particle segregation was
influenced by the washing duration, and consequently it will affect the percentage removal of

contaminant. In this experiment, the coarse fraction sampled was a representation of a
clean fraction.

Figure 8 shows the experimental data by using the de-ionized (DI) water and DI
water with addition of biosurfactant as washing solution. In the case of DI water washing, the
result show that the removal process rapidly reaches equilibrium, at approximately 10
minutes for each PAH; after this period no considerable changes in the removal
rates were observed. The PAH in the contaminated soil sample was mostly must found
in the wash water and the fine fraction.

The fine fraction in the seven tubes was collected, combined and analyzed for PAH
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concentration. The results of the GC-MS analysis on the fine fraction showed that
the concentrations of the PAH were very high. The accumulations of PAH in the fine
fractions are attributed to the high specific surface area, the presence of clay minerals such as
illite, and the high organic content (see Table 1).
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Figure 8. Percentage removal PAH vs washing duration for soil Aand B

The addition of biosurfactant (saponin) in order to enhance the percentage removal
was also observed, by adding 0.25% by weight of saponin in the washing solution (Figure 8).
In this stage, after fine fraction was removed, the wash water used was returned to the cylinder
tube and saponin was added. The air pressure was then introduced into each tube for 1, 2, 3, 4,
5, 10 and 15 minutes to observe the effect of washing duration, the same as in the previous
experiment. As shown in Figure 9, the removal percentage increased after the addition of
saponin. The addition of saponin as an anionic biosurfactant was effective to assist in the
solubilisation, dispersal and desorption of PAH from the contaminated soil fraction [33].
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Figure 9. Removal efficiency of IWS on Soil A and Soil B

The result of the removal efficiency of PAH from soil A and B is shown in Figure 9. It
shows that by using DI water only, approximately 80% of PAH retained in the soil sample was
removed. The addition of saponin has proven to be effective to enhance the removal
efficiency up to more than 90%.
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Fractionation Efficiency

To be effective on removing PAH, it is imperative that clean fractionation of the coarse,
fine particles and the wash water be obtained. Figures 10 and 11 illustrate the
result of fractionation efficiency after 15 minutes washing with DI water and continued by
15 minutes washing with DI water with the addition of biosurfactant to the soil sample
obtained from the Ota District area, Tokyo.

5% 4% 6% 3% 5% 4%

- Coarse - Fine Wash Water

Figure 10. Distribution PAH among various soil fraction and wash water in
Soil A

The effectiveness of IWS was indicated by the washing result for coarser
fraction containing <5% of NAP, PHE and PYR. On the other hand, >90% of the
original PAH contamination in soil sample was associated with fine particles and transferred

into the wash water.
4% 2% oi 2% i 2%

- Coarse - Fine Wash Water

Figure 11. Distribution PAH among various soil fraction and wash water in
Soil B

Generally, the washed coarse fraction contained a small amount of the initial
PAH contamination while the fine particles contained higher amount. The coarse particles
resulting from the washing process may be returned to the site without any treatment when
applicable remediation objective are met.
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Conclusions

This study has addressed on the in situ soil remediation with an emphasis on the washing and
segregation of soil particles by IWS. By using Ota District sandy soil as an object of this
experiment, the following initial conclusions can be drawn from the results in this study:

1.

The results of laboratory study on the effect of soil-water ratio on the effectiveness of
particle segregation by IWS show that by using soil-water ratio 1:2 (v/v), the optimum
for particle segregation on IWS was found. However, the result of laboratory study on
the effect of diameter geometry of column on the effectiveness of particle segregation
shows that generally the diameter geometry column will not affect the soil particle
segregation.

The laboratory scale of in situ washing apparatus on IWS was able to produce a
distinct size separation of the soil into coarse and fine and a significant reduction of
Polycyclic Aromatic Hydrocarbon (PAH) such as Napthalene, Phenantrene and Pyrene
level (90%) was achieved

The concentration of PAH contaminant was found to be a function of particle size; the
coarse fraction were the cleanest and the fine fraction contained the highest PAH
contaminant and a very small amount of the original contaminant was retained in the
coarse fraction.

The removal efficiencies of remediation method proposed in this study depend on
initial PAH concentration, the addition of biosurfactant in the washing solution and the
duration of washing. Further treatment for the fine fractions and the wash water
containing suspended solid particle and dissolve PAH contaminant need to be further
investigated.

References

[1] A. Otten, A. Alphenaar, C. Pijls, F. Spuij, and H. de Wit, In Situ Soil Remediation, Kluwer
Academic Publishers, Boston, Massachusetts, United States, 1997.

[2] D.H. Bass, N.A. Hastings, and R.A. Brown, “Performance of air sparging systems: a
review of case studies,” Journal of Hazardous Materials, Vol. 72, pp. 101-119, 2004.

[3] K.R. Reddy, S. Kosgi, and J. Zhou, “A review of in situ air sparging for the remediation
of VOC-contaminated saturated soils and groundwater,” Journal Hazardous Waste and
Hazardous Materials, Vol. 12, pp. 97-118, 1995.

[4] N.J. Hutzler, B.E. Murphy, J.S. Gierke, “State of technology review: Soil vapor extraction
systems,” Journal of Hazardous Materials, Vol. 26, pp. 225-230, 1991.

[5] S.D. Cunningham, W.R. Berti, and J.W. Huang, “Phytoremediation of contaminated soils,”
Trends in Biotechnology, Vol. 13, pp. 393-397, 1995.

[6] J. Milic, G. Gojgic-Cvijovic, M. llic, T. Solevic, V. Beskoski, B. Jovancicevic, A. Milovic,
and M. Vrvic, “Laboratory examination of bioremediation potential of soil contaminated
with petroleum and its derivates,” Journal of Biotechnology, Vol.131, pp. 161-162, 2007.

[71 M.J. Mann, “Full-scale and Pilot-scale Soil Washing,” Journal of Hazardous Materials,
\ol. 66, pp. 119-136, 1999.

[8] R.J. Abumaizar, and E.H. Smith, “Heavy metal contaminants removal by soil washing,”
Journal of Hazardous Materials, Vol. 70, pp. 71-86, 1996.

ASEAN Engineering Journal Part C, Vol 1 No 1 (2012), ISSN 2286-8151 p.98



[9] S.R. Cline, and B.E. Reed, “Lead removal from soils via bench-scale soil washing
techniques,” Journal of Environmental Engineering, Vol. 121, No. 10, pp. 700-705, 1995.

[10] R.A. Griffiths, “Soil-washing technology and practice,” Journal of Hazardous Materials,
\ol. 40, pp. 175-189, 1995.

[11] J.H. Nash, and R.P. Traver, “Field studies of In situ soil washing,” In Principles and
Practices for Petroleum Contaminated Soils, Lewis Publishers, Boca Raton, Florida,
United States, 1993.

[12] R.K. Niven, and N. Khalili, “/n situ multiphase fluidization (“upflow washing”) for the
remediation of hydrocarbon contaminated sands,” Canadian Geotechnical Journal, \ol. 5,
pp. 938-960, 1998.

[13] T. Makino, and T. Kamiya, “Remediation of cadmium-contaminated paddy soils by
washing with calcium chloride: Verification of on-site washing,” Environmental
Pollution, \Vol. 147, pp. 112-119, 2007.

[14] W. Budianta, C. Salim, A. Masatoshi, H. Hinode, and H. Ohta, “In situ soil washing for
remediation technologies,” In: Proceedings of the 5" Workshop on Safety and Stability
of Infrastructure Against Environmental Impact, Manila, Philippines, pp. 204-210, 2005.

[15] W. Budianta, C. Salim, R. Suga, H. Hinode, and H. Ohta, “/n situ soil washing for
contaminated Soil,” In: Proceedings of the 17" Annual Conference The Japan Society for
International Development, Tokyo, Japan, pp. 52-53, 2006.

[16] W. Budianta, C. Salim, H. Hinode, and H. Ohta “In situ soil washing on metal-
contaminated sandy soil by sedimentation method: A new approach on soil remediation,”
Philippine Engineering Journal, Vol. 34, No. 2, pp. 34-50, 2006.

[17] W. Budianta, C. Salim, H. Hinode, and H. Ohta, “In situ washing by sedimentation
method for contaminated sandy soil,” In: Proceedings of the Annual International
Conference on Soils, Sediments, Water and Energy, Massachusetts, United States, pp.
157-168, 2010.

[18] K.M. Evans, R.A. Gill, and P.W.J. Robotham, “The PAH and organic content of sediment
particle size fractions,” Journal Water Air & Soil Pollution, Vol. 51, pp. 13-31, 1990.

[19] S. Hwang, and T.J. Cutright, “Impact of clay minerals and DOM on the competitive
sorption/desorption of PAHs,” Journal Soil and Sediment Contamination, Vol. 11, pp.
269-291, 2002.

[20] O. Abollino, M. Aceto, M. Malandrino, C. Sarzanini, and E. Mentasti, “Adsorption of
heavy metals on Na-montmorillonite Effect of pH and organic substances,” Water
Research , Vol. 37, No. 7, pp. 1619-1627, 2003.

[21] J.C. Echeverria, E. Churio, and J.J. Garrido, “Retention mechanism of Cd on illite,” Clays
and Clay Minerals, Vol. 50, No. 5, pp. 614-623, 2002.

[22] U. Forstner, Contaminated Sediments: Lectures on Environmental Aspects of Particle-
Associated Chemicals in Aquatic Systems (Lecture Notes in Earth Sciences Vol. 21),
Springer-Verlag, Berlin, Germany, 1989.

[23] J. Simon, and A. Sobieraj, “Contributions of common sources of polycyclic aromatic
hydrocarbons to soil contamination,” Remediation Journal, Vol. 16, pp. 25-35, 2006.

[24] S.K. Samanta, O.V. Singh, and R.K. Jain, “Polycyclic aromatic hydrocarbon:
environmental pollution and bioremediation,” Trends in Biotechnology, Vol. 20,
pp. 243-248, 2002.

[25] J.B. Hughes, D.M. Beckles, S.D. Chandra, and C.H. Ward, “Utilization of bioremediation
processes for the treatment of PAH-contaminated sediments,” Journal of Industrial
Microbiology and Biotechnology, Vol. 18, pp.152-160, 1997.

ASEAN Engineering Journal Part C, Vol 1 No 1 (2012), ISSN 2286-8151 p.99



[26] C.E. Cerniglia, “Fungal metabolism of polycyclic aromatic hydrocarbons: Past, present
and future applications in bioremediation,” Journal of Industrial Microbiology and
Biotechnology, Vol. 19, pp. 324-333, 1997.

[27] K. Terzaghi, Erdbaumechanik auf Bodenphysikalischen Grundlagen, Franz Deuticke,
Vienna, Austria, 1925.

[28] G.J. Kynch, “A theory of sedimentation,” Transactions of the Faraday Society, VOI.
48, pp. 166-176, 1952.

[29] E.C. McRoberts, and J.F. Nixon, “A theory of soil sedimentation,” Canadian
Geotechnical Journal, Vol. 13, pp. 294-310, 1976.

[30] J.M. Coulson, J.F. Richardson, J.R. Backhurst, and J.F. Harker, Chemical Engineering
Volume 2, 4™ Edition, Butterworth Heinemann, Oxford, United Kingdom. 1991.

[31] R. Darby, Chemical Engineering Fluid Mechanics, Marcel Dekker, New York, United
States, 2001.

[32] A. Sawada, K. Kanai, and M. Fukushima, “Preparation of artificially spiked soil with
polycyclic aromatic hydrocarbons for soil pollution analysis,” Analytical Sciences, Vol.
20, pp. 239-241, 2004.

[33] C.N. Mulligan, R.N. Yong, and B.F. Gibbs, “Surfactant-enhanced remediation of
contaminated soil: A review,” Engineering Geology, Vol. 60, pp. 371-380, 2001.

ASEAN Engineering Journal Part C, Vol 1 No 1 (2012), ISSN 2286-8151 p.100





